
mdpi.com/journal/symmetry

Special Issue Reprint

Electron Diffraction and 
Structural Imaging II

Edited by 

Partha Pratim Das, Arturo Ponce-Pedraza, Enrico Mugnaioli

and Stavros Nicolopoulos



Electron Diffraction and Structural
Imaging II





Electron Diffraction and Structural
Imaging II

Guest Editors

Partha Pratim Das

Arturo Ponce-Pedraza

Enrico Mugnaioli

Stavros Nicolopoulos

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Partha Pratim Das

NanoMEGAS SPRL

Brussels

Belgium

Arturo Ponce-Pedraza

Department of Physics &

Astronomy

University of Texas at San

Antonio

San Antonio

USA

Enrico Mugnaioli

Department of Earth Sciences

University of Pisa

Pisa

Italy

Stavros Nicolopoulos

NanoMEGAS SPRL

Brussels

Belgium

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Symmetry (ISSN 2073-8994),

freely accessible at: https://www.mdpi.com/journal/symmetry/special issues/Electron Diffraction

Structural Imaging II.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-5361-8 (Hbk)

ISBN 978-3-7258-5362-5 (PDF)

https://doi.org/10.3390/books978-3-7258-5362-5

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Partha Pratim Das, Arturo Ponce-Pedraza, Enrico Mugnaioli and Stavros Nicolopoulos

Special Issue: Electron Diffraction and Structural Imaging—Volume II
Reprinted from: Symmetry 2025, 17, 1287, https://doi.org/10.3390/sym17081287 . . . . . . . . . 1

Iryna Andrusenko, Joseph Hitchen, Enrico Mugnaioli, Jason Potticary, Simon R. Hall and

Mauro Gemmi

Two New Organic Co-Crystals Based on Acetamidophenol Molecules
Reprinted from: Symmetry 2022, 14, 431, https://doi.org/10.3390/sym14030431 . . . . . . . . . . 5

Andrei Hernandez-Robles, David Romeu and Arturo Ponce

On the Mechanism Controlling the Relative Orientation of Graphene Bi-Layers
Reprinted from: Symmetry 2022, 14, 719, https://doi.org/10.3390/sym14040719 . . . . . . . . . . 15

Christian Jandl, Gunther Steinfeld, Keyao Li, Pokka Ka Chuen Pang, Chun Lung Choi,

Cengan Wang, et al.

Absolute Structure Determination of Chiral Zinc Tartrate MOFs by 3D Electron Diffraction
Reprinted from: Symmetry 2023, 15, 983, https://doi.org/10.3390/sym15050983 . . . . . . . . . . 23

Yu-Jen Chou, Konstantin B. Borisenko, Partha Pratim Das, Stavros Nicolopoulos,

Mauro Gemmi and Angus I. Kirkland

Influence of Precession Electron Diffraction Parameters and Energy Filtering on Reduced Density
Function Analysis of Thin Amorphous Silica Films—Implications for Structural Studies
Reprinted from: Symmetry 2023, 15, 1291, https://doi.org/10.3390/sym15071291 . . . . . . . . . 36

Sara Passuti, Julien Varignon, Adrian David, Philippe Boullay

Scanning Precession Electron Tomography (SPET) for Structural Analysis of Thin Films along
Their Thickness
Reprinted from: Symmetry 2023, 15, 1459, https://doi.org/10.3390/sym15071459 . . . . . . . . . 48

Khai-Nghi Truong, Sho Ito, Jakub M. Wojciechowski, Christian R. Göb,
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Preface

Electron diffraction (ED) and structural imaging continue to advance as indispensable tools for

structural science, offering atomic-scale insights across chemistry, physics, and materials science. This

Reprint extends the themes of the first volume, presenting nine contributions that illustrate progress

enabled by Cs correctors, direct detection cameras, beam precession, 4D-STEM, and 3DED. These

methods now permit structural studies of nanocrystals, beam-sensitive compounds, and complex

systems that are inaccessible to conventional X-ray techniques.

The scope includes organic charge-transfer co-crystals, graphene bilayers, chiral MOFs,

amorphous silica films, perovskite thin films, additively manufactured alloys, lithium-ion cathodes,

and zeolites. Featured advances span precession-assisted 3DED, graphene orientation mechanisms,

absolute structural determination of chiral frameworks, electron reduced density function analysis

of amorphous silica films, scanning precession tomography, and best practices for 3DED workflows.

Applications address grain boundary engineering, cathode–electrolyte interphase studies, and the first

complete structure determination of zeolite ECR-1.

Partha Pratim Das, Arturo Ponce-Pedraza, Enrico Mugnaioli, and Stavros Nicolopoulos

Guest Editors
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Editorial

Special Issue: Electron Diffraction and Structural
Imaging—Volume II

Partha Pratim Das 1,*, Arturo Ponce-Pedraza 2, Enrico Mugnaioli 3 and Stavros Nicolopoulos 1

1 NanoMEGAS SPRL, Rue Èmile Claus 49 bte 9, 1050 Brussels, Belgium; info@nanomegas.com
2 Department of Physics and Astronomy, The University of Texas at San Antonio, San Antonio, TX 78249, USA;

arturo.ponce@utsa.edu
3 Department of Earth Sciences, University of Pisa, Via S. Maria, 53-56126 Pisa, Italy; enrico.mugnaioli@unipi.it
* Correspondence: partha@nanomegas.com

Following the success of the first edition of our Special Issue “Electron Diffraction and
Structural Imaging”, we present Volume II, featuring new and innovative contributions
that further expand the scope and depth of this rapidly evolving field.

Driven by improved TEM hardware (e.g., Cs correctors, direct detector cameras) and
novel techniques such as beam precession, 4D-STEM, and 3DED, electron diffraction (ED)
and structural imaging enable atomic-scale analysis of a wide range of materials, including
nanocrystals and beam-sensitive compounds. ED’s low dosage and nanometric spatial
resolution are ideal while X-ray methods fall short. Combining these methods with in situ
sample holders, researchers can now study materials in real-time conditions, uncovering
structural changes and symmetry evolution at the atomic level [1–10].

Volume II of this Special Issue features nine original contributions that showcase
the versatility, depth, and continued innovation in the sphere of electron diffraction and
structural imaging.

The first article, by Andrusenko et al., presents two new organic co-crystals formed
via a simple solution growth method using paracetamol or metacetamol and 7,7,8,8-
tetracyanoquinodimethane (TCNQ). These compounds belong to a class of organic charge-
transfer complexes, with the acetamidophenol molecule acting as an electron donor and
TCNQ as an acceptor. Due to the crystals’ sub-micron sizes, precession-assisted 3D electron
diffraction was employed for structural characterization. While the paracetamol–TCNQ
structure was solved using standard direct methods, the metacetamol–TCNQ system re-
quired merging two datasets and applying simulated annealing due to its lower symmetry
and data resolution. Both co-crystals have 1:1 stoichiometry, mixed-stack configuration,
and non-centric P1 symmetry. Interestingly, they lack the strong hydrogen bonding seen in
related orthocetamol-based co-crystals [11].

The second paper, by Hernández-Robles et al., investigates the relative orientations of
rotated graphene bilayers (RGBs) grown via chemical vapor deposition. Using selected-
area electron diffraction, the authors identified spontaneously preferred orientations that
minimize lattice complexity based on possible Burgers vectors. They introduce the concept
of secondary singular interfaces—non-singular orientations that still fulfill criteria of sin-
gularity based on their angular proximity to true singular states. These notable interfaces
exhibit simpler displacement fields and reduced strain, suggesting that RGBs may reorient
spontaneously toward such configurations. The study also provides a new explanation for
the emergence of high-Σ interfaces, previously overlooked due to limitations in defining
singularity [12].

Symmetry 2025, 17, 1287 https://doi.org/10.3390/sym17081287
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The third paper, by Jandl et al. from Eldico Scientific, reports the absolute structural
determination of anhydrous zinc (II) tartrate metal–organic frameworks (MOFs) with the
chiral ligands [Zn (L-TAR)] and [Zn (D-TAR)] using electron diffraction on sub-micrometric
crystals. The structures crystallize in the rare I222 space group, confirmed by dynamical
refinement, which showed a clear distinction between enantiomorphs based on R-factor
differences. These MOFs form dense 3D networks dominated by octahedral coordination,
and similar structures were shown to be synthesizable using other divalent metals (Mg, Mn,
Co, Ni, Cu). The chiral frameworks are described by Δ and Λ configurations, highlighting
the potential of ED for the absolute structural determination of small crystals of chiral
MOFs [13].

The fourth paper, by Chou et al., examines how precession angle, energy filtering, and
sample thickness affect the structural analysis of amorphous SiO2 thin films using electron
reduced density functions. The authors find that while peak positions remain largely
stable across conditions, peak intensities—and thus the derived coordination numbers—are
significantly influenced by both precession and energy filtering. Notably, using small
precession angles (≤2◦) and energy filtering yields coordination numbers for Si and O that
better match the expected values of 4 and 2, particularly in thicker samples [14].

The fifth paper, by Passuti et al., introduces scanning precession electron tomography
(SPET) as an advanced method for the accurate structural analysis of epitaxial perovskite
thin films, particularly when the region of interest (ROI) is very small. By combining
precession-assisted electron diffraction tomography (PEDT) with scanning over a defined
area, the authors extracted spatially resolved intensities for precise structural refinement.
A 35 nm PrVO3 film on SrTiO3 was used as a test case, revealing subtle structural vari-
ations across film thicknesses. It was demonstrated that SPET is a powerful alternative
to traditional PEDT, capable of providing accurate structural data in ROIs as small as
10 nm [15].

The sixth paper, by Truong et al., shares practical insights from Rigaku’s extensive ex-
perience with 3D electron diffraction (3D ED/MicroED) for solving structures of sub-micron
single crystals. The authors highlight three key conclusions: (1) Cryo-transfer significantly
improves data quality for hydrated compounds via preventing dehydration, as shown with
trehalose dihydrate; (2) a streamlined workflow for dynamical diffraction enables reliable
absolute structural determination for both small and large organic molecules (e.g., tyrosine
and clarithromycin); (3) the crystal-to-detector distance must be optimized (even for small
molecules such as cystine, longer distances can yield better results). These findings help
define best practices across diverse sample types [16].

The seventh paper, by Snopiński et al., explores a novel grain boundary engineering
(GBE) strategy for additively manufactured AlSi10Mg alloys using the KoBo extrusion
method, which enables thermo-mechanical processing in a single step. Through EBSD
and TEM analysis, the authors observed not only significant grain refinement but also
an increased fraction of coincidence-site lattice (CSL) boundaries—especially low-Σ twin
boundaries—indicating enhanced grain boundary character. The study links CSL formation
to dynamic recrystallization, suggesting that KoBo extrusion offers a promising route to
engineer tailored grain boundary networks in aluminum-based AM components. These
results pave the way for next-generation high-performance alloys [17].

The eighth paper, by Gallegos-Moncayo et al., investigates cathode electrolyte inter-
phase (CEI) formation in NMC 811 (LiNi0.8Mn0.1Co0.1O2), a key challenge in high-capacity
lithium-ion batteries. Due to the proximity of the material’s LUMO level to the HOMO of
liquid electrolytes, oxidation reactions lead to surface degradation during charging. Using
precession-assisted 4D-STEM-ACOM/ASTAR and STEM-EDX, the authors examined CEI
composition at 4.3 V and 4.5 V, revealing a fluorine-rich layer that varied with voltage:

2
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it consisted of LiF alone at 4.5 V and LiF + LiOH at 4.3 V. Despite LiF’s reputation as a
stable layer, it fails to prevent degradation in NMC 811. The study emphasizes the need for
protective components, such as tailored additives or coatings, to enhance stability [18].

The ninth paper, by Örs et al., presents the first complete structural determination
of zeolite ECR-1, an aluminosilicate with EON topology, previously inaccessible due to
its submicron crystal size and stacking faults. Using a single nano-crystal with minimal
defects, the authors performed precession electron diffraction (PED) at 103 K, achieving
dynamical refinement with Robs = 0.097. The structure comprised 8.16 Na+ ions across
six crystallographic sites and ~four water molecules per unit cell. The material was
hydrothermally synthesized with trioxane as a structure-directing agent, and a Monte Carlo
simulation further validated the experimental cation and water distributions, marking
significant progress in the structural study of faulted zeolites [19].

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Herein we present two new organic co-crystals obtained through a simple solution
growth process based on an acetamidophenol molecule, either paracetamol or metacetamol, and on
7,7,8,8-tetracyanoquinodimethane (TCNQ). These co-crystals are part of a family of potential organic
charge transfer complexes, where the acetamidophenol molecule behaves as an electron donor and
TCNQ behaves as an electron acceptor. Due to the sub-micron size of the crystalline domains, 3D
electron diffraction was employed for the structure characterization of both systems. Paracetamol-
TCNQ structure was solved by standard direct methods, while the analysis of metacetamol-TCNQ
was complicated by the low resolution of the available diffraction data and by the low symme-
try of the system. The structure determination of metacetamol-TCNQ was eventually achieved
after merging two data sets and combining direct methods with simulated annealing. Our study
reveals that both paracetamol-TCNQ and metacetamol-TCNQ systems crystallize in a 1:1 stoichiom-
etry, assembling in a mixed-stack configuration and adopting a non-centrosymmetric P1 symme-
try. It appears that paracetamol and metacetamol do not form a strong structural scaffold based
on hydrogen bonding, as previously observed for orthocetamol-TCNQ and orthocetamol-TCNB
(1,2,4,5-tetracyanobenzene) co-crystals.

Keywords: electron diffraction; organic charge transfer complex; acetamidophenol co-crystals;
structure determination; simulated annealing

1. Introduction

Symmetry is the true heart of crystallography. It is because of the symmetry that the
description of a crystal passes from an Avogadro number of atoms to few atoms in the
asymmetric unit. This simplifies enormously the problem of solving the crystal structure of
an unknown phase. When the crystals become extremely small, in the range of few nanome-
ters, the problem of symmetry determination becomes extremely challenging. The beautiful
hints given by the crystal shape are hard to recognize in electron microscopy images of
nanocrystals. The guide given by single-crystal diffraction data is not available when the
size falls below a few microns. Then, the standard investigation technique becomes powder
X-ray diffraction, which suffers from a reduction of dimensionality. In powder diffraction,
the signal is one dimensional, while the symmetry is a three-dimensional quantity. There-
fore, the determination of symmetry by powder diffraction can only be obtained indirectly
through the profile fitting of the derived structural model.

In the last 15 years, since 2007, a new single-crystal diffraction technique became
available for nanocrystals [1–3]. Because electrons interact stronger with matter than X-ray
and can be focused in small bright beams, it is possible to record electron diffraction signals

Symmetry 2022, 14, 431. https://doi.org/10.3390/sym14030431 https://www.mdpi.com/journal/symmetry5
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from crystals of a few hundreds of nanometers in any transmission electron microscope
(TEM). This effect has been known since the invention of TEM, however, nobody thought
to use the TEM as a single-crystal diffractometer until very recently. One reason was that
the dynamical scattering, which spoils the simple linear relation between the diffraction
intensities and the square modulus of the structure factors, was considered too strong for
inorganic structures. On the other hand, organic structures are very beam sensitive so that
only a few oriented patterns could be collected from them [4]. Still, electron diffraction had
been successfully used for symmetry determination, especially in convergent beam electron
diffraction (CBED) mode, but mainly on hard inorganic samples that are rather resistant
to beam damage [5,6]. When scientists eventually tried to collect 3D electron diffraction
(3D ED) data by recording a sequence of patterns while the crystal is rotated around the
TEM goniometer axis [1], they discovered that the dynamical scattering is not so strong
to completely hamper the structure solution based on kinematical approximation [7]. In
particular, it was noticed that when reflections are integrated over their excitation error, the
resulting 3D intensity data set can be considered quasi-kinematical.

The proper integration of reflection intensities was initially achieved by collecting each
pattern of the sequence in precession mode, with the electron beam precessing on a cone
surface having the vertex fixed on the sample plane [7]. The precession movement allows
the Ewald sphere to sweep the reciprocal space around the actual orientation, integrating
each nearby reflection over a certain excitation error. Later on, the same result was achieved
by fine sampling the reciprocal space with small electrical beam tilts in the so-called rotation
electron diffraction method [8]. Both of these acquisition protocols turned out to be very
successful for the structure solution of unknown crystal structures [3].

The quasi-kinematical character of electron diffraction intensities guarantees the pos-
sibility to have valuable symmetry information, such as extinction conditions. However,
the presence of residual dynamical scattering and experimental inaccuracies in the data
collection always require them to be validated by a complete structure solution. This is
particularly evident in the case of organic structures. Organic materials are beam sensitive;
therefore, 3D ED methods should be performed under very low dose conditions. Nowa-
days this is achieved by the employment of a new generation of very sensitive detectors
(direct electron detectors) and by the speeding of data collection with continuous and
semi-automatic data collection while the crystal is rotating [9–13]. Yet, continuous rotation
data collections on nanocrystalline materials is experimentally complicated. It is very
difficult to have sufficient goniometer stability for keeping the electron beam on the same
area for a wide angular range [14]. Moreover, the beam sensitivity of some materials is so
pronounced to limit the number of patterns that can be collected before high-resolution
reflections start to deteriorate. Thus, merging among several data sets may be required to
have an adequate reciprocal space coverage [15]. Eventually, it is rather difficult to have
a reliable a priori determination of the Laue class based on only intensity data before the
correct phasing scheme is fully resolved.

With 3D ED data, we are generally compelled to perform several structure solution
attempts with all the space groups compatible with the lattice geometry and with the
detected extinction conditions. Interestingly, it is the structure solution that will reveal the
real symmetry. A wrong symmetry will result in a structure model that is not chemically
sound. For example, orthocetamol crystals exhibit a pseudo-tetragonal unit cell inside the
precision of 3D ED data, but the symmetry had to be reduced to monoclinic in order to
achieve the correct structure solution [16]. Similarly, the delta-polymorph of indomethacin
was determined only after two independent molecules were introduced in the unit cell,
obliterating the possibility of centrosymmetry [17].

Three-dimensional ED has been successfully used for the determination of nanocrys-
talline organic co-crystals [18,19]. In particular, Hitchen et al. [20] revealed the possibility
of a new family of organic charge transfer (CT) complexes, based on rigid scaffold chains
of orthocetamol molecules connected through hydrogen bonding and coupled with dif-
ferent planar acceptors. Here we report the structure solution of two other co-crystals
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based on acetamidophenol regioisomers (i.e., metacetamol and paracetamol) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ) (Figure 1). The structure determination of these two
compounds was particularly challenging due to their beam sensitivity and triclinic symme-
try, which reduced the overall data completeness. While the paracetamol-TCNQ co-crystal
could be solved ab initio by direct methods, metacetamol-TCNQ co-crystal was determined
by simulated annealing using a priori information about molecule connectivity. Both
structures were subsequently optimized, verifying they were minima in the conformational
energy landscape.

Figure 1. Molecular schemes of the three constituents used in this study.

2. Materials and Methods

2.1. Crystallisation

Paracetamol (>98% purity), metacetamol (>97%), and TCNQ (>98%) were obtained
from Sigma-Aldrich and used as received without further purification. Donor and ac-
ceptor molecules were combined in a 1:1 M ratio in a minimum amount of anhydrous
chloroform (Sigma-Aldrich, St. Louis, MO, USA, >99%) at room temperature. After 24 h,
solutions were filtered at room temperature. After one week of slow evaporation, crystals
of both paracetamol-TCNQ and metacetamol-TCNQ were removed from the solution and
subsequently dried for analysis.

2.2. TEM and 3D ED Structure Analysis

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) imaging and 3D electron diffraction (3D ED) were performed with a Zeiss Libra
120 TEM operating at 120 kV and equipped with a thermionic LaB6 source. A small amount
of each co-crystal sample was gently crushed and directly loaded on a carbon-coated Cu
TEM grid without any solvent or sonication. Three-dimensional ED was performed in
STEM mode after defocusing the beam in order to have a parallel illumination on the
sample, as described in Lanza et al. [21]. ED patterns were collected in Köhler parallel
illumination with a beam size of about 150 nm in diameter, obtained with a 5 μm C2
condenser aperture and recorded by an ASI MEDIPIX single-electron detector [9]. This
delivered virtually background-free diffraction patterns and allowed working with a very
low electron dose.

For both samples, 3D ED data collections were performed at room temperature. No
evidence of beam damage was ever observed, likely due to the extremely low dose rate.
Three-dimensional ED data sets cover ranges 70–120◦. Camera lengths of 180 mm were
used, allowing for a resolution in real space of about 0.7 Å. Data were acquired in stepwise
mode, with fixed steps of 1◦. After each tilt, a diffraction pattern was acquired, and the
crystal position was tracked by defocused STEM imaging. During stepwise experiments,
the beam was precessed around the optical axis by an angle of 1◦ to improve reflection
intensity integration [7]. Beam precession was performed using a Nanomegas Digistar
P1000 device [22].

Three-dimensional ED data were analyzed with the software PETS 2.0 [23], using a
low threshold during reflection search (I/σ = 5). Structure determinations were achieved
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by both standard direct methods (SDM) and simulated annealing (SA), as implemented in
the software SIR2014 [24]. For SA structure determination, the models of single molecules
were extracted from the Cambridge Structural Database [25]. Each co-former molecule was
modeled as a unique fragment (Figure 1), where the atomic distances and coordination
were known. No anti-bump restraint was used. Data were treated with a fully kinematical
approximation, assuming that Ihkl was proportional to |Fhkl|2. Least-squares structure
refinements were performed based on the most complete acquisitions with the software
SHELXL [26], using soft and rigid geometrical constraints. In the final refinement step, all
hydrogen atoms were constrained in geometrically idealized positions. Atomic structures
were visualized by the software VESTA [27].

2.3. Theoretical Calculations

Computational optimization was performed on both structures using CRYSTAL17
software [28] and calculated using the PBE0/6-31G level with 0 thermal component. Start-
ing geometries were taken directly from experimentally determined models. Structures
were compared to assess similarities between 3D ED-generated structures and the lowest
energy structures obtained via calculation.

3. Results and Discussion

3.1. Structure Determination of Paracetamol-TCNQ Co-Crystal

Paracetamol-TCNQ crystallizes as yellow platelets up to 500 μm in size (Figure 2a).
Such platelets are indeed agglomerates of much smaller crystalline domains, and this
hinders the possibility of single-crystal X-ray diffraction experiments. Three-dimensional
ED data were then recorded from six single-crystal fragments with a size less than 1μm
(Figure 2c). All six 3D ED data sets delivered a triclinic unit cell with approximate parame-
ters a = 7.20 (14) Å, b = 6.60 (13) Å, c = 9.20 (18) Å, and α = 91.1 (5)◦, β = 99.7 (5)◦, γ = 86.1 (5)◦.
A close look at 3D ED reconstructions revealed no hint of extinction features (Figure 3a–c).
Considering the 1:1 ratio of paracetamol and TCNQ, such a cell would conveniently host
only one pair of constituent molecules, which is consistent with the triclinic space group
P1 (No. 1).

The structure of paracetamol-TCNQ co-crystal was determined ab initio by SDM using
only the most complete 3D ED data set, i.e., the one acquired within the wider angular
range and with better defined high-resolution reflections. All 27 non-hydrogen atoms
of the structure were found by automatic routines after direct method phasing and both
paracetamol and TCNQ molecules were immediately recognizable.

3.2. Structure Determination of Metacetamol-TCNQ Co-Crystal

Metacetamol-TCNQ appears as thin black platelets up to a few cm in length (Figure 2b).
Again, each platelet is an agglomerate of much smaller crystalline domains. Three-
dimensional ED data were recorded from five single-crystal fragments of different sizes
(Figure 2d). All reconstructed 3D ED data delivered a triclinic primitive unit cell with
parameters a = 7.30 (15) Å, b = 9.40 (19) Å, c = 9.80 (20) Å and α = 106.0 (5)◦, β = 93.4 (5)◦,
γ = 92.3 (5)◦. No extinction features were detected (Figure 3d–f), and cell volume appeared
consistent with only one pair of constituent molecules.

Diffraction data from metacetamol-TCNQ turned out to be of lower quality than the
ones collected from paracetamol-TCNQ. Indeed, no structure solution could be achieved
using a single 3D ED data set. Two data sets were therefore merged with a scale factor
based on the strongest reflections (arguably the ones whose intensity values were relatively
less affected by dynamical effects, experimental inaccuracies, and background).
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Figure 2. Light microscopy images of paracetamol-TCNQ (a) and metacetamol-TCNQ (b) platelets.
HAADF-STEM images of paracetamol-TCNQ nanocrystals (c) and metacetamol-TCNQ nanocrystals
(d) selected for 3D ED data collection.

Using this merged data set, the structure of metacetamol-TCNQ could be solved by
SDM in space group P1 (No. 1). The maxima of the resulting potential map were poorly
defined. One atom of metacetamol ring was not spotted by automatic routines, while the
TCNQ molecule was largely incomplete, especially around the cyanide group, where atoms
were relatively close (C≡N bond distance is expected in the range 1.16–1.11 Å). To some
extent, the resolution of the cyanide group was also complicate in the previously reported
orthocetamol-TCNQ co-crystal, where considerably better data were available [20].

The structure of metacetamol-TCNQ was independently confirmed by SA method.
This global optimization method has been already applied to poor quality 3D ED data for
the determination of organic structures [8,17,19,29,30]. SA method appears particularly
suitable for this case, because TCNQ molecule is rigid and acetamidophenols have only
one free torsion angle.

3.3. Structure Refinement and Energy Minimisation

Structure models of paracetamol-TCNQ and metacetamol-TCNQ were eventually
least-squares refined against 3D ED data using SHELXL [26]. Geometrical ties were added
stepwise to check the stability of the models. All hydrogen atoms were generated in
idealized positions during the last refinement cycle. More details about the structures de-
termination and refinement are listed in Table 1. Final models for paracetamol-TCNQ and
metacetamol-TCNQ crystal structures are shown in Figure 4. Related CIF files have been up-
loaded in the CCDC database, with deposition numbers 2147971 and 2148006, respectively.
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Figure 3. Selected planar cuts of the 3D ED reconstruction from paracetamol-TCNQ (a–c) and
metacetamol-TCNQ (d–f) co-crystals.

Table 1. Selected parameters from structures determination and refinement.

Paracetamol-TCNQ Metacetamol-TCNQ

ab initio structure determination by SIR2014

Data resolution (Å) 0.8 0.9

Sampled reflections (No.) 2296 2763

Independent reflections (No.) 1251 1403

Independent reflection coverage (%) 71 76

Global thermal factor U iso (Å2) 0.02820 0.03214

Rint (%) 20.19 16.01

RSIR (%) 27.60 29.82

structure refinement by SHELXL

Data resolution (Å) 0.9 0.9

Reflections total (No.) 1492 2763

Reflections > 4σ (No.) 648 1449

R14σ (%) 37.01 34.60

R1all (%) 39.46 46.28

GooF 2.161 3.850

10



Symmetry 2022, 14, 431

Figure 4. Paracetamol-TCNQ (a,c,e) and metacetamol-TCNQ (b,d,f) structures viewed along selected
projections. Carbon atoms of paracetamol and metacetamol molecules are in brown, carbon atoms
of TCNQ molecule are in orange, nitrogen atoms are always in light blue, oxygen atoms are in red,
and hydrogen atoms are in light grey. The [001] channel in metacetamol-TCNQ is emphasized by a
dashed circle (diameter about 6 Å).

Computational optimization was performed on both structures using CRYSTAL17
software [28], as previously done for olanzapine-phenol co-crystal [19]. A comparison of
the experimental and calculated structures shows only minor differences in the hydrogen-
bond lengths or relative ring angles, while the overall structure remains virtually intact.
This confirms that the models determined experimentally based on 3D ED data are indeed
structural energy minima (Figure 5).

11



Symmetry 2022, 14, 431

Figure 5. Overlay of the experimental (red) and calculated (green) structures of paracetamol-TCNQ
(a) and metacetamol-TCNQ (b) co-crystals.

3.4. Structure Description

Paracetamol-TCNQ and metacetamol-TCNQ structures show a mixed-stack motif,
as observed in many organic CT co-crystals [20,31,32]. In paracetamol-TCNQ, molecules
of paracetamol and TCNQ are piled along their 6-carbon rings, following an ‘eclipsed’
arrangement such as in orthocetamol-TCNQ [20] (Figure 4c). In metacetamol-TCNQ,
molecules show a looser piling, and the TCNQ ring is centered on the amide-phenol
junction of the metacetamol molecule (Figure 4d). This packing generates a large channel
along [001], with a diameter of more than 6 Å (Figure 4f).

Both paracetamol-TCNQ and metacetamol-TCNQ show no evidence of hydrogen
bonding between acetamidophenol molecules. This is the most striking difference with
orthocetamol-TCNQ co-crystal, whose structure is based on rigid scaffold chains of
orthocetamol molecules [20]. Eventually, metacetamol-TCNQ and paracetamol-TCNQ
appear more similar to conventional organic CT co-crystals, based on flat and loosely
connected molecules.

We also point out the drastic reduction of symmetry from orthocetamol-TCNQ to
paracetamol-TCNQ and metacetamol-TCNQ co-crystals. The former crystallizes in mon-
oclinic space group Pc, with four couples of constituent molecules hosted in the asym-
metric unit. Instead, both compounds reported in this paper crystallize in the triclinic
space group P1, characterized by the only translational symmetry. Because the three com-
pounds were obtained following a comparable crystallization route, such reduction of
symmetry is dictated by the different acetamidophenol molecules. In particular, structure
differences appear mostly related to the tendency of orthocetamol to form stiff backbone
chains [16]. Interestingly, all acetamidophenol-TCNQ co-cocrystals reported up to date are
non-centrosymmetric.

4. Conclusions

The structures of paracetamol-TCNQ and metacetamol-TCNQ co-crystals were solved
using 3D electron diffraction despite remarkable experimental difficulties, such as small
crystal size, beam sensitivity, and low symmetry. This result would be impossible to obtain
with conventional single-crystal X-ray methods and hardly feasible even with cutting-edge
powder X-ray facilities due to severe peak broadening and overlapping.

This work completes the study of acetamidophenol-TCNQ co-cocrystals produced
through the simple evaporation from an anhydrous chloroform solution. While orthocetamol-
TCNQ showed a more symmetric arrangement based on rigid scaffold chains of orthoceta-
mol molecules [20], paracetamol-TCNQ and metacetamol-TCNQ crystallize in the lowest
symmetric space group P1 and exhibit motifs more similar to typical mixed-stack organic
CT co-crystals. This example emphasizes how much structures and symmetry of co-crystals
may be affected by seemingly minor differences in the molecular configuration of their
constituents, such as the ones that occur among the three acetamidophenol regioisomers.
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Abstract: We have measured the relative orientation of rotated graphene bi-layers (RGBs) deposited
by chemical vapor deposition and found that there are spontaneously occurring preferred orientations.
Measurements were performed using selected area electron diffraction patterns on various regions
of the RGBs. These orientations minimize the complexity of the lattice defined by the set of all
possible Burgers vectors. By using a precise definition of singularity, we have been able to show
that all non-singular preferred orientations are special in the sense that their angular distance Δθ to
the closest singular orientation also complies with the definition of singularity. Our results show
that these special interfaces, named secondary singular interfaces,have simpler displacement fields
compared to other non-singular RGBs, implying that interfacial dislocations have fewer Burgers
vectors to choose from. Since all observed orientations were found to be either singular or secondary
singular, we found evidence that RGBs starting out with rotation angles far from singular orientations
re-orient themselves into a nearby secondary singular state in order to simplify their strain fields.
Secondary singular orientations also account for the spontaneous formation of high Σ interfaces,
although the lack of a precise definition of singularity caused them to remain unnoticed.

Keywords: crystallography of interfaces; electron diffraction; coincidence site lattice; dichromatic
patterns

1. Introduction

Two-dimensional crystals, such as graphene and metal dichalcogenides (MX2), have
risen in the interest of the scientific community due to their novel technological applica-
tions. Physical properties of confined 2D crystals can also be controlled as a function of
the number of their assembled monolayers, e.g., a bilayer graphene is a tunable bandgap
and its charge carrier mobility can be controlled as well [1]. The MoS2 monolayer is a
direct band-gap semiconductor, unlike its bulk nature at 1.2 eV [2,3], and, as a consequence,
a remarkable increase in luminescence is experimentally measured [4]. In contrast with the
extended studies of graphene 2D sheets, metal dichalcogenides exhibit a band gap shift
from indirect to direct as a function of the number of S-Mo-S slabs (N), and increasing
the band gap from the bulk value up to 0.6 eV for a single MoS2 layer [2,5].Those crystals
with few layers can be stacked up directly, one on top of another, with no rotation; how-
ever, properties such as those mentioned above are affected, depending on the rotation
angles [6].In this way, interfacial phenomena and the analysis of the preferred orientations
of the 2D-bilayer crystals are fundamental topics for their technological applications. Given
that the electronic properties of rotated graphene bi-layers, hereafter referred to as rotational
graphene bi-layers (RGBs), depend on the rotation angle, in this work we inquire about
the possibility that there exist special orientations with low interfacial energies indicative
of possible special structural and electronic properties. These rotation angles between
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bi-layers are, nowadays, referred as magic angles and are responsible to unusual insulating
and superconductivity properties for lower twisting angles in graphene [7,8]. Recently,
a complementary continuum model has been reported, where the Fermi velocities of the
moiré Dirac points not only vanish, but the bands become entirely flat at a set of punctual
magic angles found at a periodicity of Δα � 3/2 [9].

In crystalline materials, short period interfaces identified by a small index number
Σ (the ratio of the volume of the unit cell of the coincidence site lattice CSL [10] to that
of the unit cell of the parent crystals) are known to be preferred, since the now classical
experiments of Chaudhari and Matthews [11], who observed that small Σ interfaces occur
preferentially in bi-crystals spontaneously formed during the condensation of MgO and
CdO smoke. They also observed, however, that a number of bi-crystals with rotation angles
lead to large values of Σ. The reason why these angles have preferred orientations has no
generally accepted explanation to date.

In this work, we measured the relative orientation of spontaneously occurring RGBs in
order to determine whether preferred orientations exist, and if so, we attempt to determine
the factors that make them special in the hopes of obtaining useful information about their
structure and related electronic properties.

Our results show that there are indeed preferred orientations with both small and
large values of Σ, which, in agreement with the decades-old results of Chaudhari and
Matthews, imply that the period of the interface is not a determining factor in them being
preferred. Instead, special RGB orientations were characterized by a sharp decrease in the
Shannon entropy [12] of their displacement spaces, implying a reduction in the number of
possible Burgers vectors of interfacial dislocations.

2. Materials and Methods

Observations were made on a total of 58 RGBs obtained by chemical vapor deposition
(CVD), as described in reference [13], exhibiting large areas of analyses. Rotation angles
were measured directly from selected area electron diffraction (SAED) patterns obtained
from individual RGBs and verified in high resolution transmission electron microscopy
(HRTEM) using a transmission electron microscope, FEI-Titan, operated at 80 kV, to reduce
the radiation damage to the samples.

3. Results

Figure 1a shows a typical SAED pattern and Figure 1b shows a high-resolution TEM
image of two bi-layers with a 12.5◦ rotation angle. The distribution of rotation angles was
found to be spread over the whole angular range of 0◦–30◦. Note that only this range needs
to be considered, since the rotation angle θ and its complement θc = 60◦ − θ yield identical
interfaces, except for a trivial 30◦ rigid body rotation. The results are summarized in Table 1
and the histogram shown in Figure 2. Additionally, we have measured the rotation angles
in HRTEM images using the fast Fourier transform (FFT) in various images, as in the
example shown in Figure 1b. In the table, the columns labeled θ and ξ, respectively, contain
the angles measured as indicated in Figure 1 and a rational approximant ξ obtained from
Equation (1). Since there are an infinite number of approximants for any given experimental
accuracy, the ones given in Table 1 were calculated using continued fractions of increasingly
higher orders until the difference Δθ (shown in the third column) between measured angles
and those resulting from substituting the calculated approximant in Equation (1) was
smaller than 0.05◦. When the angular distance between two or more measured angles was
smaller than the experimental error (0.3◦), they were grouped together; in such cases, the
value of θ that is given is the group’s average.
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Figure 1. (a) Bright field image of the graphene sheets used to collect the SAED pattern. (b) SAED
pattern of a bi-layer rotated by 7.6◦. (c) High-resolution TEM image of two layers rotated 12.5◦.

Table 1. List of measured rotation angles. The column labelled θ contains the measured angles in
degrees. The column ξ contains the parameterized angles obtained from Equation (1) using continued
fractions of increasingly higher orders until the difference Δθ, shown in the third column between the
rationally approximated angle and the measured one, was smaller than 0.05o. An extra significant
digit is given to the angles resulting from the average of two or more measurements.

θ(◦) ξ Δθ θ(◦) ξ Δθ

5.70 33 0.03 18.30 11 − 1/4 0.01
6.80 29 0.04 19.03 10 + 1/3 0.00
7.60 26 + 1/13 0.00 19.70 10 0.00
9.70 20 + 1/2 0.04 20.00 9 − 1/5 0.05

10.23 19 + 1/3 0.01 20.60 9 + 1/2 0.03
10.63 18 − 1/3 0.03 21.50 9 + 1/8 0.00
11.50 17 + 1/4 0.03 22.80 8 − 2/5 0.03
12.53 15 − 1/5 0.01 23.50 8 + 1/3 0.02
13.40 15 − 1/4 0.01 23.90 8 + 1/5 0.05
14.15 14 0.04 24.50 7 − 1/44 0.02
14.90 13 + 1/4 0.00 24.80 8 − 1/8 0.01
16.03 12 + 1/5 0.05 26.80 7 + 1/4 0.04
16.50 11 − 1/18 0.00 27.70 7 + 1/39 0.02
17.20 11 + 4/9 0.01 30.00 7 − 6/13 0.01
17.80 11 + 1/16 0.00

Figure 2 also shows the plot of the Shannon entropy [12] against θ of the displacement
space, which is the space of all the possible Burgers vectors of interfacial dislocations [14].
The details of this calculation are given in the next section. For now, note that the entropy
plot has sharp troughs at certain discrete values of θ, which are best described in terms of
the parameterized rotation angle ξ, defined by

θ = 2 tan−1
√

3
ξ

(1)

Writing ξ as

ξ = x +
k
n

(2)

With x; k and n integers, it becomes clear that entropy troughs are located at angles
where k is either 1 or 0, as indicated by the value of ξ written below the most promi-
nent troughs.

Note that all measured orientations closely match a sharp trough of the entropy curve
where k is either 1 or 0. Even the angles θ = 17.2◦, 22.8◦ for which k �= 0.1, have decimal
parts k/n very close to 1/2; we have chosen not to make this approximation, however,
in order to preserve the rule of keeping the difference between measured and rationally
approximated angles smaller than 0.05◦. The other value with k �= 1 at 30◦ is a secondary

17



Symmetry 2022, 14, 719

singular value, as explained below.The entropy plot was calculated with a an accuracy of
0.01◦, which is an order of magnitude higher than the experimental error.

Figure 2. Bottom: Histogram of observed rotation angles between graphene sheets. The angular
width of the bars is about 0.3◦ which is the estimated experimental error. Top: Plot of the Shannon
entropy of the displacement (Burgers vector) space showing sharp troughs when ξ = m or m + 1/n.

These results are also relatively close to the magic angles > 5◦ reported by Tarnopolsky
et. al., where their twisting angles followed a quasi-periodicity at Δα � 3/2 [9]. in our
case, these matching angles presented sharp troughs in Figure 2, and also approximated
the same periodicity. While most of the matching angles are reported in Table 1, the angle
θ ∼ 8.3◦ is included in the Shannon entropy calculation displayed in Figure 2. These angles
are listed in Table 2.

Table 2. List of measured rotation angles and magic angles 5–11.5◦.

Matching Angles

θ 5.7 6.8 8.3 9.7 11.5
α [9] 5.276 6.795 8.313 9.829 11.345

The physical explanation of these results can be simply stated in terms of the lattice
type formed by the vectors of the displacement field of each interface, as discussed in the
following subsections.

3.1. Primary and Secondary Singular States

According to Bollmann [14], there are special low energy interfaces he called “preferred
states” which contain only primary dislocations, i.e., dislocations with Burgers vectors
belonging to the crystal (graphene) lattices that compose the interface. Since Bollmann
did not have a formal definition of a preferred state, he made the usual vague assumption
that they were coincidence orientations with an unspecified small value of Σ. Bollmann
further assumed that under small angular deviations, Δθ form a preferred state, and
the interface would try to preserve its low energy configuration by concentrating the strain
field in what he called secondary dislocations.In contrast with the primary ones, secondary
dislocations have smaller non crystalline Burgers vectors belonging to the DSC lattice,
which is the lattice formed by a set of vectors joining the sites of the composing lattices.
Bollmann showed that secondary Burgers vectors could be calculated from a different
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interface formed by the DSC lattice, and a copy of itself rotated by Δθ. We shall refer
to this interface, which is central to the results of this work, as the “secondary interface”
or “secondary state”. The experimental observation of secondary dislocations [15], with
dislocation spacings in accordance with Bollmann’s hypotheses, confirmed the physical
significance of the secondary interface. Preferred states will hereafter be referred to as
singular states or singular interfaces to follow the more common usage [10].

It has been shown [16] that the rotation angles θx resulting from the substitution of
an integer x for the rational parameter ξ in Equation (1) give rise to singular interfaces
containing only primary dislocations. It is interesting to note that the set of integers actually
partitions the angular space into equivalence classes x − 1/2 � ξ < x + 1/2 whose normal
mode is the singular interface at θx [17].

In view of the above, any RGB with rotation angle θ = θx + Δθ can be thought of
as having two components or states: a singular primary state with rotation angle θx and
a secondary state with rotation angle Δθ. It now makes sense to inquire under what
circumstances the secondary state is, itself, singular.

To do this, we use Equation (1) to parameterize θx and Δθ as

tan
θx

2
=

√
3

x
; tan

Δθ

2
=

√
3

ζ
(3)

for some of the integer x and rational ζ. After some trigonometry, we find that ζ = (3 +
ξx)/(x − ξ), and in substituting x + δ for ξ, we find that −ζ = x + T

δ (3+ x2), which shows
that secondary states are, themselves, singular (integer ζ) when δ = 1/n or δ = (3 + x2)/n,
i.e., when k = 1 in Equation (2) or (3 + x2)/n is an integer. This is the case of θ = 30◦,
since (see Table 1) (3 + 72)/13 is an integer. Therefore, we conclude that the minima in the
entropy plot of Figure 2 correspond to RGBs which are either singular states or non-singular
ones with a singular secondary component. In the next section, we describe the structural
implications of this result.

3.2. The Displacement Space lattice

The formal framework for calculating the structure of the displacement space has
been given elsewhere [16]. For completeness, we provide a simpler geometrical description
here. Figure 3 shows, on the left, the dichromatic complex of a graphene bi-layer, and
on the right, the set of (encircled) vectors join the displacement vectors, whose size is
smaller than half a lattice vector of the graphene lattice. The displacement vectors that
fulfill this condition are vectors of the DSC lattice that fall within a window given by the
cut-projection formalism [16] (see Figure 4), and the circles around each vector are the locus
of points of high strain and high electronic density in the interfacial plane between the
graphene layers. This pattern not only provides a simpler crystallographic description of
the interface by turning the dichromatic complex into a monochromatic one, but, more
importantly, it establishes a mapping between the configuration and displacement spaces.
Every vector in the displacement space is linked to all the sites of the monochromatic
pattern that encircle the dichromatic points separated by that vector.

If ξ is a rational number, which it always is given the experimental error, then both
the set of displacement vectors and its associated monochromatic pattern form a lattice
whose degree of complexity depends on ξ. The complexity of the displacement space
lattice (DSL) (multiplied by one inside the window and zero outside) is what the Shannon
entropy calculation, shown in Figure 2, measures. Figure 4 shows examples of DSLs of
varying complexities.

The entropy plot in Figure 2 was calculated by evaluating every 0.01◦ of the Shannon
entropy of the distribution of bond lengths in the range [0.0–0.2] in lattice spacing units,
divided into 30 intervals. Varying this range and/or the number of intervals may produce
slight changes in the relative depths of the troughs, but there is always a sharp local entropy
minimum when ξ is an integer (singular states) or when its decimal part is the inverse of
an integer (secondary singular states).
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Figure 3. Left: dichromatic complex of the singular interface ξ = 7, Σ = 13 with green and blue
circles representing the sites of each graphene sheet, as indicated in the central diagram illustrating
the disposition of carbon atoms on either side of the interfacial plane. Red circles are coincidence
sites. Right: Graphical representation of the displacement field as lines joining the sites, whose
distance is smaller than half a lattice vector (one atomic radius). The circles around the midpoints
of the displacement vectors simplify the crystallographic description of the interface by turning the
dichromatic complex into a monochromatic one, whose sites are points of high strain where electron
clouds overlap.

Figure 4. (a) Primitive DSL of the singular interface ξ = 15, Σ = 19 with both graphene sheets sharing
a common origin. (b) Monochromatic pattern associated to DSL at left with green and yellow circles
identifying sites with the displacements marked with the same colors in (a). (c) same DSL as (a) but
with graphene sheets relatively displaced by the vector (0.12; 0.12) illustrating that relative sheet
displacements only shift the DSL without altering its structure. (d,e) Non singular DSLs with primary
states Σx=5 = 7. (d) ξ = 5 + 1

5 , Σ = 751; (e) ξ = 5 + 3
13 , Σ = 1591 with an amplified unit cell at the

top to make its contents clearer. The rotated hexagons identify the window used in the cut-projection
formalism 14 used to calculate the DSLs.
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4. Discussion

Given the hexagonal symmetry of the dichromatic pattern, each DSL point is associated
with a subset of monochromatic sites that form a primitive hexagonal lattice (see Figure 4).
An example of this is the hexagonal sublattice of coincidence sites associated with the
DSL origin.

The DSL is always a simple primitive lattice when its unit cell is built using the basis
vectors of the DSC lattice [18]. However, its degree of complexity is best described in terms
of the subset of DSL points associated with hexagonal lattices, whose unit cells have the
same areas as the unit cell of the CSL of the singular primary state; the physical significance
of this unit cell is that its points represent Burgers vectors of primary dislocations. Using
this unit cell, all primary states have a low entropy of the primitive DSL. The higher the
order of the continued fraction expansion of ξ, the higher the contents of the unit cell.
Figure 4 illustrates three levels of complexity of the displacement space. We conclude that
crystallographic distinctions between DSLs, and their effects on the number of points that
fit inside the window, accounts for the sharp entropy minima of singular and secondary
singular interfaces.

In order to conclusively confirm that secondary singular interfaces are preferred states,
ab-initio calculations need be performed in the vicinity of secondary singular interfaces at
angular intervals close to the value of 0.01◦ used in the entropy calculation. This would
entail calculations with much larger periodicities than the ones usually performed. We
believe that the high computing cost of such calculations, coupled with the lack of a precise
definition of singularity, have caused secondary singular interfaces to remain unnoticed.

In the meantime, although the Shannon entropy is not a measure of energy, it can
be argued that since the latter depends on the distribution of interatomic distances, it is
possible that interfaces with simpler distributions have lower energies. This is, after all, the
role that dislocations play in reducing the elastic energy of crystalline materials.

Considering singular secondary interfaces as preferred (local energy minima) orien-
tations not only accounts for the results obtained here for graphene, but it also explains
other observations of spontaneously occurring nonsingular interfaces. For example, in the
case of 001 twist interfaces in the cubic system, there are no singular orientations in
the interval 36.875◦, (ξ = 3) to 53.13◦, (ξ = 2), both Σ = 5 interfaces. Yet, a number
of interfaces in this range were observed by Chaudhari and Matthews [11]; in partic-
ular, those seen in their histogram near 39◦; 41◦ and 42◦, which appear to be the sec-
ondary singular ξ = 3 − 1

6 (θ = 38.88◦, Σ = 325), ξ = 3 − 1
3 (θ = 41.11◦, Σ = 73) and

ξ = 3 − 1
2 (θ = 43.61◦, Σ = 29). Although under the vague small Σ criterion, Σ29 could

have been considered a preferred state by Bollmann. The fact is that its DSL is not primitive,
evidencing that a small value of Σ does not imply singularity.

5. Conclusions

Numerous calculations [10] have shown that singular interfaces have lower energies.
This, however, does not answer the question of what happens with RGBs that start out
far away from a singular orientation and do not have enough kinetic energy to rotate into
a singular state. For example, Figure 2 shows that there are no singular RGBs between
ξ = 7(θ = 27.8◦, Σ = 13), and ξ = 8(θ = 24.4◦, Σ = 67) so that any bi-layer starting to
grow in the middle of this 3.4◦ interval would have to rotate more than one degree to find a
singular orientation. Our results suggest that bi-layers starting out with a random rotation
angle will try to rotate into a nearby secondary singular state. This appears to have been
the case with the three Σ = 889 bi-layers observed at θ = 26.8◦.

The 0.3◦ experimental accuracy provided by the present experimental setup is not
enough to experimentally confirm that secondary singular states are indeed the preferred
low energy states; to do this, an experimental accuracy equal to, or better than, the 0.01◦
step used in the entropy calculation would be required. In spite of this, the consistent
observation of RGBs near entropy minima, and the fact that secondary singular interfaces
have been observed in other systems, supports this hypothesis.
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Given the relevance of determining the mechanisms that control the precise orienta-
tion in designing materials with tailor-made properties, our results evidence the need to
perform ab-initio calculations at, and close to, secondary singular orientations. Moreover,
experiments using more accurate techniques to measure rotation angles are also needed to
clarify this important point.

Author Contributions: Conceptualization and geometrical models, D.R.; Editing, electron mi-
croscopy analysis and measurements, A.P and A.H.-R.; Supervision A.P. All authors have read
and agreed to the published version of the manuscript.

Funding: The authors thank the technical support in the use of the transmission electron microscope
at CIQA. This work was supported by CONACYT FOMIX PUE-2018-03-02-84557 and A1-S-35309.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge the groups who provided the graphene
samples: Jing Kong from the RLE-Nanomaterials and Electronics group at Massachusetts Institute of
Technology MIT. A.H.R thanks to ConTex Doctoral Fellowship program #2019-000027-01EXTF-00125.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhang, Y.; Tang, T.T.; Girit, C.; Hao, Z.; Martin, M.C.; Zettl, A.; Crommie, M.F.; Shen, Y.R.; Wang, F. Direct observation of a widely
tunable bandgap in bilayer graphene. Nature 2009, 459, 820–823. [CrossRef] [PubMed]

2. Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147–150.
[CrossRef] [PubMed]

3. Kam, K.K.; Parkinson, B.A. ChemInform Abstract: Detailed photocurrent spectroscopy of the semiconducting group vib transition
metal dichalcogenides. Chem. Inf. 1982, 13, 463–467. [CrossRef]

4. Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.; Chhowalla, M. Correction to Photoluminescence from Chemically
Exfoliated MoS 2. Nano Lett. 2012, 12, 5111–5116. [CrossRef]

5. Mak, K.F.; Lee, C.; Hone, J.; Shan, J.; Heinz, T.F. Atomically thin MoS2: A new direct-gap semiconductor. Phys. Rev. Lett. 2010,
105, 136805–136809. [CrossRef]

6. De Trambly Laissardière, G.; Mayou, D.; Magaud, L. Localization of dirac electrons in rotated graphene bilayers. Nano Lett. 2010,
10, 804–808. [CrossRef] [PubMed]

7. Cao, Y.; Fatemi, V.; Demir, A.; Fang, S.; Tomarken, S.L.; Luo, J.Y.; Sanchez-Yamagishi, J.D.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.;
et al. Correlated insulator behaviour at half-filling in magic-angle graphene superlattices. Nature 2018, 556, 80–84. [CrossRef]
[PubMed]

8. Cao, Y.; Fatemi, V.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional superconductivity in
magic-angle graphene superlattices. Nature 2018, 556, 43–50. [CrossRef] [PubMed]

9. Tarnopolsky, G.; Kruchkov, A.J.; Vishwanath, A. Origin of Magic Angles in Twisted Bilayer Graphene. Phys. Rev. Lett. 2019,
122, 106405. [CrossRef]

10. Priester, L. From Theory to Engineering; In Grain Boundaries; Springer: Dordrecht, The Netherlands, 2013; Volume 172.
11. Chaudhari, P.; Matthews, J.W. Coincidence twist boundaries between crystalline smoke particles. J. Appl. Phys. 1971, 42, 3063–3066.

[CrossRef]
12. Shannon, C.E. A Mathematical Theory of Communication. Bell Syst. Tech. J. 1948, 27, 379–423. [CrossRef]
13. Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M.S.; Jing, K. Large area, few-layer graphene films on

arbitrary substrates by chemical vapor deposition. Nano Lett. 2009, 9, 30–35. [CrossRef] [PubMed]
14. Bollmann, W. Crystal Defects and Crystalline Interfaces; Springer: Berlin/Heidelberg, Germany, 1970. [CrossRef]
15. Sun, C.P.; Balluffi, R.W. Secondary grain boundary dislocations in [001] twist boundaries in MgO I. Intrinsic structures. Philos.

Mag. A—Phys. Condens. Matter Struct. Defects Mech. Prop. 1982, 46, 49–62. [CrossRef]
16. Romeu, D. Interfaces and quasicrystals as competing crystal lattices: Towards a crystallographic theory of interfaces. Phys. Rev.

B—Condens. Matter Mater. Phys. 2003, 67, 024202–024234. [CrossRef]
17. Romeu, D.; Gómez-Rodríguez, A. Recurrence properties of O-lattices and the classification of grain boundaries. Acta Crystallogr.

Sect. A Found. Crystallogr. 2006, 62, 411–412. [CrossRef] [PubMed]
18. Warrington, D.H. The coincidence site lattice (csl) and grain boundary (dsc) dislocations for the hexagonal lattice. Le J. De Phys.

Colloq. 1975, 36, C4-87–C4-95. [CrossRef]

22



symmetryS S

Article

Absolute Structure Determination of Chiral Zinc Tartrate MOFs
by 3D Electron Diffraction

Christian Jandl 1, Gunther Steinfeld 1, Keyao Li 2, Pokka Ka Chuen Pang 2, Chun Lung Choi 2, Cengan Wang 2,

Petra Simoncic 1,* and Ian D. Williams 2,*

1 Eldico Scientific AG, 5234 Villigen, Switzerland
2 Department of Chemistry, Hong Kong University of Science and Technology, Clear Water Bay,

Kowloon, Hong Kong
* Correspondence: simoncic@eldico.ch (P.S.); chwill@ust.hk (I.D.W.); Tel.: +852-2358-7384 (I.D.W.)

Abstract: The absolute structure of the 3D MOF anhydrous zinc (II) tartrate with space group I222 has
been determined for both [Zn(L-TAR)] and [Zn(D-TAR)] by electron diffraction using crystals of sub-
micron dimensions. Dynamical refinement gives a strong difference in R factors for the correct and
inverted structures. These anhydrous MOFs may be prepared phase pure from mild hydrothermal
conditions. Powder X-ray diffraction indicates that isostructural or pseudo-isostructural phases can
be similarly prepared for several other M2+ = Mg, Mn, Co, Ni and Cu. I222 is a relatively uncommon
space group since it involves intersecting two-fold axes that place constraints on molecular crystals.
However, in the case of MOFs the packing is dominated by satisfying the octahedral coordination
centers. These MOFs are dense 3D networks with chiral octahedral metal centers that may be classed
as Δ (for L-TAR) or Λ (for D-TAR).

Keywords: electron diffraction; MOFs; chirality; absolute structure

1. Introduction

The development of electron diffraction (ED, also termed 3D-ED or micro-ED) as a
technique for structure determination applicable to organic molecular compounds, inor-
ganics, and metal–organic frameworks (MOFs) has emerged in the last 10 years [1–7]. The
advent of commercial electron diffractometers promises to usher in a new age of structural
determination for crystalline materials that, either due to lack of material or inherent prob-
lems of crystal growth, cannot produce single specimens of suitable size for in-house X-ray
diffractometers (typically around 50 μm, in certain cases even down to ca. 10 μm) [8].

In researching metal tartrates [9,10], which are of potential interest as fundamental
chiral metal–organic frameworks that might have chiral separation [11], chiral catalytic [12],
or chiro-optic applications [13] we found that simply formulated anhydrous materials such
as [Zn(L-TAR)] could be prepared straightforwardly under mild hydrothermal conditions
(Figure 1). At ambient conditions several metal tartrate phases had been crystallized
and X-ray structures previously reported, with both coordinated aqua ligands and pore-
included water molecules. These include [Zn(L-TAR)(H2O)]·1.5H2O (CSD codename
CUJBAK) [14], [Zn(D-TAR)(H2O)]·1.5H2O (CUJBAK01) [15], a diastereomeric framework
[Zn(L-TAR)(H2O)]·2H2O (KURNOB) [16], and a meso compound [Zn(m-TAR)(H2O)2]
(MUYPUU) [17]. The structure of an anhydrous phase has not been reported in the
Cambridge Structural Database (CSD) so far. This is likely due to the fact that whilst
hydrothermal preparation of [Zn(L-TAR)] was possible, the resulting micro-crystalline
powders precluded X-ray structure determination due to small particle size <10 microns.

The application of 3D-ED to the structure determination of MOFs with small particle
size has been well established [5–7,18,19]. We were curious to see whether the as grown
micro-crystals of [Zn(L-TAR)] could be amenable to structure determination using 3D-ED.
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Furthermore, since the crystals should be homochiral, the determination of their absolute
structure is also of interest. Recently it has been shown that by taking the effects of
dynamical diffraction into account during refinement one can perform reliable absolute
structure determinations from 3D-ED data of nanocrystalline samples [20,21].

Figure 1. Synthesis and Structure of Molecular dimer SBU of product [Zn(L-TAR)] 1-L. Structure
diagram by Olex2 [22].

2. Materials and Methods

Metal acetates, tartaric acid and solvents used were of reagent grade supplied by
Meryer Chemicals (Shanghai).

2.1. Preparation of Metal Tartrate Phases

[Zn(L-TAR)] 1-L

This was prepared (Figure 1) by a one-pot hydrothermal reaction of zinc acetate
hydrate, (0.5 mmol) and L-tartaric acid (0.5 mmol) in 1 mL water. Reagents were heated
in a Teflon lined Parr pressure vessel (23 mL) for 2 d at 110 ◦C. Slow cooling afforded fine
white microcrystalline powder. (Yield 55%)

[Zn(D-TAR)] 1-D and other Zinc tartrates
The D-analogue was prepared in similar manner and yielded substituting D-tartaric

acid. Use of racemic D/L-tartaric acid afforded a conglomerate of 1-L and 1-D based on the
similar powder X-ray pattern obtained. Meso-tartaric acid afforded the known hydrated
phase (coden MUYPUU [17]) up to 140 ◦C.

Other [M(L-TAR)] Phases
Other anhydrous divalent [M(L-TAR)] phases were prepared for M2+ = Mg, Mn, Co,

Ni, and Cu in a similar manner to 1-L at 110 ◦C/2d. These were shown to be isostructural, or
pseudo-isostructural for Cu, by powder X-ray diffraction. The product phase for Ca2+ was
different, identified as a higher coordinated hydrated phase. For Fe2+ an inhomogeneous
mixture was obtained.

2.2. X-ray Crystallography

Powder X-ray diffraction data were obtained at room temperature using Cu-Kα

radiation by a PanAlytical X’Pert PRO diffractometer with 1D X’celerator detector or on a
PanAlytical Aeris benchtop powder X-ray diffractometer and measured in 2θ range 5 to
40◦ with step size of 0.02◦.

2.3. Electron Crystallography

Samples were finely dispersed on standard TEM grids (amorphous carbon on Cu)
and measured on an ELDICO ED-1 electron diffractometer at room temperature using the
software ELDIX [23]. The device is equipped with a LaB6 source operating at an acceleration
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voltage of 160 kV (λ = 0.02851 Å) and a hybrid-pixel detector (Dectris QUADRO). Suitable
crystals were identified in STEM imaging mode and diffraction was recorded in continuous
rotation mode with a beam diameter of ca. 750 nm. The later parts of measurements
showing significant beam damage were omitted. Further details can be found in Table 1.

Table 1. Three-dimensional-ED data collection details for the Zn tartrate samples (crystal size
estimated from STEM images).

[Zn(L-TAR)] [Zn(D-TAR)]

angular range [◦] −60 to +80 −65 to +25
rotation per frame [◦] 1.0 1.0

exposure time [s] 1.0 1.0
total exposure [s] 140 90
frames collected 140 90

frames used 1–80 1–70
crystal size [μm] 2.5 × 0.6 × 0.5 5.0 × 0.5 × 0.4

Data for kinematical refinement were processed and evaluated using the APEX4
software package [24]. After unit cell determination the frames were integrated and cor-
rected for Lorentz effects, scan speed, background, and absorption using SAINT and
SADABS [25,26]. Space group determination was based on systematic absences, E statis-
tics, and successful refinement of the structure. The structure was solved using ShelXD
and refined with ShelXL in conjunction with ShelXle [27–29]. Least squares refinements
were carried out within the kinematic approximation by minimizing Σw(Fobs

2-Fcalc
2)2 with

the ShelXL weighting scheme and using neutral electron scattering factors [28,30]. Due
to the low amount of data, all atoms were refined with isotropic displacement parame-
ters. H atoms were placed in calculated positions based on typical distances for neutron
diffraction and refined with a riding model and Uiso(H) = 1.2·Ueq(C), for hydroxy H atoms
Uiso(H) = 1.5·Ueq(O) was used and angles were refined freely.

Data for dynamical refinement were processed using the PETS2 software package [31].
After unit cell determination the frames were integrated, corrected for pattern orientation
and beam position, and merged into overlapping virtual frames with a tilt range of 3◦
and an offset between frames of 2◦ [21]. Dynamical refinement was performed using
JANA2020 starting with the structure from kinematical refinement as initial model [32].
Least squares refinements were carried out by minimizing Σw(Iobs − Icalc)2 based on
dynamical diffraction intensities and assuming uniform thickness of the crystals. All atoms
were refined with isotropic displacement parameters. Hydrogen atoms were treated in the
same way as for kinematical refinement as a free refinement of bond lengths led to very
long C-H bonds of ca. 1.3 Å, which seems excessive even though a certain elongation as
compared to neutron diffraction data is expected [21].

2.4. Differential Scanning Calorimetry/Thermal Gravimetric Analysis

Thermal gravimetric analysis was conducted on TA instruments TGA analyzer under
N2 up to 800 ◦C. The plot (Figure 2, left) showed a single weight loss from [Zn(L-TAR)]
(formula weight 213.5 g/mol) in the region 350–450 ◦C (−62%). Residual mass of 38%
fits for ZnO (formula weight 81.4 g/mol). DSC measurements were made from ambient
to 400 ◦C under a nitrogen atmosphere on a Universal V4.5A TA Instrument (Waters). A
heating rate of 10 ◦C per minute was employed, a single endotherm was found with onset
at 355 ◦C and with minimum heat flow at 375 ◦C, corresponding to the decomposition
found in the TGA analysis.
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Figure 2. Thermal gravimetric analysis and differential scanning calorimetry for [Zn(L-TAR)] 1-L.

3. Results

3.1. Hydrothermal Preparation of Zinc L-Tartrate and Related Phases

The structural data in the literature for zinc tartrates are dominated by hydrated
phases that represent kinetic products of the system. In order to obtain the fundamental
anhydrous zinc(II) tartrates, we employed mild hydrothermal synthesis. We found that
conditions of 110 ◦C and 2 d were sufficient to eliminate crystallization of the hydrated
phases. Notably, use of D/L-tartaric acid appeared to form a conglomerate with similar
powder XRD to the [Zn(L-TAR)] and [Zn(D-TAR)] phases, albeit the pattern was a little
broader (see Figure 3).

Figure 3. Powder X-ray diffractograms for [Zn(L-TAR)] 1-L, [Zn(D-TAR)] 1-D, and [Zn(D/L-TAR)].

3.2. Structural Analysis of Zinc Tartrate by Electron Diffraction

From the hydrothermal syntheses no crystals suitable for single crystal X-ray diffrac-
tion could be obtained as 1-L and 1-D only form very small needles which are also heavily
intergrown. To circumvent these difficulties, we turned to 3D-ED, which allowed the
structure determination directly from the as synthesized nanocrystalline samples.

1-L and 1-D crystallize in the orthorhombic space group I222 with half a formula unit
in the asymmetric unit (Tables 2 and 3 and Figures 1 and 4). They are isostructural to
the reported Mn(II), Fe(II), Co(II), and Ni(II) tartrate coordination polymers, which are all
based on naturally occurring L-tartrate [33]. Zn is coordinated by six O atoms in a distorted
octahedral fashion with Zn-O distances between 2.00(2) Å and 2.36(4) Å. The longer Zn-O
distances occur for the “backward” coordinating O of the carboxylate (see O1 in Figure 4)
that chelates together with the hydroxy O forming a bite angle of 74.4(11)◦ to 75.8(7)◦ at the
metal. The coordination sphere is completed by the same chelate motif of another tartrate
molecule and two more carboxylate O atoms of different tartrates which coordinate in the
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common “forward” mode (see O2 in Figure 4). Thus, each Zn(II) ion is coordinated by
four different tartrates and each tartrate is connected to four different Zn(II) ions forming
a three-dimensional coordination polymer. The structure features no pores that could
accommodate water or other solvent molecules and is essentially a ‘condensed’ phase.

Table 2. Crystal structure and refinement details for Zn(L-TAR) 1-L and Zn(D-TAR) 1-D

(kin = kinematical refinement, dyn = dynamical refinement).

1-L 1-D
kin dyn kin dyn

CCDC number 2,242,890 2,242,892 2,242,891 2,242,894
chemical formula C4H4O6Zn

formula weight [g mol−1] 213.46
crystal system orthorhombic

a [Å] 5.14(6) 5.16(6)
b [Å] 8.97(10) 9.00(10)
c [Å] 11.82(13) 11.78(13)

α, β, γ [◦] 90, 90, 90 90, 90, 90
volume [Å3] 545(11) 547(11)
space group I222

Z 4
resolution [Å] 0.79 0.68 0.79 0.74

completeness [%] 65 71 70 85
Unique reflections

(measured/observed) 355/292 808/509 359/341 674/616

parameters 28 65 28 60
restraints 1 1 1 1

Rint 11.4 - 4.6 -
R1(obs)/MR1(obs) 1 16.7 11.8/11.6 17.2 14.2/14.4

wR2(all) 42.6 22.6 43.7 27.2
ΔVmin, ΔVmax −0.29, 0.35 −0.16, 0.20 −0.32, 0.41 −0.22, 0.49

1 MR: merged R factor for dynamical refinement based on post-refinement merging of reflections for better
comparison with conventional R factor for kinematical refinement [21].

Table 3. Selected distances and angles for Zn(L-TAR) 1-L and Zn(D-TAR) 1-D (kin = kinematical
refinement, dyn = dynamical refinement). Symmetry generated atoms marked by *.

1-L 1-D
kin dyn kin dyn

Zn-O1 2.02(3) 2.02(2) 2.02(3) 2.04(2)
Zn-O2 * 2.00(4) 2.03(2) 2.06(3) 2.00(2)
Zn-O3 2.29(4) 2.33(2) 2.36(4) 2.288(19)
C1-O1 1.24(3) 1.273(17) 1.24(4) 1.189(19)
C1-O2 1.29(3) 1.260(15) 1.21(3) 1.27(2)
C1-C2 1.51(3) 1.51(3) 1.59(4) 1.56(3)
C2-O3 1.37(3) 1.423(18) 1.31(4) 1.44(2)

C2-C2 * 1.55(4) 1.54(3) 1.52(5) 1.55(2)
O1-Zn1-O3 74.9(10) 75.8(7) 74.4(11) 74.5(7)
Zn1-O1-C1 120.5(15) 118.6(9) 121.3(18) 118.9(10)
Zn1-O3-C2 110.8(16) 110.1(9) 109(2) 112.8(8)

Zn1 *-O2-C1 130.4(18) 128.3(14) 125.2(19) 128.5(12)
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Figure 4. Expanded molecular structures for Zn(L-TAR) 1-L and Zn(D-TAR) 1-D (kin = kinematical
refinement, dyn = dynamical refinement), symmetry equivalents are marked by pale print.

3.3. Absolute Structure Determination of Zinc Tartrates by Dynamical Refinement

As the title compound was synthesized with both enantiomers of tartaric acid, dy-
namical refinement of both enantiomorphs was performed for each sample to confirm the
correct form. In both [Zn(L-TAR)] and [Zn(D-TAR)] the correct enantiomorph gives clearly
better R/MR factors (MR1 by 3.4% for 1-L and 1.9% for 1-D) than the inverted form (see
Table 4). For further validation z-scores were calculated yielding values of 4.29σ for 1-L and
3.50σ for 1-D which corresponds to probabilities of >99,9% that the absolute structures are
determined correctly (see Table 4) [21]. In addition, of course, the R factors also improve in
comparison to the kinematical refinement results (see Table 2).

Table 4. Dynamical refinement results for enantiomorphic Zn(L-TAR) 1-L and Zn(D-TAR) 1-D.

Sample 1-L 1-D

enantiomorph L-form D-form L-form D-form
R1(obs)/MR1(obs) 11.8/11.6 14.5/15.0 16.1/16.3 14.2/14.4

wR2(all) 22.6 28.4 30.5 27.2
z-score 1 4.288σ 3.502σ

probability 1 99.999% 99.977%
1 z-score and corresponding probability for correct enantiomorph determination based on the observed statis-
tics of reflections with better fit for the correct enantiomorph compared to a normal distribution of random
differences [21].
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Notably the H position on the hydroxy group differs between the dynamically (dyn)
and kinematically (kin) refined structures of 1-L while it is similar for 1-D. The H position
of 1-L-dyn corresponds to a hydrogen bond with a carboxylate O atom from an adjacent
ZO6 octahedron at a O-O distance of 3.21(3) Å. It also agrees with the literature reported
structure of the Co(II) analogue [33]. The H position of 1-L-kin seems rather unusual,
it features an unnatural C-O-H angle of 98(6)◦ and leads to a contact of 2.1(2) Å with
its symmetry equivalent. Although its position would at least correspond to a potential
hydrogen bond to a carboxylate O of the same tartarte molecule at a distance of 3.39(5) Å,
one cannot rely on the H position from kinematical refinement in this case. Starting the
refinement from the correct position obtained from 1-L-dyn still produces the same result.

3.4. Preparation and Characterization of Related Metal Tartrate Phases

As mentioned the structure of 1-L and 1-D was found analogous to several other
anhydrous M(II) tartrates, which were able to be characterized by single crystal X-ray
diffraction [33–35]. Similar hydrothermal syntheses (110 ◦C, 2 d, 0.5 mmol scale in 1 mL
water) using various divalent metals M2+ = Mg, Mn, Co, Ni, and Cu were carried out and
the micro-crystalline powders analyzed by powder X-ray diffraction. The results are shown
in Figures 5 and 6.

Figure 5. Powder X-ray diffractograms for 1-L and Mn, Co, and Cu metal tartrates [M(L-TAR)].

Figure 6. Powder X-ray diffractograms for Mg and Ni metal tartrates [M(L-TAR)].

The powder X-ray diffractograms of anhydrous [Co(L-TAR)] and [Cu(L-TAR)] are
calculated from the single crystal structures of ACOVEU [33] and VIJGUS [36], respectively.
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The solid lines represent the actual crystal planes from the single crystal structures, while
the dashed lines show the hkl indexed by DICVOL06 [37]. The indexed planes of the main
peaks all fit with the equivalent planes of the actual cells, showing Zn, Mn, Co, and Cu
formed anhydrous metal tartrates using these hydrothermal conditions.

The powder X-ray diffractograms of [Mg(D-TAR)(H2O)·1.5H2O] and [Ni(L-TAR)(H2O)·
1.5H2O] hydrates are calculated from the single crystal structures of JIFXIG [34] and
CIXKEZ02 [35], respectively. The two Mg and Ni metal tartrate products match well with
their corresponding calculated patterns, indicating that these two metals tend to form
hydrates under 110 ◦C hydrothermal conditions.

4. Discussion

4.1. Structure and Absolute Structure Determination

The zinc tartrate phases represent a typical application example for the 3D-ED tech-
nique when X-ray crystallography fails due to small particle size < 1 μm. The diffraction
patterns from numerous specimens were scanned but the majority showed twinning or
intergrowth problems. One benefit of electron diffraction is that in imaging mode indi-
vidual crystals can quickly be identified and then studied for diffraction. After a suitable
crystal was identified by its pattern, the intensity data were collected in continuous rotation
mode. Due to beam damage the maximum exposure for crystals is limited before structural
degradation occurs, so a rapid intensity data collection was necessitated. The orthorhombic
symmetry of the pattern meant that hkl coverage was acceptable just from one crystallite.

The successful solution and reasonable quality of the refined structural model using
the kinematic approximation gave R1 = 16.7% for [Zn(L-TAR)]. This then led us to attempt
a dynamical refinement in order to determine the absolute structure. This was carried out
using JANA2020 [32] which is so far the only publicly available program with this ability
and has been used to establish absolute structures in various cases, most of them organic
molecules related to pharma [20,21]. The application of this approach gave R1 = 11.8%
(MR1 = 11.6%) for the correct hand (2R, 3R) and R1 = 14.5% (MR1 = 15.0%) for the inverted
(2S, 3S) structure, whereas there is no difference in R1 at all for the inversion of the kinemat-
ically refined structure. The difference of approximately 3 percentage points along with a
z-score of ca. 4.3σ allows for unequivocal absolute structure identification. As a confirming
experiment, a fresh sample of [Zn(D-TAR)] was prepared and analyzed in the same way.
The results on the 1-D specimen are in good agreement with the data for 1-L except that
the dynamical diffraction models indicate the inverse absolute stereochemistry. The data
are summarized in the above tables.

So dynamical refinement indeed proved to be a reliable method for the identification of
the stereochemistry in these nanocrystalline samples. Dynamical refinement also proved to
be superior in the location of H atoms as the kinematical refinement of 1-L yielded a wrong
H position on the hydroxy group. Even though there have been reports of H atom locations
based on just kinematical refinement results, care has to be taken in the evaluation of such
results and often dynamical refinement will be necessary for the accurate identification of
all H sites [21]. As nanocrystalline samples such as in our case are a common challenge
encountered in MOF chemistry, 3D-ED has already gained considerable attention in this
field [2,4–7]. The ability to determine crystal structures from just a single crystallite and
even identify the absolute structure in the cases of chiral compounds will likely let the use
of 3D-ED grow rapidly in the future.

4.2. Topological Comparison of Zinc Tartrate Phases

The geometric details for the structure (metal–ligand and C-O bond lengths) are
in general agreement with expectations (Table 3), but the bond length uncertainties are
unavoidably higher for 3D-ED than for SC-XRD. The anhydrous phase can be briefly
compared with the previously reported zinc tartrates reported in the Cambridge Structural
Database [14–17].
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The next level of structural comparison for these MOFs is the structural building block
SBU. This is best seen as a molecular dimer comprising two octahedral M2+ dications and
two bridging μ2-tartrate-dianion ligands. In the anhydrous phase both tartrates are μ4

and provide six coordination sites for the metal. In the hydrated phases CUJBAK and
KURNOB the two tartrates are chemically distinct with one μ4- and one μ2-tartrate. The
keto oxygens of one ligand are not coordinated and the two vacated sites are occupied by
coordinated aqua groups. The distinction between the two hydrated frameworks is that
they are diastereomeric—the water and keto coordination are reversed as may be seen in
Figure 7. It may also be pointed out that the octahedral metal centers are also chiral and the
designation of Δ can be ascribed for L-tartrate networks and Λ for D-tartrate analogues.

Figure 7. Metal dimer SBU in hydrated metal L-tartrate MOFs (CUJBAK left) and KURNOB right).

Finally, the overall assembly of the [M(TAR)] SBUs into the MOF framework can be
considered. The I222 phase is completely 3D, whereas CUJBAK and KURNOB form 2D
topological networks (see Figure 8) that are distinct from each other and also entrap different
amounts of guest water molecules. The arrangement for I222 amounts to combining the
connectivity found in the two 2D networks since the dimer unit is the same, but the keto
ligation is the combination of what is found in the other two hydrated phases (see Figure 9).

Figure 8. Two-dimensional sheet frameworks for CUJBAK left (viewed along [010]) and KURNOB
right (viewed along [001]). Unit cell axes and origin labelled a, b, c and o.
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Figure 9. Packing diagram for 1-L (from dynamical refinement) viewed along [010] left and
[100], right.

The meso phase MUYPUU has two coordinated aqua molecules per Zn and this
forms a 1D chain polymer, that packs in an efficient interdigitated manner with itself,
entrapping no further water of crystallization (see Figure 10). This may hint at why this
hydrated form persists to even higher temperatures than the L-tartrate hydrated phases,
since hydrothermal preparation at 140 ◦C still yielded this hydrated phase type.

Figure 10. Packing diagram for MUYPUU [Zn(m-TAR)(H2O)2] viewed close to [100].

4.3. Isostructurality with Other Bivalent Metal Tartrates

Hydrothermal preparation of [M(L-TAR)] analogues with Zn were carried out under
similar conditions for M2+ = Mg, Ca, Mn, Fe, Co, Ni, and Cu. In all cases microcrystalline
powders resulted. Powder X-ray diffractograms indicated that isostructural or pseudo
isostructural phases could be prepared for most of these metals with the exception of Ca and
Fe. The preparation of [Fe(L-TAR)] using Fe(OAc)2 in a similar manner was unsuccessful,
although [M(L-TAR)] phases M = Mn, Ni, Co, and Fe have been prepared and investigated
for their magnetic properties [33]. The structures of [Ni(L-TAR)] [35] and [Cu(L-TAR)] [36]
were obtained after dehydration of hydrated phases through single-crystal to single-crystal
transformations. Calcium prefers to adopt a hydrated structure with higher coordination
number [38].
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Reactions with L-(2R,3R)-tartaric and D-(2S,3S)-tartaric acid afforded the mirror image
chiral MOFs 1-L and 1-D. Notably tartaric acid has two other forms meso-2R,3S-tartaric
acid and racemic D/L-(2R,3R/2S,3S)-tartaric acid. Corresponding reactions substituting
these different stereochemical forms could allow for phase types with different crystal
structures incorporating inversion symmetry. However, the Zn(D/L-TAR) reaction gives a
powder XRD pattern that seems close to the L-TAR or D-TAR products indicating that a
conglomerate of these crystals is favored. In the meso-case the centrosymmetric hydrated
phase MUYPUU is still afforded at 110 ◦C. This phase also persists at 140 ◦C, but higher
temperature may still result in an anhydrous phase. Table 5 gives the unit cell data for the
phase types and corresponding entries that were retrieved from the CSD or PDF for the
bivalent anhydrous metal tartrates mentioned above.

Table 5. Crystal unit cell data for related anhydrous M(TAR) crystal phases.

Mg(D-TAR) Co(L-TAR) Ni(L-TAR) Cu(L-TAR)

reference [34] [33] [35] [36]
CCDC number 631943 230223 650895 927769

empirical formula C4H4O6Mg C4H4O6Co C4H4O6Ni C4H4O6Cu
formula weight 172.38 207 207.78 211.61
temperature [K] 293 120(2) 113(2) 200(2)
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group I222 I222 I222 P21212

a [Å] 5.024(1) 5.057(2) 4.9740(11) 4.9808(5)
b [Å] 9.163(2) 9.117(3) 9.055(2) 8.9689(11)
c [Å] 11.455(2) 11.631(3) 11.472(2) 11.7511(13)
α [◦] 90 90 90 90
β [◦] 90 90 90 90
γ [◦] 90 90 90 90

volume [Å3] 527.2(2) 536.2(3) 516.68(19) 524.95(10)

Investigations of structure property relations for various optical and electrooptical
effects are in progress including chiro-photoluminescence of zinc tartrate.

5. Conclusions

The crystal structures of the 3D network coordination polymers [Zn(L-TAR)] and
[Zn(D-TAR) have been investigated by 3D-ED and were solved and refined using conven-
tional X-ray crystallography programs with both a kinematical and dynamical diffraction
approach. The absolute structures could also clearly be discriminated. Symmetry analysis
of the network in these 3D nets indicate that not only is the ligand chiral with two halves
related by a two-fold axis, but the octahedral metal centers are chiral as well and can be
classified as Δ or Λ configuration. The current work shows that valuable and detailed
structural information on chiral nanocrystalline MOF materials can be provided by modern
electron diffraction techniques.
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Abstract: We investigated the influence of precession angle, energy filtering and sample thickness on
the structural parameters of amorphous SiO2 thin films from the electron reduced density functions
obtained by applying precession electron diffraction. The results demonstrate that the peak positions
in the electron reduced density functions are generally insensitive to the studied experimental
conditions, while both precession angle and energy filtering influence peak heights considerably. It
is also shown that introducing precession with small angles of up to 2 degrees and energy filtering
results in higher coordination numbers that are closer to the expected theoretical values of 4 and 2 for
Si and O, respectively, for data obtained from a thicker sample.

Keywords: transmission electron microscopy; precession electron diffraction; amorphous silica;
reduced density function; pair distribution function

1. Introduction

Amorphous structures are an important class of materials for a number of applications,
e.g., optical fibres [1] and biological scaffolds [2]. Understanding these materials’ properties
and building meaningful structure–property correlations depends on the accurate determi-
nation of atomistic structures. Due to the structural complexity of amorphous materials,
describing an averaged building block or structure is one of the more generally used ap-
proaches to assess these structures [3]. Diffraction techniques are among the experimental
techniques that are suitable for obtaining an averaged structure [4–6]. In this approach, the
diffraction pattern can be converted into a pair distribution function (PDF) that describes
an averaged structure, and this can be subsequently used to build an atomistic model.

Diffraction techniques have been applied extensively to determine atomic structures
using various types of radiation including X-rays, neutrons and electrons. The major
advantage of electron diffraction is that electrons have larger scattering cross sections
(than X-rays), with the ability to form fine probes of controlled geometry. This enables
the observation of the local atomic structure of materials from very small volumes when
compared to those required for X-ray and neutron diffraction [7]. In addition, the imaging
mode in a transmission electron microscope (TEM) allows for the straightforward selection
of the sample area of interest from where the diffraction data are collected.
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Electron reduced density function (eRDF) analysis, which is equivalent to pair distri-
bution function (PDF) analysis, is a direct way to characterise the atomistic structure of
amorphous thin films by recording and analysing diffraction patterns in a TEM.

The kinematic scattering approximation is often used when comparing atomistic
models to experimental electron diffraction data, a practice which assumes that only one
elastic scattering event occurs for each electron passing through the specimen [8]. However,
in practice, the electrons can be scattered multiple times and scattering events can be
inelastic, with characteristic energy losses.

The contribution of inelastic scattering can be removed by energy filtering [9]. Ad-
ditionally, precession electron diffraction (PED) has been shown to reduce the effect of
multiple scattering when interpreting diffraction data from crystalline samples [10–12].

The contributions of both multiple and inelastic scattering are expected to increase
with sample thickness and therefore this is an important factor that will influence the
results of an RDF analysis based on the kinematic scattering approximation.

Whilst eRDF analysis has been extensively applied in various studies [13–17], the
effect of various experimental parameters on the eRDF analysis and especially on the
refined atomistic models has not been systematically investigated for amorphous materials.
The purpose of this study is to quantify the influence of precession angle in PED, together
with the effects of energy filtering and sample thickness on the eRDF of amorphous SiO2
thin films and, subsequently, on the determined structural parameters.

Electron Reduced Density Function (eRDF)

The total electron scattering intensity, I(q), for a particular arrangement of different
atomic species for all orientations of the sample can be calculated using Equation (1) [18],
where f (q) is the atomic scattering factor, q is the scattering vector and rij =

∣∣ri − rj
∣∣ is the

distance between two atoms.

I(q) = ∑
i

fi
2(q) + ∑

i �=j
∑

j
fi(q) f j(q) sin

(
qrij

)
/
(
qrij

)
(1)

Following Cockayne [7], this function can be rewritten in terms of a pair distribution
function, g(r) = 4πr2ρdr, by integrating over the sample volume which is directly related
to the local average density, (Equation (2)).

I(q) = ∑
i

fi
2(q) + 4π

(
∑

i
fi(q)

)2 ∫ ∞

0
[g(r)− ρ0]

r
q

sin(qr)dr (2)

In Equation (2), the atomic scattering intensity term, ∑i fi
2(q), represents the atoms

scattering independently and the second term describes the deviation from the mean
intensity when the local density at r deviates from the mean density ρ0. Used to extract the
RDF, the reduced scattering intensity function ϕ(q) is defined as in Equation (3).

ϕ(q) =
[
I(q)− ∑i fi

2(q)
]
q

(∑i fi(q))
2 (3)

Finally, the function ϕ(q) is Fourier-transformed to give the eRDF, (Equation (4)).

G(r) = 4πr[g(r)− ρ0] = 4
∫ ∞

0
ϕ(q) sin(qr)dq (4)

In practice, the eRDF (Equation (5)) is calculated by the integration of the reduced
scattering function over an experimentally limited range of q between qmin and qmax. In
this case, to reduce the influence of data truncation on the Fourier transform, the data are
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multiplied by an exponential function with a small artificial temperature factor b, which is
usually set at b = 0.02:

G(r) = 4
∫ qmax

qmin

ϕ(q) sin(qr) exp
(
−bq2

)
dq (5)

2. Materials and Methods

2.1. Experimental

Electron diffraction data were collected from amorphous SiO2 films samples with
two different thickness of 234 Å and 471 Å (purchased from Agar Scientific Ltd., Essex,
UK). The thicknesses were determined using an ARM-200CF TEM (JEOL, Akishima, Japan)
from the field of electron energy loss spectroscopy (EELS) at 200 kV using the log–ratio
technique [19] by averaging over three windows in each film sample. A Libra 120 TEM
(Zeiss, Oberkochen, Germany), operating at 120 kV with an in-column energy filter, was
used to collect diffraction data and electron diffraction patterns were recorded on a TRS
full-frame 16-bit 2 k × 2 K-pixel CCD camera, with a camera length of 144 mm and a 5 μ

condenser aperture giving a parallel nanobeam of 150 nm in diameter. The diffraction pat-
terns were energy-filtered at the zero-loss peak, with a slit width of 20 eV. A NanoMEGAS
Digistar P1000 was used for precession electron diffraction. When collecting diffraction
patterns, a beam stop was used to block the central beam in order to collect scattering
intensity data at larger scattering angles while avoiding the risk of damaging the CCD
during long exposures.

2.2. eRDF Analysis

The calculation of eRDF curves from the experimental data was performed using the
free open source eRDF Analyser software [20], which is one of several similar software
suites available, including ProcessDiffraction [21], SUePDF [22], ePDF tools [23], and RDF
Tools [24].

The eRDF Analyser provides an interactive graphical user interface and allows users
to mask beam stops or any distorted areas, which are then excluded from the calculation
of the final results. It also allows for the optimisation of the position of the centre of the
diffraction pattern in the experimental diffraction data. Identifying the position of the
centre is important for computing an accurate azimuthally averaged intensity distribution
function, I(q).

A polycrystalline aluminum specimen (SPI Supplies, West Chester, PA, USA) was
used as a standard to calibrate the diffraction patterns. A customised automated fitting
routine provided in the eRDF Analyser software was used to extract the atomic scattering
background for calculations of the reduced scattering intensities according to Equation
(3). This was performed based on least-squares fitting of the atomic scattering curve, with
either the full range or the last third of the experimental data selected as the region of
fitting. The reduced scattering intensity function ϕ(q) was obtained from Equation (3), and
the eRDF curve was obtained by a Fourier transform of ϕ(q) following Equation (5). These
functions were subsequently used in a reverse Monte Carlo refinement [25] to obtain an
atomistic model, from which average coordination numbers and average bond lengths
were calculated. The reduced scattering functions were obtained in the same range from
1.541 to 18.355 Å−1, with a 0.014 Å−1 step to facilitate comparison between experiments.

2.3. Structure Refinement

Model structures were obtained from matched reduced scattering functions ϕ(q)
calculated from the model using Equation (6). Then, they were filtered to remove the
contribution of frequencies, resulting in unphysically short distances in the RDF below 1 Å
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to the corresponding experimental scattering intensities, as described by McGreevy [25]
and performed previously [26].

ϕ(q) =
q ∑i �=j ∑j fi(q) f j(q) sin

(
qrij

)
/
(
qrij

)
(∑i fi(q))

2 (6)

Initially, a small model of SiO2 with 102 atoms was prepared by random dense packing
of atoms approximated as soft spheres, in a cubic cell with a lattice parameter corresponding
to a density of 2.3 g cm−3.

DFT calculations using the CASTEP code [27] were used to perform liquid quench
molecular dynamics (MD) simulations using on-the-fly-generated pseudopotentials within
the generalized gradient approximation using the Perdew–Burke–Ernzerhof exchange–
correlation functional [28]. The generated pseudopotentials are a function of atomic species
and, once generated in the beginning of the calculations, do not change during simulations.
MD simulations were performed using a canonical (constant NVT) ensemble. The starting
model was first melted at 3000 K for 2 ps. It was then simulated at 2000 K for 10 ps, and
then further quenched to 400 K, reducing the temperature by 200 K in 5 ps equilibration
steps. Finally, the structure was equilibrated at 300 K for 10 ps. The total simulation time
was therefore 62 ps, with time steps of 2 fs throughout. The temperature was controlled
using an implementation of the Nosé–Hoover thermostat [29]. The electron density was
only sampled at the gamma point, with the pseudopotential energy cut-off set at 300 eV.

A larger model of 816 atoms for SiO2 was constructed from the smaller model, obtained
in the DFT MD simulations at 300 K, by assembling 2 × 2 × 2 small models with random
orientations. These larger models were then used in RMC refinements. Small displacements
of atoms in each of the RMC refinement steps were used to retain the structural features
from the MD simulation, such as the preferred bond types and bond angle distributions.
An example of a refined model is shown in Figure 1

 
Figure 1. An example of SiO2 model of 816 atoms after RMC refinement.

Unfiltered and filtered reduced scattering intensity functions are shown in Figure 2a.
The filter is a low-order polynomial contribution to the background that cannot be fit
to the refinements as it would mean the presence of unphysically close interatomic dis-
tances [25]. A comparison of the RDF obtained from the refined model to the experimental
one computed from filtered scattering intensities is shown in Figure 2b.
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Figure 2. (a) ϕ(q) filtering and (b) comparison between experimental and model G(r) curves.

3. Results

Figure 3 shows a typical selected area diffraction pattern acquired from polycrystalline
aluminium and amorphous SiO2 films without energy filtering. The patterns were obtained
with the central beam shifted to the corner of the detector to maximize the recorded
scattering angles. The thinnest part of the beam stopper was used to block the unscattered
beam in order to collect the scattered intensity at low angles. A pixel calibration factor of
0.00223 Å−1 was determined using the eRDF Analyser by first identifying and refining
the centre of the diffraction pattern obtained without energy filtering and then calculating
I(q) and relating the peak positions to the known reflections of polycrystalline Al, as
summarised in Table 1.

  
Figure 3. Typical electron diffraction patterns of (a) polycrystalline Al and (b) amorphous SiO2

specimen with azimuthally averaged total scattering intensities shown inset.

Table 1. Computed pixel calibration factors for polycrystalline Al.

{hkl}
Pixel Number n

(Pixel)
Lattice Spacing d

(Å)
Calibration Factor

(1/(n·d))

{111} 382 2.34 0.00224
{200} 445 2.02 0.00222
{220} 628 1.43 0.00223
{311} 734 1.22 0.00223

Average = 0.00223

3.1. Influence of Specimen Thickness

Figure 4 compares the results of atomic scattering background fitting to the total
experimental scattered intensity curves I(q), ϕ(q) and G(r), recorded from amorphous
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SiO2 specimens with thicknesses of 234 Å and 471 Å, in experiments with 0◦ precession (no
precession) and without energy filtering. Noticeable differences are observed in scattering
intensities (Figure 4) at low scattering angles (q from 2 to 6 Å−1) when comparing the data
from the 471 Å film to the 234 Å data. This is due to the atomic scattering background
for thinner specimens fitting better through the oscillations of the total scattered intensity
curve in this region due to there being a smaller contribution from multiple and inelastic
scattering, as seen in Figure 4. In the G(r) curves, the first peak corresponds to the Si-O
distances, while the second and third peaks are due to a mixture of Si . . . O, Si . . . Si and O
. . . O distances. The determined Si-O bond length of 1.61–1.63 Å also agrees with the value
of 1.612(7) Å drawn from an X-ray diffraction study [30]. Measurements of peak position
and height are given in Table 2. The maximum difference in peak positions for the two
sample thicknesses is observed for the second peak and is about 0.03 Å, or less than 2%.
The peak heights, however, show larger deviations for the two films, being of 12.6%, 6.4%
and 21.9% for the first, second and third peaks, respectively. The peak heights were defined
as the peak amplitude in the calculated eRDF curves. The significance of large change in
the peak heights is that it affects the coordination numbers that can be calculated from
the results.

  

 

Figure 4. Influence of specimen thickness on atomic scattering background fitting to (a) I(q), (b) ϕ(q)
and (c) G(r) for samples with two different thicknesses, 234 Å and 471 Å.

Table 2. Influence of specimen thickness on (a) positions and (b) heights of the eRDF peaks.

(a) Peak Position/(Å) First Second Third

234 Å 1.63 2.67 3.12
471 Å 1.61 2.64 3.13

(b) Peak
Amplitude/(a.u.)

First Second Third

234 Å 2.70 1.10 0.32
471 Å 2.36 1.03 0.25
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3.2. Influence of Precession Angle

PED was measured with precession angles from 0◦ to 3◦ for samples of both thick-
nesses and the resulting ϕ(q) and G(r) for both 234 Å and 471 Å samples are shown in
Figure 5. The main parameters are given in Table 3. These results show that only small
variations are observed when comparing the data without precession (0◦) to those with
precession (1◦ to 2◦). However, when the precession angle reaches 3◦, ϕ(q) data at high
q (above 16 Å−1) appears larger, which leads to larger oscillations in the resulting G(r).
Furthermore, it can be seen from Table 3 that the peak positions differ very little when the
precession angles vary from 0◦ (no precession) to 2◦, with differences being less than 0.02 Å.
However, for the 3◦ precession, the third peak position decreases by 0.08 Å. The same trend
is observed for the peak heights. While experiments with precession angles from 0◦ to 2◦
show small differences of around 6.3% for all peaks, the 3◦ precession shows larger differ-
ences of 13.3%, 13.6%, and 65.6% for the first, second and third peaks, respectively. Similar
trends are observed for the peak heights for the thicker sample of 471 Å with differences of
10.9%, 18.4%, and 47.1% for the first, second and third peaks, respectively, of the sample
with 3◦ precession. This can be understood as the principle that applying large precession
angle effectively increases the thickness of the sample. As suggested previously [31], the
effect of sample thickness on the scattered intensity can be regarded as a convolution of
the scattered intensity from a thin slice with itself as the electron wave propagates through
a thicker sample. This results in a reduction of the amplitudes of all peaks in the total
scattering intensity and, therefore, reduction in peak heights in G(r). Importantly, the large
change in the peak heights has consequences for the determination of the coordination
numbers from the results.

  

  

Figure 5. Influence of precession angle on ϕ(q) and G(r) for (a,b) 234 Å and (c,d) 471 Å samples.
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Table 3. Influence of precession angle on (a) positions and (b) heights of the eRDF peaks for the 234
Å and 471 Å samples.

(a) Peak Position/Å First Second Third

234 Å P = 0◦ 1.63 2.67 3.12
P = 1◦ 1.62 2.67 3.12
P = 2◦ 1.63 2.67 3.14
P = 3◦ 1.61 2.66 3.04

471 Å P = 0◦ 1.61 2.64 3.13
P = 1◦ 1.61 2.65 3.14
P = 2◦ 1.62 2.66 3.13
P = 3◦ 1.64 2.69 3.13

(b) Peak Amplitude/(a.u.) First Second Third

234 Å P = 0◦ 2.70 1.10 0.32
P = 1◦ 2.66 1.11 0.34
P = 2◦ 2.59 1.06 0.30
P = 3◦ 3.06 1.25 0.11

471 Å P = 0◦ 2.36 1.03 0.25
P = 1◦ 2.31 1.03 0.27
P = 2◦ 2.39 1.02 0.28
P = 3◦ 2.65 0.87 0.17

3.3. Influence of Energy Filtering on the RDF

Figure 6 shows ϕ(q) and G(r) measured with and without energy filtering for both
234 Å and 471 Å samples. Although the overall shapes of ϕ(q) are similar with and
without energy filtering for both thicknesses, noticeable differences can be observed in
curve oscillation amplitudes. The use of higher-amplitude oscillations in the ϕ(q) in the
experiments with energy filtering led to higher peaks in the corresponding G(r) curves.
Measurements of the eRDF curves parameters are shown in Table 4. It can be seen that
peak positions in both G(r) curves are identical, except for a small 0.01 Å difference for the
first (Si-O) peak. However, the peak heights are 30.0%, 27.3%, and 56.3% smaller for the
first, second and third peaks, respectively, when recorded without energy filtering. The
trends for the 471 Å thick sample are similar. The difference in peak positions is small,
being less than 0.02 Å, while the peak heights are 25.8%, 29.5%, and 13.8% smaller for the
first, second and third peaks, respectively, without energy filtering. As the energy of the
electrons defines their wavelength, the scattering of electrons of different energies will
result in slightly shifted (relative to the incident beam) scattering profiles. Averaging over
such scattering profiles at the detector is expected to have the effect of flattening the peaks,
similar to the effects of the multiple scattering.

  
Figure 6. Cont.
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Figure 6. Influence of energy filtering on ϕ(q) and G(r) for (a,b) 234 Å and (c,d) 471 Å samples.

Table 4. Influence of energy filtering on (a) positions and (b) height of the eRDF peaks for 234 Å and
471 Å samples.

(a) Peak Position/(Å) First Second Third

234 Å Without energy filter 1.63 2.67 3.12
With energy filter 1.62 2.67 3.12

471 Å Without energy filter 1.61 2.64 3.13
With energy filter 1.62 2.63 3.15

(b) Peak Amplitude/(a.u.) First Second Third

234 Å Without energy filter 2.70 1.10 0.32
With energy filter 3.51 1.40 0.14

471 Å Without energy filter 2.36 1.03 0.25
With energy filter 3.18 1.46 0.29

3.4. Influence of Experimental Parameters on the Refined Structure

Table 5 summarises the coordination numbers, Z, and average Si-O bond length
computed from the refined models of the amorphous SiO2 films obtained under different
experimental conditions, while Figure 7 shows the change in coordination numbers for
various experimental conditions.

 
Figure 7. Variations in coordination numbers of ZSi and ZO with sample thickness, energy filtering
and precession angle obtained from structure refinements of amorphous SiO2 models.
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Table 5. Influence of experimental parameters on refined coordination numbers and structural
parameters of amorphous SiO2 models.

Thickness/Å
Energy

Filtering

Precession
An-

gle/Deg

ZSi

(Ideal 4)
ZO

(Ideal 2)
Si-O/Å R-Factor/%

234 No 0 3.14 1.32 1.67(19) 12.5

1 3.06 1.33 1.68(20) 11.9

2 3.18 1.32 1.67(19) 12.4

3 3.66 1.43 1.63(19) 15.3

Yes 0 3.47 1.49 1.64(18) 14.7

1 3.33 1.39 1.64(15) 15.0

2 3.39 1.43 1.64(14) 19.1

3 3.36 1.42 1.64(12) 14.0

471 No 0 3.26 1.34 1.67(20) 12.8

1 2.87 1.26 1.69(22) 12.5

2 2.97 1.25 1.67(21) 15.7

3 4.51 1.66 1.53(25) 19.7

Yes 0 3.27 1.4 1.67(19) 16.8

1 3.96 1.72 1.61(19) 16.9

2 3.77 1.74 1.61(18) 17.6

3 3.54 1.7 1.63(13) 16.1

4. Discussion

4.1. Influence of Sample Thickness

We have observed that the heights of all peaks are reduced with increasing thickness
independently of precession or energy filtering, while the peak positions remain the same.

Increasing the sample thickness decreases the quality of fit, as seen in the R-factors
in Table 5. This is to be expected as the contribution of inelastic and multiple scattering
increases with sample thickness. This observation also agrees with earlier research showing
that multiple scattering does not affect peak positions [31].

Although, the peak heights generally reduce with thickness, (Table 2) there is a less
pronounced trend in the change in the coordination number obtained from the refined
models (Figure 7). It can be seen, however, that the coordination number increases with
thickness when energy filtering and precession are applied. Without energy filtering,
the coordination number tends to be lower for the thicker sample when using smaller
precession angles (Figure 7).

4.2. Influence of Precession

Smaller precession angles (1◦, 2◦) slightly decrease the height of the first peak as
compared to data recorded without precession (Table 3), whilst a higher precession angle
(3◦) increases the height of the first peak considerably while notably reducing the height
of the third peak. Its influence on fit quality is not straightforward. Introduction of small
(1◦) precession generally improves the fit quality. The improvement of fitting between
model and experiment with the introduction of precession has also been seen in previous
experiments with metallic nanoparticles [32]. The fit quality, however, reduces with larger
precession angle. It can be suggested that larger precession angles effectively increase the
sample thickness, which leads to larger contribution of inelastic scattering and, therefore,
worse fit. This decrease in fit quality is notably larger for the thicker 471 Å sample (Table 5).
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Other possible contributing factors cannot be excluded, such as an increased probability of
descanning errors.

Using higher precession angles increased the coordination numbers for the thinner
sample in the present investigation. For the thicker sample, however, a high degree of
precession resulted in unreasonably high coordination number (4.5 for Si), which can be
attributed to the worse fit due to effective increase in sample thickness and increased
contribution of inelastic scattering at higher precession.

4.3. Influence of Energy Filtering

Energy filtering, as for precession, does not affect all peaks uniformly. For example, the
heights of the first and second peaks increase considerably after energy filtering, (Table 4)
as compared to the third peak, which reduces for the 234 Å thin sample or increases only
slightly for the 471 Å thick one.

When energy filtering is introduced, coordination numbers increase for both sample
thicknesses as compared to unfiltered data, but the goodness of fit reduces slightly (Table 5).
The improvement in coordination number can be attributed to the removal of the inelastic
scattering contribution by the energy filter and is a consequence of increased peak heights.
The slight decrease in the fitting quality may be due to some experimental error introduced
by the energy filter. The magnitude of change in coordination number with introduction
of energy filtering is more notable for the thicker sample, as would be expected by the
removal of the larger contribution of inelastic scattering.

5. Conclusions

The study demonstrates that the peak positions in the obtained eRDF curves are
generally insensitive to sample thickness, precession angle or energy filtering.

However, the studied experimental conditions influence the peak heights considerably,
which results in different coordination numbers being obtained from the atomistic models.

It is shown that introducing precession and energy filtering results in higher coordina-
tion numbers, bringing them closer to the ideal theoretical values for the material when
the data are obtained from a thicker sample. It is also observed that energy filtering and
precession, may influence the goodness-of-fit of atomistic models to the experimental data.
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Abstract: Accurate structure analysis of epitaxial perovskite thin films is a fundamental step towards
the ability to tune their physical properties as desired. Precession-assisted electron diffraction
tomography (PEDT) has proven to be an effective technique for performing ab initio structure
solutions and refinements for this class of materials. As the film thickness or the region of interest
(ROI) decrease in size, the capacity to collect PEDT data with smaller electron beams is a key
parameter and ROI tracking becomes a major issue. To circumvent this problem, we considered here
an alternative approach to acquiring data by combining PEDT with a scan over an area, extracting the
intensities collected at different positions and using them to perform accurate structure refinements.
As a proof of concept, a Scanning Precession Electron Tomography (SPET) experiment is performed
on a 35 nm thick perovskite PrVO3(PVO) film deposited on a SrTiO3 (STO) substrate. This way, it
was possible to detect small changes in the PVO structure along the film thickness, from the variation
in unit cell parameters to atomic positions. We believe that SPET has the potential to become the
standard procedure for the accurate structure analysis of ROIs as small as 10 nm.

Keywords: 3D ED; electron diffraction; thin films; perovskite

1. Introduction

Diffraction techniques face challenges in characterizing the crystal structures of nano-
materials. Epitaxial thin films of functional oxides serve as a prime example, with constant
studies of ABO3 perovskite-related compounds due to their various properties, such as
ferroelectricity, magnetism and insulator–metal transitions [1–3]. Strain engineering can
modify the properties of thin films by inducing small structural changes. The ensuing
challenge is how to accurately describe small structural variations within thin films, typ-
ically in relation to bulk reference compounds. X-ray diffraction (XRD) is a widely used
technique to measure epitaxial relationships, film metrics and assess whether the films
are fully strained to the substrate or not. However, limitations arise from the standard
acquisition configuration, where a significant portion of reciprocal space is inaccessible
and substrate contributions are much larger than those of the film. Perovskite-based thin
film structure refinement using XRD data is especially challenging for characterizing at a
nanoscale the evolution of structural parameters such as the amplitude of BO6 tilts and/or
A displacements in the perovskite cage. These are parameters that may strongly affect the
properties of perovskite compounds.

When considering structural crystallography methods, which involve refining a struc-
tural model using diffraction data, only electron diffraction (ED) provides the capability
to probe structural alterations in regions of interest (ROIs) with dimensions significantly
smaller than one micrometer. The interest in using ED, and more particularly 3D ED tech-
niques [4], for the structure analysis of thin films has been largely demonstrated in some
of our previous works where precession-assisted electron diffraction tomography (PEDT)
has been used. PEDT first demonstrated its ability to solve the structure of unknown com-
pounds deposited as thin films [5], something difficult if not impossible to obtain by X-ray
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diffraction. By implementing dynamic theory in the calculation of diffracted intensities
and accounting for precession motion [6], it is possible to obtain reliable and accurate
structural refinement on thin films [7,8]. In the study conducted by Steciuk et al. [8],
precise refinements were accomplished on a 450 nm CaTiO3 thick film using a beam size of
approximately 60 nm, already with the idea to characterize structural evolution at different
ROIs along the thickness. However, the contribution of several oriented domains (twins)
in the diffracted intensities proved to be unavoidable and posed a significant challenge in
obtaining accurate results if not accounted for.

For thin films well below 100 nm thickness, the ability to collect PEDT data with
smaller electron beams is key to access relevant structural information. With advances in
transmission electron microscopy (TEM) functionalities, PEDT analysis using a 10 nm (or
smaller) electron beam is now possible. This is paving the way for accurate full-thickness
film analysis. Tracking issues will then be a major issue when using such small beams. An
efficient way to perform such an analysis is to scan the electron beam across the thickness
of the film, i.e., in a direction perpendicular to its surface, at each tilt angle during a
PEDT acquisition (Figure 1). Eggeman et al. [9] actually exploited a similar approach
for analyzing the domain volume and orientation in crystalline Ni-based superalloys and
used the acronym SPET for scanning precession electron tomography data acquisition.
This concept was also recently used by Rauch et al. [10] in order to reconstruct in 3D
the different domains composing a sample using parallel beam illumination. A related
technique, namely 4D-STEM, consisting of acquiring 2D diffraction patterns on a 2D grid
of positions, is already in use for performing orientation mapping with convergent beam
illumination on multidomain samples composed of known phases [11]. In these above-
mentioned works, SPET or 4D-STEM are used for microstructure analysis and, essentially,
map known crystalline phases and orientations over an area (2D) or, less often, on a
volume (3D).

Figure 1. (a) Representation of the scanning procedure on a TEM image of the PVO thin film (dark-
gray stripe). On its left and right sides we, respectively, find the STO substrate and the amorphous
coating. The electron nanobeam while scanning along the thickness of the thin film is represented in
green. After a scan is completed, the sample is tilted (b) and the scan is performed again.

In this study, we present preliminary results aimed at testing the potential of SPET for
structure analysis and the outcomes of our investigation utilizing a 10 nm electron beam
that traverses a 35 nm PrVO3 (PVO) thin film deposited on a SrTiO3 (STO) substrate. With
a single SPET acquisition, we were able to analyze several ROIs throughout the thickness of
the sample, achieve an ab initio structure solution and obtain accurate unit cell parameters
and atomic coordinates for each one of the ROIs through dynamical refinements. As a
result, we could observe small structural variations along the film thickness with enhanced
spatial resolution compared to our prior works [8].

2. Materials and Methods

The object of our investigation is an epitaxial PVO[010]o thin film grown on STO[110]c
substrate synthesized using pulsed-laser deposition as described in Kumar et al. [12], and
analyzed in the form of TEM lamella. At room temperature, PVO has an orthorhombic
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crystal structure characterized by the space group Pbnm (SG: 62) and unit cell parameters
a = 5.4856 Å, b = 5.5606 Å and c = 7.7771 Å. On the other hand, STO adopts a perovskite
cubic structure with space group Pm3m (SG: 221), and its unit cell parameter is a = 3.905 Å.
TEM imaging observations made on the same cross-sectional lamella utilized in this study
and our prior work [12] confirmed that the film is similar to a single domain throughout
its length and thickness. This is rather uncommon for epitaxial oxide thin films, where
domains with different orientations are frequently present. However, we considered that
this characteristic could serve as a model thin film system for testing the ability of SPET
to access structural information over a sample area and, in the present case, the thickness
of the film. Given that the bulk STO exhibits an a0b0c0 tilting system in accordance with
Glazer’s notation [13], while bulk PVO has an a−b−c+ tilt pattern, we anticipated observing
a completely strained segment of the film close to the substrate, as depicted in Figure 2a.
This implies, for instance, that the V-O-V angles of PVO would be close to 180°, as is
the case in the perovskite structure of STO (Figure 2b). As we moved away from the
substrate, we expected a relaxation of the strain imposed on PVO. Eventually, it returned to
a configuration of the atoms close to the one observed in bulk PVO, including octahedral
tilt amplitudes (Figure 2c).

Figure 2. (a) Schematic representation of the expected strained structure of the PVO thin film on the
STO substrate in the first deposited layers, viewed along the direction of the interface corresponding
to the a axis of PVO. The unit cells of PVO and STO are represented in black. (b,c) Projections along
the c axis of the STO and PVO unit cells in bulk, respectively, highlighting the difference in the tilting
system of the BO6 octahedra between the two.

SPET produces a series of PEDT data recorded at once on different ROIs. They were
acquired using a JEOL F200 (200 kV) TEM equipped with a NanoMEGAS Digistar unit
capable of generating simultaneous precession and line scan motions. A 10 nm diameter
electron beam was scanned in a direction perpendicular to the interfaces, from the substrate
to the coating with a step of approximately 0.92 nm between two acquisitions, resulting in
oversampling of the same area of the film. The diffraction patterns were acquired with an
ASI Cheetah M3 hybrid pixel detector (512 × 512 pixels) with 0.02 s exposure time. The
precession semi-angle was set to 1.4◦. A goniometer tilt step of 2◦ was applied after each
line scan in the range [+44◦,−34◦], while a tilt step of 1◦ was used in the range [−34◦,−50◦].
To avoid shadowing of the film by the substrate or coating during sample rotation [8], the
tilt axis was aligned with the direction of scanning. Importantly, no tracking of a specific
area was performed between each goniometer tilt. A rapid visual examination was carried
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out to ensure that, for each tilt angle, the SPET data were systematically collected from the
substrate to the coating.

For analysis, PEDT data from one given ROI were extracted from the SPET series and
processed using the program PETS 2.0 [14]. In this work, only 9 ROIs (out of 38 collected)
were selected for data processing as indicated in Table 1 and in Figure 3. As structural
parameters change rapidly close to the substrate, more ROIs were taken into account in
this part of the film. Each ROI is referred to in relation to the distance (in nm) from the
substrate interface as presented Figure 3. Collecting PEDT data from both the substrate
and coating during SPET data collection serves two purposes. Firstly, it indicates when
the film is entered and exited during the scan. Secondly, PEDT data obtained from the
substrate can act as an internal standard, enabling an accurate determination of the unit
cell parameters. This is achievable thanks to new functionalities recently implemented
in PETS 2.0 to correct distortions induced by the microscope’s optical system and by the
precession motion [15]. To ensure a standardized procedure for data analysis, we first
determined calibration constant and distortion parameters on STO and used them for
the subsequent analysis of PEDT data collected on different ROIs of the film through its
thickness. Kinematical and dynamical refinements were performed on JANA2020 with the
results of the dynamical refinements reported in Table 1. Note that while the kinematically
derived R(obs) values typically fell within the range of 25 to 30%, the use of dynamical
refinements resulted in a significant reduction in these values (Table 1), accompanied by an
enhancement in the accuracy of structural parameters.

Table 1. SPET specifics and results for dynamical refinements of PVO at different thicknesses. Fixed
coordinates correspond to atoms positioned at special positions of the Pbnm space group.

SPET Data Acquisition

ROIs per scan in total/PVO Tilt range PED semi-angle
120/38 95◦ for 57 frames 1.4◦

PEDT data analysis

gmax = 1.6 Å−1 RSgmax = 0.4 integration steps = 126

GoF(all) min./max. = 2.96/3.84 Robs min./max. = 0.1247/0.1610 wRall min./max. = 0.279/0.3412

PVO atomic positions

ROI (nm) x(Pr1) y(Pr1) x(O1) y(O1) x(O2) y(O2) z(O2)
0.52 0.998(2) 0.0078(6) 0.019(4) 0.498(2) 0.741(2) 0.258(2) 0.006(6)
3.28 0.996(2) 0.0140(6) 0.019(6) 0.495(3) 0.736(3) 0.261(3) 0.014(4)
4.20 0.995(2) 0.0161(6) 0.020(6) 0.495(3) 0.735(3) 0.263(3) 0.016(4)
5.12 0.995(4) 0.0182(9) 0.022(5) 0.493(3) 0.734(3) 0.264(2) 0.018(4)
7.88 0.994(2) 0.0257(9) 0.040(6) 0.488(5) 0.727(3) 0.270(3) 0.025(5)
9.72 0.993(2) 0.031(1) 0.046(9) 0.492(5) 0.725(4) 0.276(3) 0.030(6)
12.48 0.993(1) 0.0375(9) 0.063(6) 0.485(5) 0.719(3) 0.281(3) 0.037(5)
17.08 0.9919(9) 0.0428(9) 0.070(5) 0.480(4) 0.715(3) 0.285(2) 0.036(4)
29.08 0.994(2) 0.038(1) 0.073(5) 0.491(4) 0.714(4) 0.282(3) 0.032(6)

All fixed: z(Pr1) = 0.25 x(V1) = 0.5 y(V1) = 0.0 z(V1) = 0.0 z(O1) = 0.25

We performed first-principles simulations to corroborate the experimental lattice pa-
rameters and tilt angles obtained by SPET. For this, we used Density Functional Theory
simulations using the Vienna Ab initio Simulation Package [16] in combination with the
meta-Generalized Gradient Approximation (meta-GGA) Strongly Constrained and Appro-
priately Normalized (SCAN) exchange–correlation functional [17]. This functional was
previously shown to produce the correct description in terms of the insulating or metallic
character and structural parameters of various 3d transition metal oxide perovskites [18].
Projector-Augmented Wave (PAW) [19] potentials are used to model the core electrons
and only the valence electrons are treated explicitly in the simulations—Pr 4 f electrons
are included in the potential. The initial structure supplied to the solver is a Pbnm cell,
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corresponding to a 4 f.u supercell with respect to the primitive high symmetry Pm3m cubic
cell and characterized by an a−a−c+ octahedral rotation pattern in Glazer’s notation [20].
It is accompanied by an AFMC order consisting of AFM couplings between nearest V spins
in the (ab)-plane and a FM coupling between consecutive planes along the c axis. This mag-
netic order is observed experimentally at low temperatures [21]. The structural relaxation
is performed until forces acting on each atom are lower than 0.005 eV/Å. The epitaxial
strain experienced by the film is finally modeled by imposing two lattice parameters of the
PVO Pbnm cell to that of a (110)-oriented STO substrate and the third one is free to relax in
amplitude and direction.

Figure 3. Schematic representation of the SPET experiment. The horizontal dotted arrow indicates
the scanning direction, while A and B configurations of the electron beam coincide, respectively,
with 0 and 35 in the nm scale. Beneath the scheme, a graph representing the percentage of electron
beam area impinging the film for every position is shown, considering a beam diameter of 10 nm.
Diffraction patterns extracted from the SPET experiment processed in this work at their respective
thicknesses are indicated as green dots. Examples of diffraction patterns are also provided for (a) the
substrate, (b) the thin film at 5 nm, (c) the film at 29 nm and (d) the coating.

3. Results

The first outcome is the ability to ascertain the epitaxial relationship by examining
the 3D reconstructed reciprocal lattice from both the STO substrate and the PVO film.
Using this direct output from 3D ED analysis, we confirm that the PVO film grows in the
b direction (Pbnm orthorhombic cell), with the a and c directions lying on the interface
with the STO substrate. As a result, we anticipate that the lattice parameters in the a and
c directions of PVO will be significantly constrained, while the lattice parameter in the b
direction may exhibit slight variations with respect to film thickness. However, determining
the evolution of the lattice parameters as a function of film thickness using PEDT data
remains a challenge. In our previous studies on thin films, this aspect was unaddressed
due to the inherent limitations in determining the accuracy of lattice parameters. Thanks
to the extensive efforts by P. Brazda et al. [15], this limitation has recently been overcome,
enabling us to apply this to thin films, which serves as a valuable test case.
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In Figure 4, the unit cell parameters of the PVO film, obtained from the analysis of
SPET data, are presented for various thicknesses of the sample. As mentioned in the
section Materials and Methods, STO was used as an internal standard for determining the
calibration and distortion parameters. Doing so, and without any other constraint imposed
during the data processing, we first notice that the a and c parameters of the PVO film
exhibit no significant variation along the film thickness, in agreement with the fact that they
are strained to match the unit cell of the substrate throughout the thickness, as supported by
the Reciprocal Space Mapping (RSM) published in Kumar et al. [12]. At the interface with
STO, there is no VO6 octahedra rotation in PVO and the a and b parameters are expected to
be equal, as observed. When we move away from the substrate, the structure of the film
tends to return to a state close to the one adopted in the bulk material. The b parameter
is the only one not directly strained by the substrate and shows a notable increase, well
above the standard uncertainty range, reaching a plateau after 15 nm. This indicates that
the out-of-plane parameter relaxes with increasing thickness in order to accommodate
some structural changes within the PVO film. Globally, the obtained lattice parameters at
the free surface of the film (Figure 4) do not match the ones observed for bulk PVO due
to (i) the strain imposed by STO for a and c lattice parameters across the whole film and
(ii) the progressive relaxation of octahedral rotations across the PVO film that produces an
increase in the b lattice parameter, as we will show later.

Figure 4. Refined unit cell parameters of PVO for different thicknesses of the thin film. The arrow
under each experimental curve indicates the y scale to which the curve refers. The squares on
the left y axis represent the reference unit cell parameter of bulk STO transformed in order to fit
the orthorhombic cell of PVO (aortho = bortho = a0

√
2 ; cortho = 2 ∗ c0). Since aortho and bortho are

equivalent and superimposed, only one of the two is visible. The rhombus values on the right y axis
represent the reference unit cell parameters of bulk PVO. Squares and rhombuses are of the color of
the series they refer to.

While not being the primary objective of this study, it is noteworthy to mention that
the PVO structure can be determined ab initio from the experimental intensities recorded
using SPET. To know if the evolution of the lattice parameters as a function of the film
thickness can actually be correlated to an evolution of the PVO structure, we performed
dynamical refinements for different ROIs along the film thickness. Our focus was on
two key structural features: the positioning of praseodymium within the perovskite cage
and the rotation of the VO6 octahedra. Regarding the position of Pr in the unit cell, as
represented in Figure 5, only the x and y coordinates are considered since z is fixed by
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symmetry in the space group Pbnm. At the interface with STO, Pr is assumed to be in the
center of the perovskite cage like Sr in STO with, here, coordinates x = 1 and y = 0 (square
marks on the left y axis Figure 5). Looking at the Pr coordinates in bulk PVO (rhombuses
marked on the right y axis Figure 5), the main difference is the y coordinate. Accordingly,
while the x coordinate shows little variation across the film thickness, the y coordinate
increases significantly to reach the bulk value. This variation is consistent with the strain
relaxation along the film thickness observed for the b parameter. Similarly, the evolution is
strong between 0 and 15 nm and small after 15 nm. The evolution of the V-O-V angles, as
plotted in Figure 6, allows us to estimate the amplitude of the octahedral tilting across the
film thickness. Close to STO, the substrate imposes a force onto the PVO structure so that
V-O-V angles tend to be close to 180° (no rotation). Going away from the substrate, both
the V-O1-V and V-O2-V angles show a decrease, i.e., an increment in the octahedral tilting
amplitudes, up to 15 nm where a plateau is reached at about 156°, close to the values found
in the bulk PVO structure.

Figure 5. Refined coordinates of Pr atom in PVO unit cell for a selection of ROIs across the film
thickness. The arrow under each experimental curve indicates the y scale to which the curve refers,
and z values were not plotted since the Sr atom lies on the special position z = 0.25. Squares on the
left y axis indicate the Sr coordinates for STO, corresponding in PVO to the atomic site of Pr, while
rhombuses on the right y axis indicate the Pr coordinates for bulk PVO, the color corresponding to
the one of the series they refer to.

The evolution of the lattice parameters and structural features obtained using SPET
are, globally, consistent with what we could expect considering the strain relaxation where
the film tries to recover a structure close to bulk PVO. If we look critically at these results,
there are a few points that deserve attention. The first one is for the results obtained close to
the interface with STO. As depicted in Figure 3, using a 10 nm beam, no information can be
obtained directly for the very first deposited layers of PVO as the diffraction signal is largely
dominated by the substrate contribution. Only an interpolation can be made between a
nontilted perovskite at thickness 0 and the PEDT data we obtained for thicknesses above
5 nm, for which the beam is entirely in the film. The second point is how to interpret the
results after 5 nm, where we can state that the obtained structural difference with respect
to the PVO bulk structure is not to be traced back to a contribution of the STO substrate in
the diffraction patterns.
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Figure 6. Angles for the series V1-O1-V1 and V1-O2-V1 obtained from dynamical refinements of
PVO for different thicknesses of the thin film. Squares on the left y axis indicate the Ti-O-Ti angle for
STO. Rhombuses on the right y axis indicate the V-O-V angles in bulk PVO, the color corresponding
to the color of the series they refer to. To illustrate the changes in PVO, a projection of the structure
along the c axis is given, specifically emphasizing the evolution of the V1-O2-V1 angles (as well as
the Pr shift—see Figure 5).

In order to obtain insight into the reliability of the SPET method for extracting struc-
tural parameters across the thickness of thin films, DFT simulations were performed on
a [010]-oriented PVO film with respect to the orthorhombic cell. After the structural re-
laxation performed at 0 K, we observe that two lattice parameters are elongated with
respect to the 0K DFT bulk structure (i.e., astrained = 5.5225 Å and cstrained = 7.8100 Å versus
abulk = 5.4856 Å and cbulk = 7.7771 Å), in agreement with the experimental measurement
presented in Figure 4. This leads to a small contraction of the b lattice parameter in order to
minimize the relative volume variation with respect to the bulk (bstrained = 5.5230 Å versus
bbulk = 5.5606 Å). At first glance, this result disagrees with the experimental value at 293 K
reported in Figure 4 (i.e., b = 5.56 Å). Nevertheless, this discrepancy may originate from the
fact that our DFT simulations are performed at 0 K and a fair agreement is indeed recovered
once using the experimental b parameter obtained at 5 K (b = 5.6061 Å [22]). Regarding
the octahedral rotation amplitude, we extracted V-O1-V and V-O2-V angles of 152.3° and
154.1°, respectively. This indicates a slight reduction in octahedral rotation with respect to
the DFT relaxed bulk in which the two angles are 151.4° and 153.0°. This trend agrees with
the experimental observation for these two angles far away from the interface, where no
substrate effect may be experienced by PVO (Figure 6).

One can actually relate the evolution of the b lattice parameter to the V-O-V angles
(Figure 7). Remarkably, we notice an elongation of the b lattice parameter upon increasing
the octahedral rotation amplitude. This behavior can be tracked theoretically by (i) fixing
a fractional amplitude of the relaxed atomic positions with respect to the high symmetry
cell from 0 (no distortion) to 1 (total distortion appearing in the strained material) and
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(ii) performing relaxation of the b lattice parameter. The evolution of b/bmax with the
octahedral rotation amplitude from DFT is reported in Figure 7. We observe that without
any octahedral rotation, the b lattice parameter is expected to be rather small. From 0.25
to 0.75, a progressive elongation of b is observed. Above 0.75, b reaches a plateau with its
maximal elongation. The overall trend of b versus the octahedral rotation amplitude is well
reproduced by DFT, confirming the reliability of the experimental measurements.

Figure 7. Evolution of the b lattice parameter (in Å) as a function of the octahedral rotation amplitude
(in fractional units) from experiments (filled blue squares, left scale) and variations in b/bmax from
DFT simulations (red filled circles, right panel). An amplitude of 1 corresponds to the largest value of
octahedral rotation amplitude from theory and experiments, respectively. bmax is set to the largest
value of b obtained for a rotation amplitude of 1 in the DFT simulations.

4. Conclusions

In this work, we introduced a new approach to thin film characterization based on 3D
ED. SPET has been previously used [9,10] to obtain crystallographic phase and orientation
mapping on a volume. In this study, we extracted electron diffraction intensities (3D
ED datasets) from different ROIs and analyzed them quantitatively, aiming for accurate
structure refinements. Specifically, SPET was used on a 35 nm PVO thin film, combining a
scanning procedure with PEDT. By scanning with a nanobeam of 10 nm diameter along the
PVO film thickness at every tilt step during a PEDT experiment, we could analyze the film
structure at different thicknesses by properly sorting the acquired diffraction patterns.

Cell parameters and atomic positions were accurately determined and an evolution
along the thickness of the film was observed in the out-of-plane unit cell parameter, as
well as in the tilting of the VO6 octahedra and in the y coordinate of the Pr atoms. These
variations are coherent with the expected constraint given by the substrate in the first
layers, and afterwards with the expected gradual relaxation of the crystal structure. At the
interface with STO, oxygen atoms in PVO are pinned by the substrate and the angles are
close to 180°, causing the smallest value of the b parameter. Progressively moving farther
away from the interface, V-O-V angles go towards smaller values and then b increases.
Finally, far away from the interface, the V-O-V angles exhibit their smallest values and
hence b reaches its largest amplitude and a plateau. By comparing the experimental results
and DFT calculations, we demonstrated that SPET in nanobeam configuration is a valid
technique to obtain accurate information about subtle changes in the crystal structure of
thin films. These results obtained by a 3D ED method at such a small scale are pioneering.

Since these variations are known to occur in the first few nm of thin films, also
depending on the degree of constraint given by the substrate, it is fundamental to use, for
such experiments, an electron beam diameter as small as possible in order for the results
of the refinement to be as accurate as possible with respect to each probed region of the
sample. Implementing the data acquisition strategy and improving the diffraction pattern
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sorting procedure, this analysis has the potential to become faster and even more accurate,
paving the way for a new routine characterization for thin films. This can in turn lead to an
important step forward in the field of thin film engineering, finally making it possible to
link their physical properties to their accurately determined crystal structure.
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Abstract: Along with the adoption of three-dimensional electron diffraction (3D ED/MicroED) as a
mainstream tool for structure determination from sub-micron single crystals, questions about best
practices regarding each step along the workflow, from data collection to structure solutions, arise. In
this paper, we discuss three particular aspects of a 3D ED/MicroED experiment which, after hundreds
of structures solved in Rigaku’s laboratories, we have found to be important to consider carefully.
First, for a representative model system of a hydrated compound (trehalose dihydrate), we show
that cryo-transfer of the sample into the diffractometer is an effective means to prevent dehydration,
while cooling of the sample without cryo-transfer yields a marginal improvement only. Next, we
demonstrate for a small (tyrosine) and a large (clarithromycin) organic compound, how a simplified
and fast workflow for dynamical diffraction calculations can determine absolute crystal structures
with high confidence. Finally, we discuss considerations and trade-offs for choosing an optimal
effective crystal-to-detector distance; while a long distance is mandatory for a protein (thaumatin)
example, even a small molecule with difficult diffraction behavior (cystine) yields superior results at
longer distances than the one used by default.

Keywords: electron diffraction; 3D ED; MicroED; single crystal diffraction; structure determination;
absolute structure; cryo-transfer; crystallography; instrumentation

1. Introduction

Crystal structure determination using electron diffraction has seen an unprecedented
revival starting from the late 2000s, sparked by the introduction of new data collection
methods. These methods are analogous to single-crystal X-ray crystallography, wherein
three-dimensional datasets are collected by stepwise or continuous rotation of single
crystals in the probe beam without alignment to specific zone axes. These approaches
are now commonly referred to under the umbrella terms 3D ED and MicroED [1–6]. The
ability to obtain structures from single crystals in the sub-micron size range has generated
huge interest in a wide range of scientific communities in organic and inorganic chemistry,
as well as structural biology. Excellent review papers have recently become available, to
which we would like to direct the reader for further introduction to the history, scope, and
applications of 3D ED [6–9].
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Hitherto, 3D ED has been performed in transmission electron microscopes (TEMs)
which have typically been augmented by specific data collection software and/or hard-
ware extensions such as precession units or dedicated diffraction detectors. More recently,
dedicated electron diffractometers have become commercially available [10,11], which
eliminate the requirement of prior skill in TEM operation and offer a user experience and
workflows closely resembling those of single-crystal X-ray diffractometers. As such, 3D
ED can be seamlessly integrated into the portfolio of crystallographic facilities. Despite
their relatively recent introduction, dedicated electron diffractometers have already con-
tributed significantly to published 3D ED studies from various fields [12–23]. Here, we
specifically make use of the Rigaku XtaLAB Synergy-ED diffractometer [10], the central
design principle of which is the complete integration of the collection, data processing, and
structure solution process. The operational interface and user experience match that of
Rigaku Oxford Diffraction X-ray diffractometers, driven by the fully integrated software
package CrysAlisPro [24]. The electron optics of the XtaLAB Synergy-ED are based on a
200 kV electron gun with a lanthanum hexaboride crystal as the electron emitter. They
were developed in collaboration with JEOL Ltd., based on JEOL’s established platform for
TEMs, specifically regarding the gun optics, the mechanical design, and the fully automated
vacuum system. Notably, the goniometer of the XtaLAB Synergy-ED, despite some modifi-
cations to optimize performance for 3D ED, remains compatible with the wide portfolio of
sample holders available for TEMs, such as cryo-transfer systems, as discussed below.

In this paper, based on lessons learned from more than 380 structures solved on
XtaLAB Synergy-ED diffractometers in our application laboratories, we will discuss con-
siderations for obtaining high-quality small-molecule and protein structures regarding
sample cooling and cryo-transfer, radiation dose, crystal-to-detector distance, and absolute
structure determination through dynamical refinement.

2. Materials and Methods

All small-molecule samples were commercially available, obtained in powder form,
and used without further modification. Trehalose was purchased as both the dihydrate
and anhydrous forms (>98% purity) from Tokyo Chemical Industry Germany GmbH
(Eschborn, Germany). Clarithromycin (>99.5% purity) was purchased from LKT Labora-
tories (St. Paul, MN, USA), Inc. L-Tyrosine (>99% purity) was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Cystine was purchased from CARL
ROTH (≥98.5% purity, Karlsruhe, Germany).

2.1. Sample Grid Preparation

For small-molecule experiments, the microcrystalline powders were directly applied
to continuous or lacey-carbon TEM grids after gentle grinding of sample powder between
glass slides in order to break up larger crystals and agglomerates.

Thaumatin protein crystals were grown by batch crystallization from a 50 mg/mL
solution in 100 mM ADA buffer (pH 6.5) by the addition of 1.5 M potassium sodium
tartrate (pH 7.0) at a volume ratio of 1:1 at 20 ◦C. Next, 4 μL aliquots were applied to
glow-discharged holey-carbon-coated copper grids at room temperature, blotted, and
plunge-frozen into liquid ethane using a Leica GP2 plunger. One of the prepared sample
grids was transferred to a Gatan Elsa (Model 698) cryo-transfer holder and introduced into
a JEOL JIB-4000PLUS focused ion beam mill for further thinning [25]. Thin lamellae were
cut out of 10 crystals using a gallium ion beam of successively lower currents (1 nA, 350 pA,
23 pA) down to approximately 250 nm thickness which is close to the optimal thickness
for 3D ED [26,27]. The milling process took approximately 20 min per crystal on average.
The grid was then directly cryo-transferred while remaining on the sample holder into the
diffractometer for data collection.
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2.2. Data Collection

All data collection was performed on identical Rigaku XtaLAB Synergy-ED diffrac-
tometers [10] located at various sites. Diffraction data are collected using an integrated
Rigaku HyPix-ED hybrid-pixel detector (775 × 385 pixels, (100 μm)2 pixel size, frame rate
up to 130 Hz) in zero dead time mode. Due to the event counting capability of the detector,
readout and dark noise are not observed, ensuring the detectability of single electrons and
no constraints in the choice of scan widths. The XtaLAB Synergy-ED diffractometer is fully
controlled by the Rigaku Oxford Diffraction CrysAlisPro program package [24], which, in
addition to real-space screening and data collection (instant and queued), also performs in-
tegrated on-the-fly and off-line data processing. Additionally, automatic structure solution
and refinement for small molecules are possible within CrysAlisPro using AutoChem [28].
JEOL tomography-retainer and Gatan Elsa (Model 698) cryo-transfer sample holders were
used for room-temperature and cryogenic measurements, respectively.

After insertion of a sample grid into the diffractometer, it is inspected in real space
using the diffractometer’s visual mode. First, a very low-resolution image covering the entire
grid for coarse navigation is taken (minimap). Next, interactive screening is performed
using video-mode or snapshot-mode visualization at a suitable magnification for identifying
grains with morphological properties optimal for electron diffraction. For typical organic
compounds or proteins as studied in this work, a crystal thickness of the order of 500 nm
along the directions covered by the rotation scan is desirable for an optimal trade-off
between signal strength and reasonable levels of background due to inelastic scattering.
An extremely low electron flux (dose rate) of the order of 5 × 10−4 e−/(Å2·s) is used for
screening to prevent radiation damage before data collection. Diffraction snapshots of
candidates can be immediately collected, or grain positions can be queued for automatic
screening, similar to existing workflows for 3D ED [29–31]. For each grain that is found
to be well-diffracting, centering along the beam propagation direction is performed using
a semi-automatic point-and-click interface. Afterward, data collection can either be im-
mediately started or queued for unattended collection. All data collections are performed
in shutterless continuous-rotation mode [4,6] at scan speeds of typically 0.5–3 s/◦ and
fluxes of 1 × 10−3 to 5 × 10−3 e−/(Å2·s). A selected-area aperture of 1 μm or 2 μm appar-
ent diameter (imaged on the sample plane) is used for isolation of the diffraction signal
from the chosen grain. During data collection, unit cell determination and data reduction
are continuously performed on-the-fly in CrysAlisPro, and online structure solution and
refinement using AutoChem are started once data completeness passes a preset threshold.

For all small-molecule datasets, diffraction data were typically collected over wedges
of 90–125◦ at total radiation doses (fluence) of 0.1–10 e−/Å2 per run (see Supplementary
Crystallographic Tables for details). For thaumatin, diffraction data were collected over a
total range of 70◦ from one of the crystals with a total dose of 10 e−/Å2.

2.3. Data Processing and Structure Solution

For all datasets, indexing, integration, and space-group determination were performed
using CrysAlisPro 43.49a (L-tyrosine, clarithromycin) or 43.70a (thaumatin, trehalose, cys-
tine). For small-molecule datasets, after dataset scaling and merging in CrysAlisPro, crystal
structures were solved using direct methods and refined in the kinematical approximation
in Olex2, using SHELXT [32] and SHELXL [33] as respective back-ends. For some datasets,
the extinction parameter (EXTI) was used in refinement to prevent negative anisotropic
displacement factors (ADPs) [34]. Further dynamical refinement using Jana2020 [35,36] was
performed on some datasets, as will be discussed below. For thaumatin, after the export
of unmerged data and subsequent merging using AIMLESS [37], molecular-replacement
phasing was performed using PHASER [38]. Multiple rounds of model building with
Coot 0.9.8 [39] and refinement with REFMAC5 [40] were performed until arriving at a
completed model with satisfactory R-factors and geometry. Note that sum of Gaussian
electron scattering factors was used in REFMAC5.
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3. Results

In this section, we will discuss results from measurements on typical test samples
that address three key aspects of experiment design unique to 3D ED: (i) the need to keep
hydration/solvation of the specimen under vacuum; (ii) crystal structure refinement using
dynamical diffraction calculations; and (iii) selection of appropriate crystal-to-detector
distance using electron optics.

3.1. Preservation and Dehydration of Trehalose Dihydrate

As in X-ray crystallography, cooling the samples during an electron diffraction ex-
periment [41] can significantly enhance data quality in terms of diffraction resolution and
completeness through reduced thermal motion giving rise to an increase in scattering
power. In electron diffraction, however, beam damage is generally a larger concern but can
be mitigated to an extent with the help of low temperatures providing a longer lifetime
of the crystal while in the beam. For a broad range of samples, in our laboratories, we
often observe a similar behavior for electron diffraction, such that the time overhead for
cooling the sample is more than offset by the faster screening for well-diffracting grains and
lower requirements for careful dose optimization. A very different and even more crucial
use case for cryo-preservation arises for samples such as hydrated and solvent-containing
compounds, co-crystals, or proteins, where exposure to vacuum would lead to loss of
hydration or solvent [17,23], often even leading to an entire collapse of the crystal lattice.
For such samples, dehydration occurs quickly after transfer into the diffractometer, so
simple cooling of the sample stage is not sufficient protection, and cryo-transfer, whereby
the sample is frozen outside the vacuum and transferred into the diffractometer using a
suitable cryo-transfer holder, is required.

As a representative organic molecule illustrating the typically observed behavior of
hydrated small-molecule compounds, we studied the case of trehalose dihydrate, com-
paring results from ED experiments obtained at room temperature, at liquid-nitrogen
temperature, and using cryo-transfer. We will compare the results to the case of natively
anhydrous trehalose.

First, we introduced a sample grid of trehalose dihydrate into the diffractometer at
room temperature. Among ~20 grains chosen for screening by their morphological prop-
erties (like grains shown in Figure 1g), most exhibited no diffraction or only very poor
diffraction; only 3 grains were found suitable for data collection at an ultra-low total dose of
0.16 e−/Å2 and structure solution. In Figure 1b, a screening image, a representative diffrac-
tion frame, and the refined structure from one of those grains are shown. Full dehydration
of the crystal due to exposure to the diffractometer vacuum was found for all grains. We
then cooled down the sample to 100 K while keeping it in the vacuum environment of the
diffractometer and repeated the measurement on the same grain to obtain a dataset with
marginally improved statistics (Figure 1c, Table S1 in Supplementary Materials). Finally,
we repeated the measurement with a total dose three times higher, which led to a further
improvement in data refinement quality, specifically with regard to the signal-to-noise ratio
(Table S1). For all datasets, we found an orthorhombic unit cell with volume ≈ 1450 Å3 and
a space group P212121, matching a polymorph of anhydrous trehalose which has previously
been described in the literature to arise from direct dehydration of trehalose dihydrate [42].
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Figure 1. Dehydration and preservation of trehalose dihydrate inside the diffractometer. (a) Grids
with powder of trehalose dihydrate (top) or anhydrous trehalose (bottom) are loaded on lacey-carbon
coated copper grids and loaded into the diffractometer at either room temperature or at 100 K, using a
cryo-transfer system; 3D ED datasets are taken at ultra-low dose to minimize the impact of radiation
damage on our findings. (b) Typical screening result, diffraction pattern, and structure solution
of anhydrous trehalose found after dehydration of the dihydrate in vacuum. Green, yellow, and
red circles in the screening images indicate well-diffracting, poorly diffracting, and non-diffracting
crystals, respectively. (c) Data from the same crystal in (b), after cooling to 100 K inside the vacuum.
(d) Result for a grid with dihydrates preserved by cryo-transfer. (e) Data from the same crystal in (d),
after warming up to room temperature inside the vacuum. (f) Result for a grid containing specifically
prepared anhydrous trehalose, transferred into vacuum at room temperature. (g) Close-up real-space
images of two typical grains taken after data collection. Scale bars correspond to 500 nm.
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In the case of cryo-transferred trehalose dihydrate, we found good diffraction from all
inspected morphologically suitable grains. The unit cell matched an orthorhombic cell with
a slightly bigger volume of 1602(19) Å3 than that of the anhydrous form, again in accordance
with the literature [42,43]. We collected diffraction data from seven such grains at an ultra-
low radiation dose of 0.16 e−/Å2 each, all of which led to a structure solution containing the
two co-crystallized water molecules as shown in Figure 1d, unambiguously demonstrating
the ability to preserve hydration. Due to the rather high-symmetry point group, a dataset of
sufficient completeness could be collected from a single grain. After collecting the dihydrate
crystal data, we warmed up the sample to ambient temperature while it remained in the
vacuum environment of the diffractometer’s airlock chamber. Revisiting the grains from
which each data set was collected showed no visible morphological changes; however,
only weak, low-resolution diffraction data could be obtained (Figure 1e). While data
quality was too low for structure solution, we could determine the unit cells of the checked
crystals; despite high uncertainties, the most likely value for all crystals was close to that
of the previously found orthorhombic polymorph of the anhydrous state (V ≈ 1450 Å3),
indicating dehydration of the crystals during warm-up in vacuum.

To compare the behavior of the vacuum-dehydrated trehalose to an initially anhydrous
sample, we repeated a measurement at room temperature following the same protocol
with commercially available anhydrous trehalose. Different from the case of dehydration
inside the vacuum, we observed good diffraction for all screened crystals and could solve
the structure for nine datasets like that shown in Figure 1f. Furthermore, those crystals
belonged to the monoclinic polymorph, which, instead of dehydration, is obtained after
crystallization at a temperature above the melting point of the dihydrate [44].

3.2. Dynamical Refinement Using CrysAlisPro and Jana2020

As of now, most structures in 3D ED are solved and refined using tools developed
for X-ray diffraction, which besides adjusted atomic scattering factors, do not attempt to
account for the properties of electron radiation. Specifically, the high elastic-scattering
cross-sections of electrons lead to multiple diffraction and mutual interference between all
excited beams (dynamical diffraction). The widely used assumption in crystallographic
software that Bragg spot intensities should be proportional to the squared amplitude of the
corresponding structure factors (kinematical diffraction) does not hold in this case, which
is, however, used by most crystallographic refinement software. Making use of the kine-
matical approximation still yields satisfactory results, as data collection off zone axes [1],
mosaicity on the nano-scale [45], and inelastic scattering [46] mitigate dynamical effects [9].
However, the usefulness of using full dynamical computations for refinement has now
been demonstrated for a range of samples and techniques [34,47–50]. Specific advantages,
besides improved refinement figures of merit such as R-values, include improved visibility
of hydrogen atoms and guest molecules in framework materials thanks to lower noise
in the reconstructed potentials [48,50], improved assignment of atom species [50], and
sensitivity to the absolute structure of crystals [49] through differences between symmetry-
equivalent reflections arising from dynamical effects. Dynamical refinement has been
implemented in the structure solution and refinement package Jana2006/Jana2020 [35,36]
for 3D ED data collected via the methods of precession tomography or, more recently,
continuous rotation [50]. For the latter collection type, which is employed in the XtaLAB
Synergy-ED diffractometer, unmerged intensities need to be computed for overlapping
virtual frames (OVFs) at regular angular increments following the prescription of Klar
et al. [50]. This currently can be performed using either the PETS2 processing software [51]
or CrysAlisPro version 43.22a or higher. Due to the complexity and many parameters of the
processing pipelines, differences between the final intensities assigned to the diffraction
spots in the OVFs are expected between the processing programs. As a benchmark case,
we collected 3D ED data from a nanocrystal of the amino acid L-tyrosine. After kinemat-
ical refinement without hydrogens and isotropic displacement parameters, we obtain a
solution with R-values R1 = 14.4% and wR2 = 35.4%. We next subjected this initial model
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to further dynamical refinement in Jana2020 following the procedures as outlined in the
literature [36,50]. In consecutive steps, we added (1) frame scaling and crystal thickness
(with fixed atomic structure), (2) the atom positions and isotropic displacement parame-
ters, (3) free hydrogen positions, and (4) anisotropic displacement parameters (ADPs) as
refinement parameters. This procedure was repeated for data processed by CrysAlisPro

43.49a and PETS2.2, respectively, with the initial model as L- and inverted D-enantiomer
(equivalently referred to as S- and R-enantiomer). The resulting R-values are displayed in
Figure 2b,c. Regardless of the input data and refinement type, we observe a clear preference
for the correct chirality, and each of the refinement steps further decreases the R-values until
they finally reach approximately half their values from kinematical refinement (R1 = 7.6%,
wR2 = 22% for CrysAlisPro and L-configuration, Table S2), in accordance with typical
behavior documented in the literature. There are minor quantitative differences between re-
finements against OVF intensities obtained from PETS2 and CrysAlisPro (CAP); remarkably,
while CrysAlisPro-processed data refined to lower R1 values, the wR2 values are higher,
which we attributed to differences in the error model corrections of the programs. Still, we
find no major qualitative deviations. To obtain a more quantitative measure for the confi-
dence level of absolute structure assignment, as originally suggested by Le Page et al. [52],
we compute the background noise-adjusted z-score for the bias of observed intensities
towards those computed from the correct absolute configuration following the definition of
Klar et al. [50]. Z-scores higher than 3σ were found for even the simplest computation, with
values reaching up to 10.0σ for data processing in CAP and full refinement in Jana2020,
as shown in Figure 2d. Also, here, we find only minor deviations between the processing
programs, likely arising from noise models and details of OVF computation.

Another representative example of absolute structure determination using CrysAlisPro/
Jana2020 for a larger chiral compound is the structure of the common antibiotic drug clar-
ithromycin. A structure solution from a grain found to be of the solvent-free form II
polymorph [53,54] is shown in Figure 2e, which after kinematical refinement in SHELXL
resulting in R1 = 14.8%/wR2 = 31.9%, was subjected to dynamical refinement in Jana2020
with crystal thickness (EDthick), atom positions, and isotropic displacement parameters
as free parameters, leading to a large gap between the correct (R1 = 13.0%/wR2 = 25.7%,
Table S3) and incorrect (R1 = 16.7%/wR2 = 31.3%) absolute configuration with an adjusted
z-score of 14.0.
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Figure 2. Dynamical refinement of crystal structures from L-tyrosine and clarithromycin. (a) Draw-
ings of the tyrosine structure solved as L- and D-enantiomer with resulting R1 values after dynamical
refinement. (b) R1 values after dynamical refinement of tyrosine crystal structures processed with
CrysAlisPro (CAP, blue) and PETS2 (green) for L- (filled) and D- (empty) enantiomers after several
types of refinements applied. (c) As (b), with wR2 as figure of merit. (d) Z-score (background-noise-
adjusted) for correct determination of enantiomer by comparing observed intensities to predictions
from refinements with both L- and D-configuration. (e) Correct and inverted configuration of clar-
ithromycin after dynamical refinement with respective R1 value.

3.3. Operation at Large Crystal-to-Detector Distances for Proteins and Small Molecules

All TEMs (except for some dedicated STEMs) allow one to set the magnification of the
projection of images onto the detector by means of changing currents in the electron lenses
below the sample. If set to diffraction mode, this corresponds to changing the effective
crystal-to-detector distance (DD), equivalent to changing the physical detector position
along the beam direction on an X-ray diffractometer. Featuring a similar projection system,
the XtaLAB Synergy-ED diffractometers used in this study allow one to choose between
calibrated DD settings ranging between approximately 500 mm and 2500 mm, providing
the ability to both collect data at high resolutions up to ≈0.3 Å, as well as resolve closely
spaced reflections arising from the large unit cells of, among others, protein crystals or
mesoporous compounds.
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For the former scenario, the question arises of what minimum DD and hence peak
spacing on the newly introduced detector is required for a typical protein crystal when
using the combination of the HyPix-ED detector and processing in CrysAlisPro. We collected
a dataset from a focused ion beam milled lamella of a thaumatin microcrystal (Figure 3a,b)
with a tetragonal unit cell (a = b = 58.4 Å, c = 151.2 Å), which is a commonly used standard
for 3D ED on proteins [55,56]. DD was set to 1800 mm, potentially keeping spots out
to ~1.2 Å (resolution at detector edge) covered by the detector. In Figure 3c,d, we show
frames from the dataset viewed perpendicular to the c-axis with a Bragg spot spacing of
0.30 mm (3 pixels) on the detector. Despite this small spacing, the data could be integrated
by CrysAlisPro using default two-pass profile fitting and were further processed using
a standard molecular-replacement pipeline to a final protein structure at a resolution of
2.15 Å (Figure 3e, see Table S4 and Section 2.3 for details).

 

Figure 3. Three-dimensional ED data collection from a protein microcrystal. (a,b) SEM images of
thaumatin crystals on a vitrified TEM grid imaged before (a) and after (b) FIB milling. Scale bars
correspond to 10 μm. The thin lamella section in (b) is used for data collection. (c) Diffraction frame
from continuous rotation collection over a wedge of 0.25◦ nearly perpendicular to the tetragonal
c-axis. The indicated streak corresponds to reflections with h = 3, k = 11. (d) Close-ups of the indicated
streak from the frame shown in (c) and adjacent frames spaced by 0.25◦. (e) Section from structure
solution with 2Fobs –Fcalc at 2σ.

While the advantages of using a short DD for small-molecule crystallography, in
particular on inorganic compounds with small unit cells and diffracting to high resolutions,
are obvious, the case for longer DD is more subtle. For a challenging test sample exhibiting
an unusually long unit cell axis as well as a tendency for twinning and a poor overall
diffraction signal, we used cystine, an oxidized amino acid forming a hexagonal polymorph
with a c-axis of ≈58 Å length. Both at 100 K and 293 K, we found most crystal grains
to be very poorly diffracting or badly twinned. Using automated screening collection
(unattended queue mode, 4◦ collection range) from approximately 100 manually selected
candidate crystals on two grids, we identified two well-diffracting, only weakly intergrown
crystals at starkly different orientations with respect to the sample grid (Figure 4a–f). While
crystal 1 exhibited a plate-like morphology and was oriented with its long c-axis almost
perpendicular to the grid (Figure 4a–c), crystal 2 had its c-axis almost in the plane of the
sample grid (Figure 4d–f). For each of the crystals, we conducted three data collections
at an identical crystal orientation and scan range but different settings of DD. We also
used a fine frame slicing/scan width of 0.15◦ for optimal resolution of peaks in three
dimensions, which, due to the noise-free readout of the hybrid-pixel detector, does not
impact signal-to-noise ratios.
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Figure 4. Diffraction data collection from two grains of hexagonal cystine. (a) Diffraction pattern
near neutral tilt at DD = 1289 mm, (b) real-space image, (c) close-up image for crystal 1. The red circle
in (b) corresponds to the region that diffraction was collected from using a selected-area aperture
of apparent diameter 2 μm. (d) Diffraction pattern near neutral tilt at DD = 1289 mm, with red box
indicating zoom region in (f), (e) real-space image, (f) zoom into diffraction pattern for crystal 2.
(g) 3D reconstruction of reciprocal space from pixel intensities, projected along b* for crystal 1 at
DD = 653 mm. The shown region corresponds to (0.8 Å)−1 along each axis. The red box indicates
the zoom region shown in (k). (h) Same, at DD = 1289 mm. (i) Same, for crystal 2 at DD = 777 mm.
(j) Same, for crystal 2 at DD = 1289 mm. (k–n) Zoomed sections of (g–j), respectively, highlighting
reflections with h = 1. (o) R1 values after refinement in SHELXL, for three DD values for each crystal.
(p) Rint values after integration, scaling, and merging in CrysAlisPro. (q) Rpim values.

Overall, crystal 1 yielded significantly better data, as expected, due to the absence of
strong peak overlaps with the c*-axis never passing the (almost flat) Ewald sphere within
the collected wedge of 125◦. Additionally, the thin plate-like morphology minimizes the
detrimental effects of inelastic scattering by diffusing the spots and dynamical diffraction.
In Figure 4g,h, projections of reciprocal space reconstructed from pixel intensities in the
collected frames are shown along the b*-axis for the shortest and longest DD. While peaks
are well-separated and aligned in an undistorted lattice along all axes, the long DD yields
better-defined spots along the a*-direction, as seen in the close-up views of peaks with
h = 1 in Figure 4k,l. This comes at the expense of a more pronounced cut-off at higher
resolution due to more limited detector coverage. Despite the unproblematic geometry,
we observed the best refinement metric R1 from the longest DD of 1289 mm (Figure 4o,
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Table S5) at similar precision indicators Rint and Rpim (Figure 4p,q). This suggests that
the higher data redundancy achieved at low DD is outweighed by higher accuracy of
integrated intensities due to better peak fitting and decreased overlap, specifically with a
weak intergrown second crystal.

The case of crystal 2 is significantly more challenging, as frames collected almost
normal to the grid exhibit tightly spaced and more diffuse peaks (Figure 4d,f). The latter
is due to the crystal, despite its small size, retaining a plate-like geometry and hence a
greater thickness perpendicular to the c-axis. As can be seen in Figure 4i,j,m,n, besides a
lower resolution (cut at 1.1 Å for processing), the reconstructed reciprocal space shows
poorly separated peaks as well as spatial distortions, specifically at the lowest DD. This was
chosen as 777 mm instead of 653 mm, as for crystal 1, to avoid peak spacing along c* falling
below 0.3 mm. We attribute this to a poor determination of crystal orientation. Both issues
are mitigated by longer DD settings, significantly improving the quality of processing and
refinement (Figure 4o–q, Table S5). Optimal quality is reached at the intermediate distance,
which we hypothesize to be related to spurious factors such as the onset of radiation
damage or crystal drift in the longest-DD dataset.

4. Discussion

With the advent of commercially available, fully integrated diffractometers [10,11],
3D ED is transitioning from an exploratory new approach developed within a dedicated
method-centered community to a cutting-edge technique offered by an increasing number
of crystallographic facilities. As such, it is becoming available to a wide audience of non-
specialist users from diverse fields who might not yet be familiar with practicalities that
differ from common knowledge in X-ray crystallography. In this work, we conducted
systematic measurements on test systems, specifically targeting three such aspects to be
considered for a successful 3D ED experiment. We will further discuss the outcomes of
those in the following.

4.1. Cryo-Transfer Allows Data Collection from Hydrates and Solvates

The ability to protect samples from dehydration in the diffractometer vacuum is
critical for a wide range of substances, such as hydrates, solvates, and biomolecules. While
the creation of atmospheric micro-environments [57–59] using specific sample holders is
possible, cryo-transfer, where the sample grid is cooled to low temperature outside the
vacuum and transferred into the vacuum in a cold state, is a significantly simpler, faster, and
cheaper workflow. While cryo-transfer is now commonplace in cryo-electron microscopy
or 3D-ED/MicroED on biomolecules [7,60], its strict necessity for many small molecule
samples is less appreciated.

Our findings on dehydration of trehalose dihydrate (and prevention thereof) in
Section 3.1 are entirely consistent with the hypothesis of complete preservation of crys-
tallites using cryo-transfer. Insertion into a vacuum without cryo-protection or warm-up
after cryo-transfer not only leads to dehydration, but in most cases, also partial or complete
loss of crystallinity. As a corollary, this means that there may be cases where it is not
possible to distinguish between a sample that has collapsed due to being unprotected
in a vacuum and one that exhibits poor crystallinity from the start. This underlines the
necessity of additional PXRD measurements, ideally during or after exposure to vacuum, if
no cryo-transfer is possible. Furthermore, we could show that in-vacuum cooling of the
small fraction of crystals that dehydrated without collapse of the crystal lattice only leads
to a marginal improvement in data quality. It was recently reported by Yang et al. [61]
that cryogenic data collection even decreased data quality for test systems, including an
anhydrous sugar, highlighting that the impact of temperature for vacuum-insensitive sam-
ples is highly sample-dependent and warrants further study. Of note, dehydrated crystals
were of the rare orthorhombic polymorph [42], which differs in its unit cell parameters
from the dihydrate by a small but well-detectable margin, whereas commercially obtained
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anhydrous crystals were also measured and found to be well-diffracting and of the more
common monoclinic polymorph [44].

While trehalose dihydrate is only one specific example of a hydrated microcrystalline
compound, the observed behaviors are commonly found in our laboratories for a wide
range of small molecule samples, specifically pharmaceuticals and solvated mesoporous
compounds, which are regularly solved on request by commercial and academical cus-
tomers and collaborators.

4.2. Absolute Structure Determination Using a Simplified Workflow

Among the virtues of dynamical diffraction effects in electron diffraction, the deter-
mination of absolute structure and, thus, the chirality of the studied compound [49,50] is
particularly outstanding for the field of pharmaceuticals and for organic small molecules,
among others. The necessary intensity differences between Bijvoet-pairs, however, arise
from a fundamentally different physical mechanism than that of resonance scattering of
X-rays and cannot be accounted for within the kinematical approximation, such that only
dynamical refinement strategies based on Bloch-wave or multi-slice computations [35,62–64]
are able to make use of the chiral information contained in 3D ED data.

Inevitably, routine application of dynamical refinement for absolute structure determi-
nation poses new challenges both in terms of knowledge and practical skills of crystallog-
raphers, as well as the required computation time of the order of hours for a full dynamical
refinement, even on high-end workstations. While progress in available packages [36] will
help to somewhat lower those barriers, the necessary workflows are still significantly more
intricate than what typical users of highly integrated X-ray diffractometers are used to.

As we have shown by a benchmarking series on a standard sample in Section 3.2, data
processing using the latest versions of CrysAlisPro provides data suitable for dynamical re-
finement (OVF intensities). The data output leads to results comparable to that achieved by
reprocessing in PETS2 [51] when used for dynamical refinement in Jana2020 [36,65]. OVF
intensities are computed automatically during data collection on an XtaLAB Synergy-ED
diffractometer, such that, along with a starting model provided by AutoChem/Olex2 [28], a
full set of input files for dynamical refinement is available immediately after data collection.
This significantly speeds up the workflow for dynamical refinement. Furthermore, we
showed that even without the refinement of atomic coordinates and ADPs, comparison to
dynamically predicted intensities after frame scaling and crystal thickness refinement [65]
gives a satisfactory degree of confidence for absolute structure determination, as gauged
by z-scores well exceeding 3σ, and differences in R-values shown in Figure 2. For deter-
mination of absolute structure with the highest fidelity, as well as full exploitation of the
information contained in 3D ED data from both organic and inorganic compounds, such
as high visibility of hydrogens and guest molecules, more accurate bond lengths, and
more confident assignment of atom species [50], a full refinement (presented in detail else-
where [50,65]) is inevitably required; however, for proper absolute structure determination,
a single round of dynamical parameter optimization in Jana2020 following CrysAlisPro data
reduction can give a good indication of absolute structure within a few minutes after data
collection. Very recently, the absolute structures of the active pharmaceutical ingredient
levocetirizine dihydrochloride and the natural product hakuhybotrol were determined
using similar workflows [16,20].

4.3. Appropriate Detector Distance Can Improve Data Quality

TEMs, as well as the XtaLAB Synergy-ED diffractometer, allow setting the detector
distance prior to measurement by merely changing a preset in the control software, leading
to questions on how to pick an optimal detector distance (DD) for a given sample. For
protein crystals, long DDs are clearly required at the expense of high-resolution coverage,
which scales reciprocally with the accessible unit cell length. As a rule of thumb, the DD
should be larger than (pΔN) · c/λ, where p, c, λ denote pixel size, longest unit cell axis,
and wavelength, respectively. The factor ΔN, representing the number of pixels that peaks
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should be separated by, depends on the point-spread function of the detector, as well as
the performance of the used integration algorithm. The successful data processing of a
thaumatin protein crystal collected at a DD set to an aggressively low value of ≈1800 mm
indicates that ΔN ≈ 3 is sufficient for the combination of the HyPix-ED detector with
CrysAlisPro. We attribute this to the relatively large pixel size of 100 μm leading to a narrow
point spread even with 200 keV electrons [66] and the sophisticated multi-pass profile
fitting protocols in CrysAlisPro. This finding implies that a maximum unit cell length of
more than 200 Å is still compatible with standard settings on the XtaLAB Synergy-ED, even
while retaining detector coverage up to 1.7 Å at near the far edge of the detector.

Besides the case of protein crystals, small-molecule 3D ED can also profit from longer
DD settings, as we have demonstrated by the example of cystine nanocrystals, combining
an exceptionally long unit cell axis, a tendency for intergrowth and twinning, and a high
symmetry. For the case of a crystal showing relatively low-resolution diffraction and
with a large portion of the collected data having close peak spacing on each frame due to
the flat Ewald sphere lying close to a long axis and diffuse inelastic scattering, common
settings of DD for small-molecule work were unable to yield satisfactory data quality. It
is evident that increasing DD in this scenario leads to a significant improvement. More
surprisingly, long DD settings otherwise associated with protein crystals even slightly
improved data quality in an unproblematic crystal where no close peak spacing on single
frames was observed, but the reduced data redundancy at high resolutions might have been
outweighed by decreased residual peak overlap for rejection of a small intergrown crystal,
and higher accuracy of crystal orientation and peak fitting. It should be noted that this trade-
off might be more unfavorable in the case of lower symmetry, where low completeness
at high resolutions due to angular coverage becomes a limiting factor. Also, while our
measurements have been conducted on a counting detector with no background noise, an
instrument fitted with a conventional CMOS or CCD detector might yield worse signal-to-
noise ratios at larger DD as more background noise is collected from the larger integration
regions required to fit the magnified peaks. Still, those findings indicate that, for data
collection of compounds with unknown properties with regards to diffraction resolution,
propensity for intergrowth and twinning, as well as diffuse inelastic scattering, the choice
of a larger DD than usual should be taken into consideration, despite a possible penalty
in completeness or precision (though not accuracy) of reflection intensities. This might be
especially useful for upcoming applications in high-throughput, automated screening of
heterogeneous mixtures [67–70], which will frequently contain such sub-optimal crystals
that nevertheless need to be included in data analysis as effectively as possible. At the
other end of the spectrum, inorganic compounds will often yield useful diffraction up to
very high resolutions; in this case, further shortening the DD below typical values will lead
to improved resolution and completeness, which would be useful, e.g., for charge-density
studies or dynamical refinement.

5. Conclusions and Outlook

In this paper, we conducted measurements on representative samples, addressing
three particular aspects of experiment design for 3D ED/MicroED, that is, preservation
of hydration by cryo-transfer, simple dynamical refinement for determination of absolute
structure, and optimal choice of effective crystal-to-detector distance. All those are of im-
mediate interest for practical work on TEMs and electron diffractometers, using workflows
and instrumentation available in dedicated research groups and, increasingly, general
crystallographic facilities.

Along with the adoption of 3D ED/MicroED into the canon of structure determination
methods, new approaches regarding sample preparation, data collection, data processing,
and structure solution are rapidly developing, such as high-throughput crystallinity screen-
ing [67], on-grid crystallization [71], lipid cubic phase embedded crystals [72], environmen-
tal cells [57,58,73], efficient analysis of heterogeneous samples [68–70], autonomous and se-
rial data collection [69,74–76], low-resolution phasing [77], dynamical refinement [47,48,64],
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absolute structure determination [49,50], diffuse scattering and pair-distribution func-
tions [78,79], and aspherical atom models [80], among many others. Assessing the new
opportunities provided by such exciting developments in everyday work and casting them
into dependable workflows will be an important task for years to come. Hence, while
our current study is limited to relatively basic parameters, we are hoping for many more
investigations on deriving best practices for obtaining the best structures possible, from a
broad array of sample types, while minimizing the effort for individual optimization for
each sample.
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Abstract: Grain boundary engineering (GBE) enhances the properties of metals by incorporating
specific grain boundaries, such as twin boundaries (TB). However, applying conventional GBE
to parts produced through additive manufacturing (AM) poses challenges, since it necessitates
thermomechanical processing, which is not desirable for near-net-shape parts. This study explores
an alternative GBE approach for post-processing bulk additively manufactured aluminium samples
(KoBo extrusion), which allows thermo-mechanical treatment in a single operation. The present
work was conducted to examine the microstructure evolution and grain boundary character in an
additively manufactured AlSi10Mg alloy. Microstructural evolution and grain boundary character
were investigated using Electron Back Scattered Diffraction (EBSD) and Transmission Electron
Microscopy (TEM). The results show that along with grain refinement, the fraction of Coincidence Site
Lattice boundaries was also increased in KoBo post-processed samples. The low-Σ twin boundaries
were found to be the most common Coincidence Site Lattice boundaries. On the basis of EBSD
analysis, it has been proven that the formation of CSL boundaries is directly related to a dynamic
recrystallisation process. The findings show prospects for the possibility of engineering the special
grain boundary networks in AM Al–Si alloys, via the KoBo extrusion method. Our results provide
the groundwork for devising GBE strategies to produce novel high-performance aluminium alloys.

Keywords: CSL boundaries; aluminium; KoBo extrusion; EBSD; TKD; TEM; texture

1. Introduction

Nature has always been full of symmetry and asymmetry. Many natural objects
have symmetric shapes, which highlight the inherent order and balance in biological and
geological systems. The symmetrical forms [1,2] such as the radial symmetry of a daisy
or the bilateral symmetry of an orchid, exemplify the beauty of nature. The hexagonal
symmetry of snowflakes [3,4], the bilateral symmetry of butterfly wings [5], and the
symmetry of spiral galaxies [6] all demonstrate basic principles of symmetry in natural
systems.

Symmetry also plays an important role in the field of materials science [7], where
it provides a powerful framework for understanding the organisation, behaviour, and
properties of materials at the atomic and molecular levels. In the context of metals science,
symmetry manifests itself as a fundamental principle that underlies the arrangement of
atoms and the formation of crystal structures [8]. The specific symmetry groups exhibited by
the crystals provide insight into their physical properties, including mechanical behaviour,
electrical conductivity, and optical response.

The characteristics of polycrystalline metals are closely related to the atomic subtleties
associated with grain boundaries (GBs), which are fundamental structural elements and
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represent the interfaces where crystallographic orientations change abruptly. GBs could
exhibit unique structural, chemical, and electronic properties that differ from those of bulk
crystalline regions [9]. These characteristics have an important impact on various properties
of the material, such as mechanical strength, corrosion resistance, and electrical conductivity,
which is why grain boundaries are the subject of intense scientific investigation [10].

In pursuit of enhancing the properties of polycrystalline materials, researchers have
taken two different approaches. One involves the engineering of material textures, while
the other involves targeting special grain boundary distributions within the polycrystal.
The motivation for the latter technique comes from the observation that different atomic
structures at the grain boundary often give rise to different properties or responses [11].
Hence, the current essence of “grain boundary engineering” is to produce alloys with a
high proportion of Σ3 twin boundaries (TB) and twin-related higher-order Σ3n (n = 2, 3; Σ
≤ 29) [12–14], referred to as low-sigma Coincidence Site Lattice (CSL) boundaries. As twin
structures [15], including TBs, twins, and stacking faults (SFs), not only provide improved
strength but also provide good ductility, harnessing the potential of CSL grain boundaries
through precise manipulation and control therefore holds great promise for tailoring the
properties of many polycrystalline materials [16].

Currently, the grain boundary engineering (GBE) of face-centred cubic (FCC) metallic
materials, such as copper, nickel, lead alloys, and austenitic stainless steels, with low
stacking fault energies (SFEs, primarily relies on thermo-mechanical processes (TMP). These
processes involve cold deformation followed by heat treatment, taking advantage of the
low SFE to promote the nucleation of annealing twins (ATs) in significant quantities. TMP
can be categorised into two main approaches: strain-annealing and strain-recrystallisation.
Both methods aim to increase the population of low-Σ (Coincidence Site Lattice) special
grain boundaries (SBs) in metallic materials, which in turn modify random high-angle grain
boundaries (RHAGBs) and hinder the connectivity of RHAGB networks [17]. However,
materials with high SFEs face challenges in the development of twin structures or SBs.
Consequently, the grain boundary engineering in aluminium and its alloys remains a
complex undertaking [18].

To encourage the formation of growth twins in metals with high stacking fault en-
ergies (SFEs), a commonly employed strategy is to incorporate alloying elements. This
incorporation results in the reduction of their SFEs, which facilitates the twinning pro-
cess [19]. In recent years, researchers have also employed other techniques to successfully
fabricate nanotwinned (NT) aluminium alloys. For example, surface engineering [20],
cryogenic temperature deformation [21], and the incorporation of reinforcements such
as carbon nanotubes (CNTs) [22,23] have been explored. Furthermore, bulk NT metals
have also been successfully manufactured using high-rate, high-strain plastic deformation
methods [24,25].

The KoBo extrusion process is a plastic deformation method that offers high-strain
deformation at low temperatures [26], along with other plastic deformation techniques
such as equal-channel angular pressing (ECAP) [27–29], high-pressure torsion (HPT) [30],
and accumulative roll bonding (ARB) [31]. One distinguishing characteristic of KoBo
extrusion is its ability to frequently change the deformation route, resulting in a substantial
concentration of point defects at the atomic level, including vacancies and self-interstitial
atoms (SIA), which alter the thermodynamic state of the material [32]. This characteristic is
particularly intriguing for the fabrication of nanotwinned materials (NT), as the accumula-
tion of SIAs has been associated with the occurrence of nanotwins [33,34]. Nevertheless,
it remains unknown whether the KoBo extrusion process can induce the formation of
high-density twins in laser powder bed fusion (LPBF) aluminium alloys, as this aspect
has yet to be investigated. Furthermore, it is possible to unlock novel properties related
to corrosion resistance, embrittlement, and fracture resistance by engineering the grain
boundary network in Al-Si alloys of LPBF. This is because the crystallography of a grain
boundary influences its diffusivity, mobility, and segregation behaviour. However, detailed
knowledge of the crystallographic characteristics of Coincidence Site Lattice (CSL) grain
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boundaries in AM microstructures is currently lacking. In addition, the scope of materials
engineering is expanding beyond traditional polycrystalline structures, with increasing
interest in the synthesis and characterisation of interface-dominated structural alloys, such
as nanostructured alloys.

The aim of this study is to explore an alternative grain boundary engineering (GBE)
approach, specifically the KoBo extrusion post-processing method, for additively manu-
factured aluminium samples. The study investigates the evolution of the microstructure
and grain boundary character of the AlSi10Mg alloy to assess the potential for engineering
special grain boundary networks in additive manufacturing (AM) Al–Si alloys, ultimately
paving the way for the design of AM-compatible GBE strategies to produce novel high-
performance materials.

2. Materials and Methodology

The specimens were fabricated using the SLM TruPrint 1000 system from Trumpf
(Ditzingen, Germany) using spherical powder of an AlSi10Mg alloy, Figure 1. The chemical
composition of the powder used in this study, supplied by Sigma-Aldrich (Steinheim,
Germany), is given in Table 1. The following SLM process parameters were used to
fabricate dense samples: a laser power of 175 W, a layer thickness of 0.02 mm, a scanning
speed of 1.4 m/s, and a zig-zag scanning strategy with an angle of 67 degrees rotation on
each layer. Using these parameters, cylindrical specimens with a diameter of 60 mm and a
height of 50 mm were successfully produced.

Figure 1. SEM image of the AlSi10Mg alloy powder used in this study and corresponding particle
size distribution measurement.

Table 1. Chemical composition of the AlSi10Mg alloy powder.

Al Mg Si Ti Cu Fe

87.8 0.5 10.5 0.15 0.15 0.09

The KoBo extrusion process, the principle of which is described in the referenced
study [35], was carried out without sample preheating, and the extrusion process was
carried out using the following parameters:

• punch speed of 0.2 mm/s;
• die rotation angle of ±8◦;
• frequency of 5 Hz;
• extrusion ratio λ of 225. The extrusion ratio λ signifies that the diameter of the rods

after the KoBo extrusion process was equal to = 4 mm;
• maximal measured temperature close to the extrusion die (~280 ◦C);
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• sample cooling—room-temperature water.

To conduct the microstructural investigation, a sample was carefully extracted from
the middle part of the extruded rod. This specific location was chosen because it represents
a region where the process parameters had stabilised.

A combination of light microscopy (LM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) was employed to study the microstructure in detail.

For LM investigations, the specimens were prepared using standard metallographic
procedures. This included grinding (with 500 and 1200 grit SiC papers) and polishing (with
6, 3 and 1 μm diamond pastes) the samples to achieve a suitable mirror-like surface finish.
The metallographic samples were etched with Keller’s reagent (2.5 mL HNO3, 1.5 mL HCl,
1 mL HF, and 95 mL H2O) for 60 s.

A scanning electron microscope was used to study the microstructure at higher mag-
nification. The sample preparation for SEM followed the same procedure as for LM, with
additional fine polishing with 0.04 μm colloidal silica for 1 h. This additional polishing step
was performed to reduce the roughness of the surface and thus improve the quality of the
EBSD signal.

Electron Backscatter Diffraction (EBSD) analysis was conducted using a scanning elec-
tron microscope (Zeiss Supra 35, Carl Zeiss NTS GmbH, Oberkochen, Germany) equipped
with an EDAX NT EBSD detector (38 mm diameter) controlled by TSL OIM software. The
TSL OIM EBSD software generated a comprehensive data set and visualisations, offering
detailed information on the crystallographic orientation and microstructure of the analysed
material.

The surfaces perpendicular to the scanning (LPBF sample) and transverse direction
(KoBo sample) were selected for the EBSD characterisation. The following EBSD process
parameters were used:

• accelerating voltage: 20 kV;
• sample tilt: 72◦;
• step size: 0.15 μm.

The EBSD orientation maps were then post-processed using ATEX software (Université
de Lorraine: Metz, France) [36], which provided comprehensive information on grain
boundary characteristics.

The grain-orientation-spread (GOS) maps were calculated based on the spread of
crystallographic orientations within individual grains. The spread was measured in terms
of misorientation angles between neighbouring measurement points within each grain. For
a grain numbered i, its grain orientation spread, GOS(i), can be expressed as follows:

GOS(i) =
1
n1

i=ni

∑
j=1

ω
(

gj〈gi〉
)

(1)

For the detection of recrystallised grains, a (GOS(i) < 2.5◦) value was selected.
TEM analysis was performed to obtain detailed insights into the microstructure at the

nanoscale. We used a Titan 80-300 FEI S/TEM microscope, which was operated at 300 kV.
Electron diffraction images were further analysed using digital micrograph and CrysTBox
(Crystallographic Toolbox) software. To fabricate the TEM sample, typical lamellae were
cut from the extruded specimen using focused ion beam (FIB) milling. The lamellae were
extracted parallel to the extrusion direction.

The TEM lamella was additionally analysed in SEM microscope using Transmission
Kikuchi Diffraction (TKD) to obtain crystallographic information that allowed character-
isation of grain boundaries with improved resolution. The sample was mounted in a
custom-made holder that held it at a net angle of 10◦ with reference to the horizontal. The
working distance was set at 7.5 mm. The energy of the electron beam was kept constant
at 20 kV throughout the analysis. The TKD map was acquired in ∼2 h with a step size of
20 nm and a TKD pattern resolution of 301 × 129 pixels. A total area of 12 μm × 5.2 μm
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was recorded. The TKD orientation map was then post-processed using ATEX software,
which provided comprehensive information on grain boundary features. The CSL grain
boundaries were evaluated according to the Brandon criterion of Δθ ≤ 15◦∑−1/2 stan-
dard. To determine the sizes of grains, automated mean linear intercept measurement
was employed.

3. Results

Figure 2 shows the microstructures of the AlSi10Mg alloy observed using a light mi-
croscope. In Figure 2a, one can see distinct and discontinuous laser scan traces. These scan
tracks overlap with each other at an angle of approximately 67 degrees, which corresponds
to the Zig-Zag scanning strategy used during the additive manufacturing process. This
tracks arrangement is a characteristic feature of the LPBF microstructures.

Figure 2. LM microstructures of the AlSi10Mg alloy (a) in the LPBF condition, (b) after the KoBo
extrusion process (note that, in (a), the laser scan track boundaries are visible as the brighter areas).

Figure 2b shows the microstructure of the same AlSi10Mg alloy after undergoing the
KoBo extrusion process. Here, a notable transformation is observed, as the unique laser
scan tracks, which were prominent in the LPBF state, have disappeared.

A scanning electron micrograph (SEM) shows the microstructure of an AlSi10Mg in
LPBF condition, in Figure 3a. As can be seen, the microstructure is characterised by a
continuous cellular network of Si phases surrounding the primary Al phase. On closer
examination, the microstructure exhibits heterogeneity, characterised by three distinct
zones. The first corresponds to the heat-affected zone (HAZ), where the thermal impacts
(increase in diffusion rate) during the LPBF process have resulted in partial rupture of the Si
phase. The second zone corresponds to the coarse area of the melt pool (MP coarse), where
the cellular Si network exhibits the largest size (average measured cell size of ~1.4 μm). The
MP coarse area is the region that underwent an extended cooling period, which facilitates
the growth of larger cells or dendrites of the Si phase (coarser structure forms where
the melt pool experiences the lowest temperature gradient and the highest solidification
rate) [37]. The third identified region corresponds to the MP fine area, where the cellular
structures exhibit the smallest size (measured average cell size of ~0.4 μm) compared to
those of the other regions. This suggests the fastest cooling rate or shortest solidification
time during the LPBF process [38].
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Figure 3. SEM microstructures of the AlSi10Mg alloy (a) in the LPBF condition, (b) after KoBo
extrusion process (note that (a) shows the microstructure on the “build x–y plane”, whereas (b) shows
the microstructure on the “extrusion ND–TD plane”).

Figure 3b shows a detailed view of the microstructure of the KoBo sample. This SEM
image reveals significant changes in the microstructure compared to the LPBF condition.
It shows fine Si particles, indicating that the cellular network of the Si phase observed in
the LPBF condition has been broken and transformed into discrete particles. In addition,
agglomerates and clusters of silicon (Si) particles can be seen in certain areas of the SEM
image (see yellow-dotted outlines) as evidenced by EDS analysis in Figure 4. The presence
of these agglomerates suggests that a phenomenon known as Ostwald ripening [39] may
have occurred during post-processing by KoBo extrusion.

Figure 4. Results of SEM EDS pointwise chemical composition analysis. (a) EDS spectrum corre-
sponding to the point (1) in Figure 3b. (b) EDS spectrum corresponding to point (2) in Figure 3b.

The size of the individual Si particles observed in the SEM image ranges between
70 and 400 nanometres, indicating a significant reduction in size and implying a high
degree of refinement accomplished during the KoBo extrusion process. The uniform
distribution of Si particles in the alloy matrix indicates good mixing and dispersion during
KoBo extrusion, resulting in a homogeneous microstructure. This uniform distribution
can be beneficial for improving the mechanical properties and overall performance of the
alloy. Remarkably, the statistical analysis performed using ImageJ software (NIG, United
States) reveals that the volume fraction of the second-phase particles is approximately
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20.1 ± 1%, which interestingly aligns with the volume fraction of the cellular eutectic
network observed in the LPBF condition (approx. 20%).

The EBSD inverse pole figure (IPF-Z) map displays different grains with varying
orientations, represented by distinct colour maps, as indicated by the unit triangle in
Figure 5a. The black lines signify high-angle grain boundaries (HAGBs) with misorien-
tations exceeding 15 degrees, while the red lines represent low-angle grain boundaries
(LAGBs) with misorientations ranging from 2 to 15 degrees. The LPBF sample comprises
fine equiaxed grains exhibiting relatively random orientations, with an average grain size
of 6.3 μm (GTA = 5◦), Figure 6a. The EBSD analysis reveals the presence of 22.8% LAGBs
and 77.2% HAGBs, Table 2. The occurrence of LAGBs can be attributed to the elevated
dislocation density resulting from the rapid solidification rates associated with the selective
laser melting process.

Figure 5. Results of the EBSD analysis. IPF-Z images of AlSi10Mg alloy (a) in the LPBF condi-
tion, (b) after KoBo extrusion process (red and blue colours represent the <001> and <111> fibres,
respectively).

Table 2. Averaged results of microstructural analysis conducted with SEM microscope (on the basis
of three separate scans).

Condition LAGBs HAGBs
Grain Size,

μm
Recrystallised Fraction, %
(Grains with GOS < 2.5◦)

Geometrically Necessary
Dislocation Density, m−2

LPBF 22.8 ± 1.7 77.2 ± 1.2 6.3 ± 0.3 92.6 ± 2.1 1.79 × 1014

KoBo 9.2 ± 1.3 90.8 ± 0.8 1.1 ± 0.2 93.5 ± 1.5 6.20 × 1014
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Figure 6. Histograms of grain size distribution of the AlSi10Mg alloy (a) in the LPBF condition,
(b) after KoBo extrusion process.

Figure 5b shows the IPF-Z map of the KoBo processed sample. The image reveals a
significant occurrence of the grain refinement process following KoBo extrusion, attributed
to the dynamic recrystallisation processes. The grains are significantly smaller, with an
average size of approximately 1.1 μm, Figure 6b. The reduction in grain size is evident
across the entire map, indicating a consistent refinement of the microstructure throughout
the sample.

Furthermore, it is evident that a majority of the grains exhibit orientations aligned
with the 〈111〉 A1 or 〈001〉 A1 axes, which is a characteristic feature observed in extruded
alloys [40]. Most of the high-angle grain boundaries observed in the IPF map are associated
with the boundaries between grains oriented along the 〈111〉 A1 or 〈001〉 A1 axes, exhibiting
misorientations of approximately ~55 degrees. On the other hand, grain boundaries with
low-angle misorientations are primarily linked to grains oriented along the same axis.
Based on the statistical data presented in Table 2, it is observed that Low-Angle Grain
Boundaries (LAGBs) account for 9.2% of the GBs, while High-Angle Grain Boundaries
(HAGBs) make up the remaining 90.8% of GBs.

The GOS maps of the LPBF and KoBo samples, represented using a colour gradient,
are illustrated in Figure 7a,b correspondingly. In these maps, the grains appearing in dark
grey denote the smallest GOS values, indicating that they are dislocation-free and are
classified as recrystallised grains. The EBSD measurements reveal that the recrystallised
fractions account for 92.6% and 93.5% in the LPBF and KoBo samples, respectively.

The grain-orientation-spread (GOS) maps, showcasing the CSL boundaries highlighted
with rainbow colour coding, offer valuable insights into the distribution of CSL boundaries
within the sample’s microstructures. Remarkably, in the LPBF state, the occurrence of low-Σ
CSL boundaries is minimal, as depicted in Figure 8a. Furthermore, the Σ CSL boundaries
are predominantly distributed in proximity to grains exhibiting relatively low GOS values.

After KoBo extrusion (as depicted in Figure 8b), the results indicate a notable increase
in the fraction of low-Σ CSL boundaries. Specifically, the proportion of Σ3 boundaries
has risen from approximately 0.6% to around 5%, while the fraction of Σ11 boundaries
has increased from 1.3% to 6.3%. Furthermore, the fraction of Σ25b (nucleus of primary
recrystallisation) [41] has significantly increased from 0.76% to about 7.77%. It is worth
mentioning that the distribution of Σ CSL boundaries in the KoBo extruded state is similar
to that observed in the LPBF state, where these boundaries are predominantly situated
close to grains with low grain-orientation-spread values.
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Figure 7. The GOS maps of AlSi10Mg alloy (a) in the LPBF condition, (b) after KoBo extrusion process
(note that in the GOS maps the CSL boundaries are shown with different colours).

Figure 8. The distribution of boundary types with respect to Σ of AlSi10Mg alloy (a) in the LPBF
condition, (b) after KoBo extrusion process.

In Figure 9, the transmission Kikuchi diffraction (TKD) map provides a detailed visu-
alisation of the grain orientation spread and the fraction of Coincidence Site Lattice (CSL)
grain boundaries. This experimental result is crucial for a comprehensive characterisation
of the microstructure in the KoBo sample. It is important to note that the fraction of Σ17b
boundaries may be overestimated due to their detection mainly in areas with small pixel
clusters (artefacts). Nevertheless, the results confirm the presence of Σ CSL boundaries
in the analysed sample. Statistical analysis highlights that the highest fractions of CSL
boundaries are observed for Σ3, Σ7, Σ11, and Σ13b, indicating their prevalence within the
microstructure, Figure 10. Moreover, the presence of higher-order Σ9 twin boundaries
indicate the occurrence of GBE mechanisms [42].
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Figure 9. The TKD map of AlSi10Mg alloy showing GOS and CSL boundaries in KoBo sample.

Figure 10. The distribution of boundary types with respect to Σ of AlSi10Mg alloy after KoBo
extrusion process (note that this image presents the result of CSL boundary analysis received from
TKD analysis).

Figure 11a shows a bright-field (BF) transmission electron micrograph of the AlSi10Mg
alloy in the LPBF condition, revealing distinct microstructural features. The image shows
columnar cells, elongated grain structures formed during additive manufacturing, indi-
cating the directional solidification pattern during 3D printing. A notable aspect of the
bright-field image TEM is the brightness differences in the microstructure. The columnar
cell boundaries appear much brighter due to compositional differences, as they are rich in
the Si phase.
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Figure 11. Microstructure of AlSi10Mg alloy in LPBF condition. (a) Bright-field TEM image.
(b) Dark-field TEM image.

In contrast, the dark-field TEM image emphasises the presence of dislocations in the
microstructure, a common feature of additively produced Al–Si alloys, Figure 11b. The
rapid solidification and thermal gradients in 3D printing can lead to a higher dislocation
density compared to conventional processes.

Figure 12 shows the BF TEM micrograph of the AlSi10Mg alloy sample after the KoBo
extrusion process. In this image, multiple grain boundaries are clearly visible, demarcating
individual grains within the microstructure. Additionally, one particular grain stands out,
exhibiting a size of approximately 300–400 nm. Importantly, the grain size measurement
observed in the bright-field TEM image is comparable to the grain size results obtained
through electron backscatter diffraction (EBSD) analysis, Figure 4.

The high-resolution transmission electron microscopy (HRTEM) image, Figure 12b,
provides a closer look at the grain boundary highlighted in the bright-field TEM image
(see black-dotted square). The boundary appears to be mostly straight but with the in-
corporation of some facets, as indicated by the black arrows. This HRTEM image reveals
the atomic structure of the asymmetric twin boundary with a Σ3 (221)1/(001)2 Φ = 54.56◦
orientation relationship. Note that there are also several SFs that dissociated from the GB
into grain at the areas near the facet junctions, which might serve to accommodate the
misorientation deviation of this boundary from that of the ideal (002)/(111) ATGB (i.e.,
54.56◦ versus 54.74◦) [43].

The presence of a low-Σ value Coincidence Site Lattice (CSL) boundary indicates a low
grain boundary energy, representing high fracture and corrosion resistance [44]. It should
be pointed out that the presence of a CSL grain boundary observed through HRTEM aligns
with the Electron Backscatter Diffraction (EBSD) data.
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Figure 12. Microstructure of AlSi10Mg alloy subjected to KoBo extrusion. (a) Bright-field TEM image.
(b) HRTEM image of the boundary area highlighted in (a).

4. Discussion

4.1. CSL Boundary Formation

In this study, we investigated the formation of CSL (Coincidence Site Lattice) bound-
aries in a sample subjected to the KoBo extrusion process. The results revealed a significant
increase in the fraction of low-Σ CSL boundaries, particularly Σ3, Σ7 and Σ11 boundaries,
after the KoBo extrusion compared to the LPBF state. Additionally, the fraction of Σ25b
(nucleus of primary recrystallisation) exhibited a remarkable increase. These observa-
tions prompt an exploration of the possible mechanisms underlying the formation of CSL
boundaries in the KoBo-extruded sample.

One potential explanation lies in the deformation and recrystallisation processes dur-
ing KoBo extrusion, where the plastic deformation leads to the generation of dislocations
and the rearrangement of crystal grains. The subsequent recrystallisation may favour the
nucleation of grains with low orientation spread values, which could coincide with the
observed proximity of Σ CSL boundaries to these grains. In this regard, the formation
of CSL boundaries can be attributed to the atomic interactions that occur as a result of a
dynamic recrystallisation-driven grain boundary migration process [45]. Alternatively, it is
also plausible that the rise in the fraction of low-Σ Coincidence Site Lattice boundaries is a
consequence of interactions between the pre-existing CSL boundaries during recrystallisa-
tion [46]. These interactions may have facilitated the formation of new CSL boundaries,
resulting in a higher prevalence of low-Σ CSL boundaries.

Furthermore, in the context of severe plastic deformation, a phenomenon known as
grain boundary (GB) relaxation may occur when the grain size decreases below a critical
threshold. The mechanism underlying this GB relaxation in nanostructured materials is
believed to be triggered by the emission of partial dislocations and stacking faults from the
grain boundaries [47]. It has also been shown that Si has the ability to lower the stacking
fault energy [48], which might reduce the critical shear stress required to nucleate partial
dislocations. Moreover, the solute atoms increase the localised stress needed for dislocation
motion, thus reducing annihilation and rearrangement of dislocation.

Recent experimental evidence also points to the significance of strain-induced boundary
migration (SIBM) in enhancing the frequency and distribution of CSL boundaries [49–51].
While the migration of grain boundaries during primary recrystallisation involves the
formation and growth of nuclei with different orientations, SIBM leads to the creation
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of stress-free regions with the same orientation as the parent grain [52]. These stress-
free orientation regions can be analysed using the density of geometrically necessary
dislocations (GNDs).

Upon analysis, it is observed that in the KoBo processed sample, CSL boundaries are
predominantly distributed in proximity to regions with a higher density of GNDs (depicted
as red “hot spots” in Figure 13). Consequently, this specific mechanism can be considered
negligible, as twinning occurs most frequently at the points of highest GND accumulation.

Figure 13. GND distribution maps (a) in the LPBF condition, (b) after KoBo extrusion process.

4.2. Texture Analysis

As shown in Figure 5, the grains of the AlSi10Mg alloy show preferred crystallographic
orientations. In the case of the LPBF state, the majority of grains have a strong texture along
(100) direction, Figure 5a. The (100), (110), (111) and (112) pole figures, Figure 14a confirm
that the 〈100〉 cube texture is the predominant in the LPBF condition, which is typical for
LPBF Al–Si alloys [53,54].

Previous study [55] demonstrated that severe cyclic torsion in KoBo extrusion process
can induce the development of a strong texture characterised by the presence of intense
poles corresponding to specific orientations of crystallites. As can be seen in Figure 14b, the
texture of the AlSi10Mg alloy subjected to KoBo extrusion is consistent with the models of
the authors of the manuscript cited above. A great majority of the crystallites display (111)
and (100) orientations, corresponding to 〈111〉 and 〈001〉 fibre-type texture components.
Moreover, it is evident that certain crystallites exhibit a weak cube texture, which is
indicative of the recrystallisation process [56].

The recrystallisation texture displays an axial pattern, which can be attributed to the
formation of recrystallisation growth nuclei with orientations near 〈100〉 and 〈111〉 in the
deformed grains exhibiting corresponding orientations. These nuclei grow within the
surrounding deformed matrix when their misorientation with the neighbouring area aligns
at an angle close to 52◦ around one of the crystallographic axes, specifically 〈331〉 [41].
As a result, the misorientation closely approximates the CSL (Coincidence Site Lattice)
misorientation Σ25b (see Figure 8b).
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Figure 14. Pole figures of the AlSi10Mg alloy (a) in LPBF condition, (b) after KoBo extrusion process.

5. Conclusions

1. The KoBo extrusion process substantially refined the heterogeneous microstructure of
an LPBF AlSi10Mg aluminium alloy. Also, the cellular microstructure diminished and
was replaced by the fine Si precipitates distributed uniformly within the aluminium
matrix.

2. The microstructure of the LPBF material underwent significant refinement as a result
of the KoBo extrusion process, reducing the grain size to the sub-micrometric level.
The study revealed that the KoBo sample displayed an average grain size of 1.1 μm.
This refined microstructure is expected to have a substantial impact on the material’s
properties.

3. The KoBo extrusion process led to a severe increment of the high-angle grain boundary
population, indicating the dynamic recrystallisation process.

4. The analyses of the IPF images revealed grains oriented along the 〈111〉 and 〈001〉
axes and a high number of recrystallised grains with a near {111} 〈112〉 orientation.

5. High-strain and high-rate deformation post-processing of the LPBF AlSi10Mg alloy
resulted in a grain-boundary-engineered microstructure, as evidenced by increased
length fractions of the Σ3, Σ7 and Σ11 boundaries. It was found that the fraction of
CSL boundaries increases after the KoBo extrusion process.
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Abstract: This study focuses on NMC 811 (LiNi0.8Mn0.1Co0.1O2), a promising material for high-
capacity batteries, and investigates the challenges associated with its use, specifically the formation of
the cathode electrolyte interphase (CEI) layer due to chemical reactions. This layer is a consequence
of the position of the Lowest Unoccupied Molecular Orbital (LUMO) energy level of NMC 811 that
is close to the Highest Occupied Molecular Orbital (HOMO) level of liquid electrolytes, resulting
in electrolyte oxidation and cathode surface alterations during charging. A stable CEI layer can
mitigate further degradation by reducing the interaction between the reactive cathode material and
the electrolyte. Our research analyzed the CEI layer on NMC 811 using advanced techniques, such as
4D-STEM ACOM (automated crystal orientation mapping) and STEM-EDX, focusing on the effects of
different charging voltages (4.3 V and 4.5 V). The findings revealed varying degrees of degradation
and the formation of a fluorine-rich layer on the secondary particles. Detailed analysis showed that
the composition of this layer differed based on the voltage: only LiF at 4.5 V and a combination of
lithium fluoride (LiF) and lithium hydroxide (LiOH) at 4.3 V. Despite LiF’s known stability as a CEI
protective layer, our observations indicate that it does not effectively prevent degradation in NMC 811.
The study concluded that impurities and unwanted chemical reactions leading to suboptimal CEI
formation are inevitable. Therefore, future efforts should focus on developing protective strategies
for NMC 811, such as the use of specific additives or coatings.

Keywords: NMC 811; CEI layer; 4D-STEM ACOM; STEM-EDX; cathode primary particles

1. Introduction

Today, the necessity of battery materials has increased immensely due to the growing
portable devices market and the energetic transition from fossil fuels to electric vehicles
(EV) [1,2]. This exponential growth has pushed the scientific community to search for
new materials with an acceptable cost/safety ratio in lithium-ion batteries (LIBs) to be
part of this energetic change. One of the battery materials that has been studied is layered
cathode materials (LiMO2, M transition metal), such as NMC (LiNiMnCoO2). NMC is
based on an existing cathode material, LiCoO2, in which Co is partially replaced by Ni
and Mn, as a result obtaining LiNixMnyCozO2 (x + y + z = 1) [3]. In the case of NMC 811,
the predominant transition metal (TM) is Ni, with the final chemical composition being
LiNi0.8Mn0.1Co0.1O2 (Ni-rich cathode material). NMC 811 is a layered material with a
space group R-3m (lattice parameters a/b = 2.871 Å, c = 14.20 Å [4]). Besides the energy
density, the objective of this replacement is to reduce the quantity of Co because of its cost,
safety, and difficulties to recycle [5]. NMC 811 presents a high discharge capacity thanks to
its Ni content, with theoretical values of ~200 mAh/g [4,6].
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The NMC cathode is usually used at a high voltage window (over 4.2 V) and presents
capacity fading at a low cycle number due to different degradation mechanisms [4,7,8].
During the charge of batteries at high voltage, the phenomenon takes place at the interface
of the liquid electrolyte and solid active material interface, leading to the CEI formation.
At a high stage of Li removal, the chemical potential of the cathode material is shifted
and approaches the HOMO energy of the electrolyte. This leads to its oxidation and the
formation of a CEI layer, which has an impact on Li transport as well as the electronic
configuration of TM sites in the cathode. The layer is composed of lithium carbonates,
oxides, alkyl carbonates, as a result of solvent electrolyte oxidation parasitic reactions, and
LiXPOYFZ oxidation products coming from the electrolyte salt. It has been shown that for
Ni-rich cathode materials, it is important to take care of the LUMO/HOMO energies of the
electrode and the electrolyte, as well as the nucleophilic affinity of the components [9–12].

In the study led by Iban Azcarate et al. [13], the reactivity of the LP30 electrolyte
(LiPF6 salt in a di-methyl carbonate/ethyl carbonate mixture), commonly utilized in LIBs,
was explored. Using both simple- and double-cell configurations with glassy carbon
cathodes and lithium metal anodes, the electrolyte’s behavior was scrutinized through
NMR (nuclear magnetic resonance) and XPS (X-ray photoelectron spectroscopy). The
research revealed that at 4.2 V, ethyl carbonate (EC) was the initial electrolyte component
to undergo oxidation. When the voltage increased to 4.8 V, di-methyl carbonate (DMC)
also began oxidizing, generating various derivative products. These products underwent
further oxidation at 5.4 V. The study also observed depositions of inorganic species, such as
LiF at 4.2 V, with the predominant deposition comprising mostly organic products, forming
a non-passivating layer between 4.2 and 4.8 V. Above 4.8 V, the CEI layer predominantly
consisted of inorganic compounds, enhancing passivation, although it remained unstable
up to 5.4 V. Notably, the researchers achieved increased passivity and stability of the cell by
maintaining it at a constant voltage for several hours.

In NMC cathode materials, capacity increases as a function of the amount of Ni.
However, to reach the theoretical high capacity of Ni-rich cathode materials, it is necessary
to charge the battery up to a voltage above 4.2 V, leading to degradations of the common
LP30 electrolyte. In the work of Noh et al. [8], a quasi-linear correlation between the Ni
content increasing and a decrease in the safety and stability of the battery have been clearly
demonstrated. This phenomenon can be attributed to changes in the microstructure and
chemical properties that correspond to alterations in the nickel content. In cathode materials
with a high nickel content, it has been observed that during cycling in the LP30 electrolyte,
the instability of the CEI layer leads to a reaction between Ni4+ and the electrolyte at an
advanced de-lithiation stage. This reaction amplifies the Li+/Ni2+ cation mixing, thereby
accelerating structural deterioration. Furthermore, structural decay is also exacerbated
by changes in the lattice parameters, particularly along the c-axis. These changes induce
strains that cause ruptures in secondary particles, which then come into contact with the
electrolyte, further contributing to the material’s degradation [14–17].

The CEI presence over NMC 811 particles has been reported in the literature multiple
times, as well as its importance for the correct performance of LIBs. Parasitic reactions and
products reduce the available Li quantity in the cell, and due to the non-ionic conductivity
of these products, impede the utilization of the remaining lithium, ultimately leading to a
decreased battery capacity [18–22]. One of the strategies for reducing these reactions is the
formation of an ionic conductive layer, stable during cycling and resistant to mechanical
deformation. Some works focused on the introduction of additives to the electrolyte for
the formation of a stable CEI layer. In the work of Sen et al. [20], triallylamine (TAA) was
proposed as an additive to eliminate the presence of parasite compounds, such as HF,
that cause cathode damage. In this work, the batteries with the TAA electrolyte additive
presented better performances in capacity retention, the CEI layer was more uniform and
compact, and there was no presence of cracks on the surface of NMC 811 particles.

Another strategy found in the literature is NMC 811 coating [12,23]. Looking deeply at
the work of Bishnu P. et al. [12], it was proposed to apply the electrochemical fluorination
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technique (ECF) to form a stable LiF layer at the surface of the particles. Pristine NMC 811
forms a non-stable CEI layer composed of inorganic compounds, such as LiOH, Li2CO3,
and Li2O. These compounds are electric and ionic insulators, which result in a decrease of
battery capacity due to the inaccessibility to Li ions on the particles. The LiF layer is an
ionic conductor as well as an electric insulator, avoiding the degradation of LP30 due to
electrochemical reactions, but allowing the transportation of Li ions between the cathode
and the electrolyte. The results showed that the formation of a stable CEI at low voltages
increased the cycling stability of NMC 811.

TEM methodologies have been extensively employed to conduct in-depth investiga-
tions of battery materials at various scales [24–27]. Notably, the 4D-STEM ACOM technique
has been instrumental in achieving precise phase characterization within batteries, both
in situ and postmortem. This local analytical method offers a significant advantage in de-
tecting compounds through electron diffraction patterns, as opposed to solely conducting
elemental analysis (i.e., detecting individual species). Furthermore, 4D-STEM strikes an
optimal balance between accessibility and resolution, especially when juxtaposed with
other compound detection methods in battery research, such as neutron diffraction or
XPS [28–32].

In the study by Ankush et al. [33], the researchers investigated LMNO (lithium–
manganese–nickel–oxide) thin films in situ and postmortem, utilizing a specially adapted
liquid TEM sample holder for electrochemical analysis. This investigation revealed in-
sightful details about the electrochemical behavior of LMNO, including the characteristic
oxidation peaks of nickel. Additionally, it highlighted the coexistence of amorphous and
crystalline phases in LMNO and identified the formation of organic compounds resulting
from electrolyte degradation. Despite the versatility of the 4D-STEM ACOM technique,
it encounters limitations in liquid cell environments, primarily due to signal-to-noise re-
duction caused by multi-scattering effects from the liquid electrolyte’s thickness. However,
these challenges can be mitigated through applications such as ePattern suite software
(1.1 version), as demonstrated in the work of Folastre et al. [34]. This algorithm employs
registration and reconstruction methods to enhance the pattern identification and denois-
ing of diffraction signals. Such advancements are pivotal in improving the image quality
and signal-to-noise ratio, thereby enabling more reliable and accurate pattern analysis in
TEM studies.

The objective of this research is to investigate the intrinsic characteristics and the gene-
sis of the CEI in NMC 811coin cells through postmortem examination. This investigation
employs an integrated approach utilizing SEM-EDX for the analysis of secondary particles,
and STEM-EDX in conjunction with 4D-STEM ACOM for the examination of primary
particles. This analysis is further correlated with the electrochemical performance observed
during cycling.

2. Results and Discussion

In this study, NMC 811 coin cells were electrochemically cycled against lithium metal
within a potential range of 2.7 to 4.5 V. To investigate the impact of upper potential limits on
the formation and efficiency of the CEI layer, two distinct cutoff voltages were employed:
a standard limit at 4.3 V (referred to as the 4.3 V-limit) and an extended limit at 4.5 V
(referred to as the 4.5 V-limit). Over the course of 90 cycles, the development of the CEI
layer was meticulously analyzed. This involved assessing its efficiency relative to the
number of cycles and conducting a comparative analysis with the efficiencies of CEI layers
documented in existing literature.

In Figure 1a,g, we delineate the electrochemical characteristics of the sample. The
cycling of the sample was conducted at a C-rate of C/20, interspersed with a 15 min
rest period between each charging and discharging cycle. Figure 1a depicts the potential
versus capacity curve across various cycles. Up to the 20th cycle, minimal polarization was
observed, indicative of the sample’s stability and negligible degradation. However, at the
50th cycle, a marked increase in polarization was evident relative to previous cycles. The
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initial cycle demonstrated a capacity of approximately 200 mAh/g, which diminished to
around 143 mAh/g by the end of the battery’s life cycle, culminating in a capacity retention
of 71.5%. Figure 1g illustrates the progression of capacity loss and Coulombic efficiency
(CE). A consistent pattern of degradation was observed. The absence of abrupt capacity
loss at the graph’s conclusion can be attributed to the fact that the span from 1 to 50 cycles
represents merely a segment of the battery’s potential state of life (SoL). This is corroborated
by the CE data, which showed a modest decline of approximately 2% between the 1st and
50th cycles.

Figure 1. (a) Potential vs. capacity electrochemical curve of cycled NMC 811 at an upper high voltage
of 4.3 V. (b) Secondary electron (SE) image of NMC 811 single secondary particles in the cathode sheet
after cleaning (4.3 V-limit cell). EDX analysis for elemental identification of (c) carbon, (d) fluorine,
(e) oxygen, and (f) nickel. (g) Charge and discharge lost and CE in the function of the number of
cycles on the NMC 811 coin cell. (h) Secondary electron (SE) image of NMC 811 secondary particles
in the cathode sheet after cleaning (4.3 V-limit cell). EDX analysis for elemental identification of
(i) carbon, (j) fluorine, (k) oxygen, and (l) nickel.

The polarization and the variations in charge/discharge efficiency (Figure S1), along
with the CE, can be primarily attributed to two distinct mechanisms leading to electrolyte
degradation. These mechanisms include the formation of the CEI layer and the direct
degradation of the electrolyte due to its interaction with lithium (Li) metal at the negative
electrode. Li metal, especially, poses a significant risk due to its high reactivity when
in direct contact with the LP30 electrolyte. This interaction results in the formation of
various degradation products, such as 2,5-dioxahexanedioic acid dimethyl, CO2, CO, and
phosphates, as referenced in [14,35,36].

The cathode material was examined using SEM, and the findings are exhibited in
Figure 1c–f. Images of individual secondary particles (agglomerate of primary particles)
were acquired to obtain a first overview of primary particles’ behavior. Analysis of both
the aggregated particles (Figure 1b–f,h–l) and individual particles (Figure 1d,j) revealed
the presence of fluorine on the particle surfaces. Phosphorus was absent in the spectra,
indicating that the detected fluorine originates from an electrochemical process rather than
being a residual salt. This observation of fluorine suggests the formation of a CEI layer,
which, according to the existing literature, is likely to be a LiF layer. In Figure 1c,d,i,j, where
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both carbon and fluorine were observed, carbon distribution was non-uniform across the
surface of the secondary particle. Conversely, fluorine exhibited a homogeneous distribu-
tion, implying the absence of carbonate compounds in the CEI layer and suggesting the
presence of LiOH. However, the exact composition of the CEI layer remains undetermined
due to analytical limitations. Additionally, in the Supplementary Materials (Figure S2b),
an elemental analysis including manganese is provided for comparison with fluorine,
considering their similar edge energies. The distinct presence of fluorine and manganese
confirms that they are separate elements.

To gain deeper insight into the cell structure, analysis at the primary particle scale
was conducted using STEM-EDX, with results presented in Figure 2. The high-angle
annular dark-field (HAADF) imaging in Figure 2a reveals an agglomeration of primary
particles, ranging in size from 0.5 to 1.5 μm. Figure 2b displays the line profile across
various particle edges (indicated by a red line in Figure 2a), highlighting the presence of
fluorine, particularly pronounced in the third particle examined. Figure 2c compares the
Mn (Mn-Kα 5.895 keV) and F (F-K 0.676 keV) signals, showing a predominant Mn signal,
with fluorine primarily detected along the edges of some particles, aligning with previous
SEM-EDX observations. The C-O mapping in Figure 2d was conducted to assess the
potential presence of carbonate compounds, but unlike the fluorine layer, no distinct carbon
layer was observed. Finally, Figure 2e illustrates the transition metals, providing insights
into the high homogeneity in composition of NMC 811 particles with no segregation.

 
Figure 2. The 4.3 V sample: STEM-EDX analysis for primary agglomerate particles. (a) HAADF
image. (b) Line profile of the selection area (red line) featuring the nickel, oxygen, and fluorine
presence over it. (c) Color overlay featuring fluorine and manganese over agglomerate particles for
LiF observation. (d) Color overlay featuring carbon and oxygen for carbonates’ observation. (e) Color
overlay featuring nickel, manganese, and cobalt (NMC 811).

To enhance the comprehension of the results from the STEM-EDX analysis, a compre-
hensive 4D-STEM investigation was conducted on two selected areas within the particle
agglomerate. Crystallographic orientation and phase mapping were derived through the
application of ACOM data-processing methods [37,38], coupled with the use of the ePat-
tern suite for data noise reduction [34]. Consistent with observations from the high-angle
annular dark-field (HAADF) imaging, the agglomerate was identified as a conglomerate of
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primary particles. ACOM analysis was specifically applied to two zones, designated as
zone 1 (illustrated in Figure 3a) and zone 2 (shown in Figure 3g), where STEM-EDX data
indicated a high potential for CEI layer formation.

Figure 3. The 4.3 V sample: (a) TEM image of the 4.3 V−limit edge primary particle (zone 1). Particle
edge 4D-STEM analysis: (b) reliability map and orientation map superposition, (c) phase map and
phase reliability map superposition, (d) LiF diffraction pattern, (e) NMC 811 diffraction pattern, and
(f) TEM image of the 4.3 V−limit primary particle (zone 2). 4D-STEM primary particle analysis:
(g) reliability map and orientation map superposition, (h) phase map and phase reliability map
superposition, (i) orientation color map, (j) NMC 811 diffraction pattern, (k) LiF diffraction pattern,
and (l) LiOH diffraction pattern.

In zone 1, the crystal orientation and phase maps at a particle’s edge are displayed in
Figure 3b and 3c, respectively. Two primary components, NMC 811 and LiF, were identified,
aligning with the STEM-EDX findings, as shown in Figure 3d,e. The orientation fidelity
was notably high for the NMC 811 phase, but substantially lower for LiF. Despite this,
certain areas exhibited sufficient phase and orientation reliability, affirming the presence of
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LiF at the particle’s edge. The diminished orientation reliability in some regions could be
attributed to particle thickness or overlapping particle layers.

Regarding zone 2, the orientation mapping revealed a polycrystalline structure (Figure 3h).
This finding was corroborated by TEM (Figure 3g) and STEM-HAADF (Figure 2a) imaging,
which did not indicate particle superposition, thereby confirming the polycrystalline nature
of the primary particles. This supports the theory of LiF layer instability due to mechanical
disruption, as previously discussed. Figure 3k illustrates the uneven spatial distribution
of LiF around the particle edge, mirroring observations in zone 1. Additionally, LiOH
was detected in this area with high phase and orientation reliability (Figure 3l), yet it was
notably absent from the particle edges.

An alternative hypothesis for the origin of the LiF component layer and LiOH involves
the potential presence of water traces within the cathode material, which could facilitate
the production of HF and LiF [12,39]. Despite the samples being synthesized under meticu-
lously controlled conditions within a dry room, the likelihood of moisture contamination
during the battery assembly process cannot be discounted as a contributing factor to this
observed phenomenon. Furthermore, it is plausible that residual water traces are inherently
present in the electrolyte’s solvents [40], which may predispose the formation of a LiF layer
within the CEI.

In the presented study, electrochemical characteristics of a coin cell with a 4.5 V voltage
limit were elucidated, as depicted in Figure 4. This cell underwent cycling at a C/20 rate,
incorporating a 15 min interlude between successive charging and discharging phases. The
polarization observed in the 4.5 V-limit cell (Figure 4a) exhibited an enhanced magnitude
compared to its 4.3 V-limit counterpart, yet it maintained stability throughout the initial
50 cycles.

 
Figure 4. (a) Potential vs. capacity electrochemical curve of cycled NMC 811 at the voltage limit
of 4.5 V. (b) Secondary electron (SE) image of NMC 811 secondary particles in the cathode sheet
after cleaning (4.5 V-limit cell). EDX analysis for elemental identification of (c) carbon, (d) fluorine,
(e) oxygen, and (f) nickel. (g) Charge and discharge lost and CE in the function of the number of
cycles on the NMC 811 coin cell. (h) Secondary electron (SE) image of NMC 811 single secondary
particles in the cathode sheet after cleaning (4.5 V-limit cell). EDX analysis for elemental identification
of (i) carbon, (j) fluorine, (k) oxygen, and (l) nickel.
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A closer examination of Figure 4b reveals a pronounced decline in capacity during
the early stages of the cell’s operational lifespan, stabilizing after approximately 20 cycles,
similar to the pattern observed in the 4.3 V-limit sample. This initial rapid degradation
can likely be ascribed to the electrolyte’s accelerated deterioration under high-voltage
conditions and the formation of a less stable solid electrolyte interphase (SEI) layer, which
is susceptible to crystallographic and potential morphological alterations, in contrast to the
4.3 V-limit scenario [41].

Furthermore, the CE of the cell is illustrated in the same figure. While it remained
relatively stable, there was an approximate 4% reduction, which is more significant than
that of the 4.3 V-limit sample. It is important to note that the thermal behavior of both
cells was consistent, as they were subjected to identical cycling conditions in the same
environment. For the 4.5 V-limit cell, the initial capacity was approximately 230 mAh/g,
diminishing to around 130 mAh/g at the end of its life cycle. This translates to a capacity
retention rate of 56.5%, indicating a 21% decrease in efficiency compared to the cell cycled
at a 4.3 V cutoff voltage.

The primary aim of this study was to investigate the potential presence of CEI layer
constituents, particularly carbonates, through SEM-EDX analysis. Multiscale images were
acquired for the same reason presented in the case of the 4.3 V-limit sample. Figure 4b
illustrates a cluster of secondary particles, with at least one exhibiting fracturing. As
previously noted, mechanical strain during cycling may induce deformation, potentially
leading to the fracturing of secondary particles. The detection of fluorine within the interior
of the particle, as shown in Figure 4f, implies pre-cycling damage. This is consistent with
observations from the 4.3 V-limit sample, where fluorine was present on the surface of
all analyzed particles (Figure 4e,f), indicating the formation of a reactive and potentially
unstable CEI layer during cycling. In contrast, the absence of carbon on the surface of
particles in the 4.5 V-limit sample suggests a lack of carbonate components. Figure S3c,d
present the manganese color overlay of the 4.5 V-limit sample, demonstrating a distribution
pattern distinct from that of fluorine, thus confirming the presence of the latter element
and eliminating any potential misinterpretation of spectral energies.

In the scientific analysis of the 4.5 V-limit sample, a thorough STEM-EDX examination
of primary particles was conducted. The findings are presented in Figure 5. This analysis
entailed a meticulous study of two primary particles, each approximately 500 nm in size.
Figure 5c displays a detailed mapping of manganese and fluorine elements. The presence
of fluorine is evident along the edge of these particles. Consequently, a more targeted
STEM-EDX profiling was carried out on one of these particles (as depicted in Figure 5a,b),
revealing an inhomogeneous fluorine distribution along the edges (F-K 0.676 keV). This
inhomogeneity is attributed to the varying thickness of the particles.

Parallel to the procedure executed for the 4.3 V-limit sample, a carbon-oxygen (C-O)
mapping was performed. This step aimed to detect any potential carbonate layers. How-
ever, the carbon (C-K 0.278 keV) detected around the particle edges was insufficient to
conclusively identify a CEI layer composed of carbonate.

Furthermore, the comparative analysis of Figure 5e, showing NMC 811 mapping, and
Figure 5a, depicting STEM-HAADF imaging, provided a crucial insight. It confirmed the
absence of overlap between the analyzed particles. This observation is significant, as it
implies that 4D-STEM analysis could be effectively employed to ascertain the polycrys-
talline nature of these primary particles without any complications arising from particle
superposition.

The 4D-STEM ACOM analysis was performed over the zone of interest, as shown in
Figure 6. First, the orientation map (Figure 6b) showed a polycrystalline composition for
the particle on the left of the scan. For the particle on the right, the thickness did not allow
to have a high enough orientation/phase reliability to conclude on a polycrystalline or
monocrystalline composition. This information allowed us to reaffirm the hypothesis of
lower performance of the 4.5 V-limit sample in comparison to the 4.3 V-limit due to layer
rupture contributing to the deformation at a higher voltage. In Figure 6d, the phase map
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shows the presence of both NMC 811 (Figure 6f) and LiF (Figure 6e), and the orientation
and phase maps (together with STEM-EDX analysis) confirm the presence of LiF on the
particle edge, with higher confidence than the 4.3 V-limit sample. The higher confidence
could be because at a higher voltage, the more aggressive degradation of the electrolyte
leads to more LiF formation. However, this does not mean better protection from capacity
loss, as we could expect from the reviewed literature. On the contrary, it rather represents a
higher loss due to the non-stability of the CEI.

Figure 5. The 4.5 V sample: STEM-EDX analysis for primary particles. (a) HAADF image. (b) Line
profile of the selection area (red arrow (a)), featuring the nickel, oxygen, and fluorine presence over
it. (c) Color overlay featuring fluorine and manganese over particles for LiF observation. (d) Color
overlay featuring carbon and oxygen for carbonates’ observation. (e) Color overlay featuring nickel,
manganese, and cobalt (NMC 811).

Considering the analysis of both samples, the LiF layer was not formed homoge-
neously over the entire particle edge. A possible explanation for this is the fact that the CEI
formation occurs at the surface of secondary particles, meaning that during grinding, core
particles do not present any CEI formation. Moreover, the CEI layer can be affected due to
the mechanical energy induced by the grinding of the particles.

Li inorganic compounds were expected to be present in the CEI layer, as has already
been reported in the literature. Carbonates and oxides were completely absent, LiOH was
found in the sample cycled at 4.3 V in a small quantity, and LiF was present in both samples
(4.3 V and 4.5 V) as the predominant component. Even though LiF has been reported to
be used as a CEI protective layer against degradation in NMC 811, as we presented in
the introduction of this paper, in our case, the samples still presented a retention capacity
between 70% and 50%, and these values are close to those found in other works for NMC
811 samples with any treatment or additive against degradation.
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Figure 6. The 4.5 V sample. (a) TEM image of 4.5 V-limit primary particles, (b) 4D-STEM analysis
of primary particles: reliability map and orientation map superposition, (c) orientation color map,
(d) 4D-STEM analysis of primary particles: phase map and phase reliability map superposition,
(e) diffraction pattern (DF) for LIF (blue) component, and (f) DF for NMC 811 component (red).

3. Conclusions

Ni-rich cathode materials are known for the several degradation mechanisms present
due to their high potential working conditions. Chemical and mechanical degradation
have been reported in numerous works. In this research, we explored the complex degra-
dation mechanisms in Ni-rich cathode materials, known for their susceptibility to chemical
and mechanical degradation under high-potential conditions. Our primary focus was to
investigate strategies for mitigating these degradation processes without compromising
the capacity of Ni-rich materials. A pivotal aspect of this endeavor involved the formation
of a stable CEI layer.

Utilizing advanced characterization techniques, such as 4D-STEM with automated
crystal orientation mapping, along with electrochemical analysis, SEM-EDX, and STEM-
EDX, we conducted an in-depth study of CEI layer formation in conventional NMC 811 coin
cell configurations. These configurations included a lithium metal anode and an LP30
electrolyte, examined at both cutoff voltage limits and beyond.

Our findings revealed the formation of an LiF-based CEI layer in both samples, poten-
tially resulting from water traces in the cathode during preparation. While LiF is frequently
lauded for its potential in mitigating degradation phenomena in battery systems, our obser-
vations indicated that this layer does not form prior to cycling, and its protective efficacy is
not consistent with results reported by other research groups. Our electrochemical data
further highlighted a more pronounced degradation at higher cutoff voltages (4.5 V-limit),
which could be attributed to the continuous formation and dissolution of the CEI layer. This
process, coupled with particle deformation, exacerbates the degradation of the electrolyte
at elevated voltages.
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Our methodological approach and experimental setup proved effective in studying
and understanding CEI formation. However, it is critical to note that CEI formation
is predominantly a surface phenomenon at the secondary particle scale. This implies
a reduced likelihood of observing primary particles with a CEI layer in TEM analysis,
especially considering that sample preparation involves powder grinding, which may
induce postmortem degradation of the existing CEI layer.

In perspective, for a better comprehensive analysis of CEI formation, liquid electro-
chemical in situ TEM cycling analysis techniques, including STEM-EDX and 4D-STEM, are
indispensable. Our study also highlighted the inevitability of parasitic reactions, even in
controlled environments, across both homemade and commercial batteries. These insights
suggest that future advancements in battery performance may hinge on integrating elec-
trolyte additives or adopting cathode material coatings, as explored in previous studies.
This direction holds promise for enhancing the durability and efficiency of Ni-rich cathode
materials in high-potential battery applications. Finally, it is imperative to conduct a more
advanced examination of phase transformations occurring at the surface of Ni-rich NMC
in relation to the applied electrochemical potential and the composition of the CEI layer.
This investigation is crucial for advancing our understanding of the interplay between CEI
layer formation and the alteration in crystallinity of NMC materials.

4. Materials and Methods

4.1. TEM/STEM Analysis

In the context of TEM analysis, the powder from the cathode sheet was detached
from the current collector, manually pulverized, and subsequently stored in an aerated
glass flask. HAADF-STEM imaging was conducted using a Tecnai G2 F20 S-Twin (Thermo
Fisher Scientific, Waltham, MA, USA) system, operated at an accelerating voltage of 200 kV
and equipped with a C2 aperture of 70 μm. Additionally, for the acquisition of elemental
maps, an energy-dispersive X-ray spectroscope (EDX, Xflash, Bruker, Berlin, Germany) was
employed in STEM mode. EDX-STEM analysis was performed in drifted corrected mode,
with an EDS map interval of 10 s, dexell time of 8 μs, and a stop mode relative value of
50%. For Q-mapping, the TEM Cliff Lorimer B method was used, where the pixel size was
2 nm, time per pixel was 64 μs, and total scanning time was 532 s.

4.2. 4D-STEM ACOM Analysis

The TEM investigations were conducted using an accelerating voltage set to 200 kV.
During the diffraction experiments, the camera length was meticulously maintained at
300 mm. A precesion angle of 0.7◦ was employed, aimed at minimizing dynamical scat-
tering effects. The condenser aperture was precisely configured to 10 μm, resulting in a
convergence semi-angle of 0.4 mrad. For electron beam control, Gun lens 3 was utilized,
with the spot size adjusted to 5. The electron dosage for 4D-STEM analysis was established
at 150 e/Å2/s. Data processing of the 4D-STEM dataset was executed utilizing the ePattern
suite software, which facilitated denoising operations with a prominence value set at 5.
Subsequently, the ASTAR software package (developed by Nanomegas, Brussels, Belgium)
was applied for the reconstruction of phase and orientation maps. This was achieved
through the Automated Crystal Orientation Mapping (ACOM) technique, which relies on
a pattern-matching algorithm. The resolution of each diffraction pattern was configured to
512 × 512 pixels. Acquisition of these diffraction patterns was carried out using a OneView
CMOS camera, manufactured by Gatan, Pleasanton, CA, USA.

4.3. SEM Analysis

An environmental SEM (ESEM), specifically the FEI Quanta 200 Field Emission Gun
(FEG) model, augmented with an advanced energy-dispersive X-ray (EDX) microanalyzer
(X-Max 80, Oxford Instruments Co., Abingdon, UK), was employed for detailed microstruc-
tural analysis. Imaging modalities, including secondary electron (SE) and backscattered
electron (BSE) techniques, were utilized, conducted under a controlled high-vacuum envi-
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ronment at an electron acceleration voltage range of 10 to 15 keV. EDX spectroscopy was
consistently executed at an acceleration voltage of 15 keV to ensure optimal elemental
characterization. For SEM imaging, the cathode sheet was subjected to examination in
its post-recovery state, following a meticulous cleaning process within a controlled atmo-
sphere glovebox. The cathode sheet was carefully placed over the SEM sample holder
using carbon tape, with no further manipulation.

4.4. Electrochemical Analysis

The positive electrode material, namely NMC 811, was procured from NEI Corporation
(Piscataway, NJ, USA) in the form of cathode sheets, each measuring 127 mm by 254 mm,
and adhered to an aluminum current collector with a thickness of 16 μm. The composition
of the cathode involved a blend of NMC 811 (constituting 90% of the active material),
polyvinylidene fluoride (PVDF) as a binder (5%), and Super P conductive carbon (5%),
achieving a uniform thickness of approximately 60 μm ± 5%. For the electrolyte, 100 μL of
LP30, a commonly utilized formulation comprising lithium hexafluorophosphate (LiPF6)
in a binary solvent system of ethylene carbonate (EC) and dimethyl carbonate (DMC) in
a 1:1 volumetric ratio, was employed. A 1 mm-thick fiberglass separator was integrated
into the design. Lithium metal, serving as the negative electrode, was sourced from Sigma
Aldrich (Saint Louis, MO, USA), preserved in a controlled dry environment, and prepared
as a thin foil for subsequent processing.

The coin cell assembly was conducted within a dry room environment, utilizing a
13 mm punched cathode, a 15 mm punched separator, and an 8 mm punched lithium
metal. Post-cycling, the coin cell was disassembled within a nitrogen-filled glovebox,
and the cathode sheet was subjected to a thorough cleaning process using DMC. This
cleaning involved a three-cycle spinning protocol, each at 3600 rpm for 3 min, followed by
a drying phase at 80 ◦C for one hour in an air atmosphere. Electrochemical characterization
was performed by cycling the coin cell using a BSC-COM Biologic Potentiostat, with the
operational parameters and data acquisition managed by EC-Lab software, version 11.34.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/sym16030301/s1, Figure S1: Potential vs. capacity electrochemical
curve of cycled NMC 811 at an upper high voltage of 4.3 V; Figure S2: Secondary electron (SE) image
of NMC secondary particles in cathode sheet after cleaning from 4.3V-limit cell; Figure S3: Secondary
electron (SE) image of NMC secondary particles in cathode sheet after cleaning from 4.5V-limit cell.
Supporting information shows SEM-EDX images of secondary particles featuring Mn and F. The
codes of cif files used in 4D-STEM and more details of the acquisition conditions are presented
as well.
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Abstract: Until now, the comprehensive structural analysis of single crystals of zeolite ECR-1, an
aluminosilicate with the EON topology, has been hindered owing to the submicron dimensions of
the obtained crystals. Additionally, this zeolite, which is characterized by a topology comprising
alternating periodic building units of MAZ and MOR layers, exhibits stacking faults that impede
accurate refinement through the Rietveld method. In this report, we present, for the first time, the
structure of ECR-1 elucidated by studying a nanocrystal with a significantly reduced number of
stacking faults. The sample used was synthesized hydrothermally using trioxane as the organic
structure-directing agent. The structure determination was conducted using precession electron
diffraction (PED) at 103 K. Partial dehydration occurred owing to the high vacuum conditions in the
TEM sample chamber. From the dynamical refinement (Robs = 0.097), 8.16 Na+ compensating cations
were localized on six distinct crystallographic sites, along with approximately four water molecules
per unit cell. Furthermore, a canonical Monte Carlo computational study was conducted to compare
the experimental cationic distribution and location of water molecules with the simulation.

Keywords: nanozeolite; ECR-1; 3D ED; precession; kinematical and dynamical refinement; Monte
Carlo simulation

1. Introduction

Zeolites, which are microporous aluminosilicate materials, have extensive applications
in adsorption, catalysis, and cation exchange for water treatment [1,2]. The overall negative
electrical charge of zeolite frameworks allows them to accommodate charge-compensating
cations in their pores and cages. The locations and natures of these cations significantly
influence their physicochemical properties. For instance, faujasite-type zeolites with FAU

topology [3] can be used in various industrial processes, depending on their Si/Al ratios
and the nature of the compensating cations [4]. A notable example is lithium-exchanged
LSX (Low Silica X), a faujasite with a Si/Al ratio of one, serving as the primary adsorbent
for oxygen production from air [5]. Faujasites with higher Si/Al ratios, such as Y zeolites,
also play crucial roles as catalysts, with key applications in cracking, isomerization, and
hydrocarbon synthesis. In particular, in different enhanced forms, zeolite Y serves as the
cracking component in FCC (fluid catalytic cracking) catalysts [6]. Many zeolites with
distinct topologies have been synthesized to meet the ever-growing demands of industrial
processes. ECR-1, discovered in 1987 [7], is one example. Zeolites with EON topology
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feature a 2-dimensional pore system defined by straight 12-membered ring (12-MR) chan-
nels interconnected through 8-membered ring (8-MR) openings. As illustrated in Figure 1,
this topology can be viewed as a strict alternation of periodic building units (PerBU),
namely MAZ (PerBU1) and MOR (PerBU2) layers. PerBU1 comprises columns along the
a-axis of gme composite building units (CBUs) that are linked to each other via 6-MRs [8].
ECR-1 can be synthesized using various organic structure-directing agents (OSDAs), in-
cluding bis-(2-hydroxyethyl)- or bis-(2-hydroxypropyl)-dimethylammonium cations [7],
adamantane-containing diquaternary alkylammonium iodides [9], and tetramethylam-
monium [10]. It can even be produced without an organic molecule, thereby reducing
production costs [11,12]. ECR-1 has been also produced efficiently via a radicalized seeds-
assist route [12]. ECR-1 holds potential applications in the petroleum industry [12] and
seawater desalination [13].

 

Figure 1. EON topology (left) along the a-axis, with PerBU1 and PerBU2 shown in purple and blue,
respectively. Perpendicular view (right) illustrates a column formed by stacking three gme CBUs.
These columns are interconnected through 8-MRs, resulting in the characteristic wavy appearance
of PerBU1.

The crystal structure of ECR-1 was initially modeled based on high-resolution transmis-
sion electron microscopy (HRTEM) imaging [14]. Subsequent refinement from synchrotron
powder diffraction data using the Rietveld method confirmed a structure consisting of
alternating mazzite and mordenite layers with a 1:1 stacking sequence ratio [10]. However,
variations in synthesis conditions and crystal growth kinetics led to different stacking fault
densities. Cation locations were determined during the same Rietveld study [10] conducted
on the hydrated form and under ambient conditions. Despite the use of multiple synthesis
methods, no structural study from diffraction techniques on single crystal ECR-1 could be
carried out owing to the submicron scale of the crystals obtained.

In a recent study, we explored the use of small, six-ring cyclic ether molecules as the
organic structure-directing agent (OSDA) to synthesize omega (a synthetic analog of the
zeolite mazzite) and ECR-1 zeolites [15]. Notably, 1,3,5-trioxane was employed to synthesize
ECR-1. The resulting nanoscale crystals were too small for proper structural analysis from
single-crystal X-ray diffraction. Moreover, in the case of ECR-1, diffraction-line broadening
owing to the nanosized crystals and overlapping and stacking faults is highly problematic
for proper structural analysis using the Rietveld method. For this reason, 3D electron
diffraction (3D ED), which is an ensemble of methods in continuous development for the
last 20 years, has been proposed for the structural analysis of nanosized single crystals [16].
Indeed, conventional electron diffraction on transmission electron microscopes (TEM)
is well established for the characterization of nanoscale materials. However, dynamical
scattering observed in electron diffraction does not allow conventional structure analysis to
be employed routinely for X-ray diffraction data. To address this, emerging techniques like
precession electron diffraction (PED) [17,18], automated diffraction tomography (ADT) [19],
rotation electron diffraction (RED) [20], continuous rotation electron diffraction (cRED),
and serial rotation electron diffraction (SerialRED) [21] aim to reduce the dynamic effects
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on observed intensities. Several reviews describe these 3D ED methods and their recent
evolutions [21–27]. These methods have proved highly effective in resolving the structures
of many zeolites. They have also been commonly used in combination with X-ray powder
diffraction data and/or high-resolution transmission electron microscopy (HRTEM) to
elucidate the structure of many zeolitic materials with varying degrees of disorder, such as
IM-17, IM-18, MZS-1, zeolite beta, and RUB-5 [28–32].

The objective of the present study was to solve the structure of ECR-1 from a nanosized
single crystal (with significantly reduced stacking faults) and to locate the positions of the
sodium compensation cations using a 3D ED method (PED), which was chosen owing to
its advantages over powder diffraction.

2. Materials and Methods

The ECR-1 of topology EON [3] used in this study was obtained using hydrothermal
synthesis following the protocol described by Chatelard et al. [15]. In brief, a gel composed
of 10 SiO2–Al2O3–7.5 trioxane–1.7 Na2O–140 H2O was stirred at ambient temperature for
3 h before being placed in an autoclave, which was then fixed in an oven equipped with
a rotating mechanism for crystallization at 115 ◦C for 7 days under dynamic conditions
(60 rpm). Scanning electron microscopy on the as-synthesized sample showed that the
powder was composed of bundles of more or less elongated needle-like crystals of a few
hundred nm long and varying diameters [15].

Energy dispersive X-ray spectroscopy (EDX) analysis was performed at a voltage
of 15 kV using a JSM-7900F scanning electron microscope (SEM) (JEOL, Tokyo, Japan)
equipped with a Quantax analyzer system (BRUKER, Berlin, Germany) made of two
XFlash 6-30 detectors. Prior to analysis, the sample was coated with a thin film of carbon
using a Baltec SCD004 coater (Balzers, Bal Tec AG, Fürstentum, Lichtenstein).

The high-resolution synchrotron powder-diffraction pattern (SPDP) of the ECR-1
sample was obtained at the ID22 beamline of the ESRF in Grenoble, France [33]. The
setup involved a bank of nine scintillation detectors, each preceded by nine Si 111 analyzer
crystals, using vertical scanning to measure the diffracted intensity as a function of 2θ,
with the channels nominally spaced 2◦ apart. This Debye–Scherrer capillary geometry
configuration guarantees an instrumental contribution to the full width at half-maximum
(FWHM) of the diffracted peaks, typically around 0.003◦ (2θ) in optimal conditions. ECR-1
powder was placed in a thin-walled glass capillary (1 mm in diameter) mounted on a
spinner on the axis of the powder diffractometer. A Le Bail refinement [34] was conducted
using the free software suite GSAS-II [35].

The PED measurements were conducted using a CM200 TEM (Philips, Eindhoven, The
Netherlands) equipped with a DigiStar P2010 (NanoMEGAS, Brussels, Belgium) precession
system. Data were recorded by a side entry Phurona CMOS (EMSIS, Münster, Germany)
camera (12 M pixel model). An acceleration voltage of 200 kV was applied, and the camera
length was set at 1200 mm. A 40 μm condenser aperture and a spot size of 3 were used,
and the beam illuminating the sample had a diameter of 105 nm. A Gatan Elsa single-tilt
cryo-transfer sample holder was used, enabling data acquisition at a temperature of 103 K.
The sample was ground and deposited directly on a carbon-coated Cu grid without prior
sonification of the powder in a solvent. In “precession tomography” mode, diffraction
patterns were consecutively acquired by manually tilting (without the use of automated
acquisition software) the same crystal along the α-axis of the single-tilt cryo-transfer sample
holder while precessing the beam. The tilting step size was 1◦, and the crystal was rotated
in an angular range of −57◦ to +48◦. During rotation, the electron beam was deviated to
minimize the exposure time of the sample. Data reduction and integration were performed
using PETS2.0 software [36].

We measured 14 crystals, which exhibited different degrees of diffuse scattering in
the 00l direction of the reconstructed sections 0kl and h0l (data not shown). For the sake
of simplicity, results from one crystal, which exhibited a negligible amount of diffuse
scattering, will be discussed in the following. The crystal size used for the data collection
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had dimensions of ~400 × ~200 nm (see Figure S1), rendering it well-suited for the chosen
method. During the data-collection process, the electron exposure duration (500 ms per
step) was insufficient to cause observable degradation of the zeolite crystals. As a result,
potential disruptions to the quality of the collected data were effectively minimized. The
merging was carried out in the Laue class mmm, yielding Rint = 0.1837 for nobs = 439 (nall =
4428) reflections. The reconstructed reciprocal-space sections were calculated using PETS2,
and sections hk0, 0kl, and h0l are shown in Figure 2a–c. Utilizing the Jana2020 software [37],
the structural solution, derived through the charge-flipping algorithm applied to the ex-
tracted intensities, directly provided the atomic positions of silicon and oxygen atoms
of the ECR-1 framework with EON topology. However, this process required additional
steps, including successive difference Fourier map calculations and recycling, to precisely
determine the positions of the extra-framework species (compensating Na+ cations and
water molecules). The refinement process included kinematic least-squares refinements on
squared amplitudes, denoted as|F|2, and was carried out using the Jana2020 software. To
obtain the most accurate model from electron diffraction data, accounting for dynamical
diffraction effects, a subsequent dynamical refinement was conducted. In accordance with
the dynamical theory of diffraction, the experimentally observed intensities are influenced
not only by structural factors but also by the crystal’s orientation and thickness. This intro-
duces complexity to the relationship between observed intensities and calculated structural
factors. Various parameters must be incorporated during the refinement procedure to
account for these effects. The Jana2020 software provides options for dynamical refinement,
and the specific details of this method are reported elsewhere [22]. The illustrations of the
structures were produced using Vesta [38] or Diamond [39] software.

Figure 2. Reconstructed reciprocal-space sections along three different directions (a–c).

In order to investigate the distributions of sodium cations and water molecules
throughout various crystallographic sites in the ECR-1 structure, we employed the Monte
Carlo (MC) simulation technique using the procedure previously employed for potassium-
exchanged faujasite zeolite (KX) [40]. The MC simulations were performed in the canonical
ensemble (NVT), where the number of simulated particles N and the simulation cell volume
V are kept fixed throughout the simulation, and temperature T is the temperature of the
3D ED experiment (103 K), applying the 8.0.0 version of the Towhee code [41]. The initial
microscopic model for the ECR-1 zeolite was derived from the experimental structure
with a unit cell chemical composition given by the formula Na11Si49Al11O120 and unit
cell parameters of a = 7.4865 Å, b = 17.8463 Å, and c = 25.6545 Å. The aluminum atoms
were then distributed according to the Loewenstein rule [42], and various starting Na+

charge-compensating cation distributions were prepared.
The partial-charge distribution through the atoms of a semi-ionic zeolite structure

are given in Table 1. To model the inter-molecular zeolite/zeolite, water/zeolite, and
water/water interactions, we employed an expression containing a repulsion–dispersion
term and an electrostatic potential term. These contributions were described using the
Lennard–Jones (LJ) and Coulombic formulae, respectively. For the ECR-1 zeolite, we
extracted the whole set of LJ and Coulombic parameters (q, ε, and σ) from the Clay force
field [43]. For the water molecule, a five-point potential TIP5P model was employed [44]. In
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this model, which can reproduce the water liquid density, only oxygen atoms constitute LJ
interaction sites. Moreover, it maintains the molecule rigid with the geometrical parameters
set on the experimentally observed values in the gas phase (O-H bond length of 0.9572 Å
and HOH angle of 104.52◦). Finally, we used the Lorentz–Berthelot combination rules in
order to determine the LJ interaction parameters for any pair of unlike atoms.

Table 1. The applied parameters of the Lennard–Jones interaction potential (ε, σ) and the partial
atomic charges (q) distributed on atoms of adsorbent [43] and adsorbate [44] species.

Parameters for the Non-Bonded Interactions

Atom ε/kB (K) σ (Å) q (e)

H(H2O) 0 0 0.241
O(H2O) 80.52 3.12 0

L(H2O) (lone pair interaction site) 0 0 −0.241
O (zeolite) 78.20 3.17 −1.094
Si (zeolite) 0.93 × 10−3 3.30 2.10
Al (zeolite) 0.93 × 10−3 3.30 1.58

Na+ 65.47 2.35 1.00

The simulation box consisted of the unit cell multiplied by four in the x-direction
and two in the y-direction (29.9460 Å, 35.6926 Å, and 25.6545 Å) and contained 32 water
molecules (corresponding to the experimental loading of 4 H2O molecules per unit cell).
During the MC simulations, the framework atoms (Si, Al, and O) were fixed, whereas
the charge-compensating cations and the water molecules were able to displace. An
equilibration phase of a Monte Carlo run consisted of 1.0 × 107 steps, while a production
phase consisted of 2.0 × 107 steps. The following MC moves were employed: a cation
translation and cation intra-box swap move, a water molecule center of mass translation,
and a center of mass rotation and water molecule intra-box swap move [41]. The targeted
acceptance rate of approximately 50% was maintained by regulating the maximum allowed
translations and rotations, which were adjusted during the equilibration phase of the MC
run. Periodic boundary conditions were applied in all three spatial directions. Ewald
summation was employed to account for Coulombic interactions. Additionally, a cut-off
distance of 12.5 Å was considered for Van der Waals interactions.

3. Results and Discussion

As demonstrated in Figure 3, the high-resolution SPDP acquired reveals the existence
of trace amounts of nanosized mazzite and mordenite zeolites in the ECR-1 sample. Fur-
thermore, consistent with the findings of Leonowicz and Vaughan [14], our sample displays
stacking disorder, as evidenced by the results of the Le Bail refinement (Figure 3).

 

Figure 3. Le Bail refinement plot of ECR-1 (λ = 0.354196 (3) Å, a = 7.56159 (6) Å, b = 18.1016
(2) Å, c = 26.0313 (4) Å, wR = 4.8%) showing the presence of trace amounts of mazzite (MAZ)  
and mordenite (MOR) zeolites. The Miller indices are indicated alongside the FWHM values in
parentheses for representative reflections.
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It is important to highlight that the observed peak broadening is not solely attributable
to crystal size/shape effects; rather, there is an anisotropic peak broadening along the c-axis,
similar to the findings in the structural study conducted by Gualtiri et al. [10]. The FWHM
of the reflections showed this marked anisotropy, where reflections with l �= 0 are broad
and those with l = 0 are sharper. To accurately reproduce the observed powder pattern
and account for stacking faults, a DIFFaX [45] simulation is imperative [10] in this case.
Accordingly, we conducted a structural study using the 3D ED technique. Our objective was
to isolate a nanocrystal with minimal stacking faults, allowing us to directly determine the
structure of ECR-1 with EON topology. Furthermore, this approach to structural resolution
from single-crystal data provides greater ease in locating compensation cations compared
with powder-diffraction methods.

Following kinematical refinement, the final Robs was determined to be 0.1690, and
the refined composition was identified as Na8.84Si60O120. Additional statistical indicators
and refinement parameter details can be found in Table 2. In the kinematical structure
refinement, all extra-framework species were refined as compensating cations without
considering the presence of water molecules. This oversight was rectified in the dynamical
refinement by examining the short Na. . .Na distances around 2.5 Å and replacing the
corresponding sodium atoms with oxygen atoms of water molecules. The post-refinement
composition was determined as (Ow)4.52Na8.16Si60O120 (where Ow represents the water
molecule). Further details regarding the dynamical refinement parameters are shown in
the right column of Table 2. The positional parameters, including x, y, and z coordinates,
occupancies, and atomic displacement parameters, are provided in Tables S1 and S2 for the
kinematical and dynamical refinements, respectively.

Table 2. Crystal and structural refinement data for ECR-1, with two distinct columns highlighting the
values that differ between kinematical and dynamical refinements.

Kinematical Refinement Dynamical Refinement

Refined empirical formula Na8.84Si60O120 Na8.16Si60O124.52
Formula weight 3802.0 3869.5
Temperature/K 103.0
Crystal system orthorhombic

Space group Pmmn (#59)
a/Å 7.487 (3)
b/Å 17.846 (12)
c/Å 25.655 (8)

α = β = γ/◦ 90
V/Å3 3427.60 (15)

Z 1
ρcalc g/cm3 1.842 1.875

F(000) 629.896 635.553
Crystal size/nm ~400 × ~200
Data collection TEM Philips CM200,

Collection mode Precession-assisted 3D ED
Source (wavelength) electrons (λ = 0.02508 Å)

2θ range for data collection/◦ 0.05 to 1.01
Index ranges −8 ≤ h ≤ 9, −23 ≤ k ≤ 23, −31 ≤ l ≤ 26

Reflections collected 4367 17,481
Independent reflections 438 (Rint = 0.1837) 1040 (no averaging done)

Data coverage for sinθ/λ = 0.6 Å−1 92.4% 93%
Data/restraints/constraints/parameters 4367/0/137 17481/17/32/275

Avg./Min/Max crystal thickness - 526/25/2386 Å
gmax, RSg(max) - 1.3, 0.5

Goodness-of-fit on F2 obs: 2.34, all: 1.281 obs: 2.62, all: 0.7976
Final R values [I ≥ 3σ(I)] Robs = 0.169, wR2obs = 0.358 Robs = 0.097, wR2obs = 0.1798
Final R values [all data] Rall = 0.604, wR2all = 0.641 Rall = 0.517, wR2all = 0.2245

For the treatment of 3D ED data, the persistence of the dynamical effects in kinematical
refinement is reflected in the relatively high R values. This phenomenon is commonly
observed in electron diffraction techniques, even extending to 3D ED methods, where
Robs values of approximately 0.2 or higher are routinely encountered during kinematical
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refinements [30,46–48]. However, for the dynamical refinements, the Robs value substan-
tially decreases, reaching as low as 0.097, as shown in Table 2. This fact confirms that high
R values obtained during kinematical refinements are mainly due to dynamical effects.
Another noteworthy point is the proximity of the atomic scattering factors for Si and Al.
This proximity poses a challenge in refining Si and Al positions separately, particularly
in the case of mixed tetrahedral site occupancies. Accordingly, in both kinematical and
dynamical refinements, all tetrahedral atoms in the framework are refined as Si.

The dynamical refinement method yields superior figures of merit, provides a more
comprehensive explanation of the observed electron diffraction intensities, and more
accurately represents the crystal structure. As a result, the remainder of the discussion will
focus on the outcomes derived from the dynamical refinement process.

As indicated in Table 2, the dynamical refinement results in a composition of
Na8.16Si60O124.52, where 4.52 oxygen atoms are from adsorbed water molecules. This
chemical composition, in terms of sodium content, deviates from the average chemical
composition of Na10.40A110.40Si49.60O120, as determined by EDX (see Figure S2). Approx-
imately 78.5% of the cations are located in the structure, distributed across six distinct
crystallographic sites, with occupancies ranging from ~0.08 to ~0.8. The disparity between
the chemical analysis of the powder and the result of the structural study on an individual
nanocrystal can be attributed to the non-uniform distribution of aluminum atoms through-
out the sample, potentially altering the number of negative charges within the framework
that require compensation.

In a prior study, based on powder XRD data and using the Rietveld method, Gualtieri
et al. identified different crystallographic sites for Na+ in a hydrated zeolite ECR-1 with a
similar chemical formula of Na10.97Ca0.36(H2O)x[Al11.54Si48.46O120] per unit cell [10]. Figure
S3 illustrates the structure refined in this study and that of Gualtieri et al. [10]. The high
vacuum conditions in the TEM sample chamber (~10−5 Pa) led to partial dehydration, as
evidenced by the notable difference in the number of water molecules between the two
structures: around 37.5 in the Rietveld study [10] compared with 4.5 in the present structural
analysis using 3D ED. In the hydrated state of the ECR-1 sample, the observed weight loss
on the thermogravimetric curve after dehydration is approximately 12%, corresponding to
roughly 30 water molecules per unit cell [15]. The bond distances between both structures
are reported in Table 1Sa in ref. [10] and in Table S3. The average Si—O bond lengths
change significantly between the two framework structures, with averages of 1.64 Å in
the Rietveld study and 1.61 Å in the current 3D ED study. The O-Si-O angles exhibit
similar deformations of the silicon tetrahedrons, where they vary from 95.2◦ to 122.5◦ in the
Rietveld study and from 101.4◦ to 122.1◦ in the present work after dynamical refinement.

Table 3 shows that both crystallographic studies reveal consistent interactions among
the compensating Na+ cations, water molecules, and the framework oxygen atoms. The
average shortest distances recorded are 2.58 Å and 2.62 Å in the Rietveld study and the
current 3D ED study, respectively. Notably, the Na. . .O distances exhibit a range, with
minimum values of 2.25 Å and 2.29 Å and maximum values of 3.06 Å and 3.08 Å in the
former Rietveld and current 3D ED crystallographic studies, respectively.

Table 3. Comparison of Na. . .O shortest distances after dynamical refinements at 103 K with the
Rietveld analysis by Gualtieri et al. [10] at room temperature. Na+ cations are labeled as C1 to C4.

Gualtieri et al. [10] This Work

C1 O13 2× 2.25(4) Na1 Ow3 2× 2.48(8)
H2O10 1× 2.36(9) O22 1× 2.72(4)

O8 2× 2.36(5) O10 2× 2.98(2)
O5 2× 2.95(7) Na2 Ow2 1× 2.29(2)

O11 1× 3.03(7) Ow1 1× 2.32(3)
C2 O11 1× 2.28(4) O2 2× 2.64(1)

H2O1 2× 2.65(2) O13 1× 2.66(2)
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Table 3. Cont.

Gualtieri et al. [10] This Work

O6 2× 2.76(2) O9 1× 2.79(2)
H2O6 1× 3.06(5) O16 2× 2.85(2)

C3 H2O4 1× 2.35(2) Na3 O14 2× 2.41(6)
H2O5 1× 2.49(4) O11 2× 2.59(5)
O20 1× 2.58(3) Na4 O6 1× 2.46(6)
O14 1× 2.62(3) O14 2× 2.52(5)

C3b O16 1× 2.40(4) O1 2× 2.57(5)
H2O4 2× 2.47(4) Na5 Ow2 1× 2.44(1)
O19 2× 2.50(4) O13 1× 2.73(1)

C4 H2O7 1× 2.37(6) O16 2× 2.83(8)
H2O3 2× 2.51(4) O18 2× 3.08(1)
O22 2× 2.954(4) Na6 O14 2× 2.33(3)

O7 1× 2.41(6)
O11 2× 2.84(4)

However, there is variation in the distribution within the porosity, as depicted in
Figure 4. In the hydrated ECR-1, as studied by Gualtieri et al. [10], 67.4% of the cations (C1,
C3a, and C3b) are localized in the straight 12MRs channels (Figure 4a).

Figure 4. Perspectives showing the cation sites in ECR-1 (a,b) after the Rietveld analysis by Gualteri
et al. [10], where Na+ cations are labeled as C1 to C4, and (c,d) from the present crystallographic study
using 3D ED. The interatomic distances (Na. . .O dashed bonds) between the cations and oxygen
atoms of the framework, as well as the water molecules, are provided in Table 3.
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For the remaining cations, 12.4% are distributed in the 8MRs channels (C4), connecting
PerBU1 and PerBU2, and 20.2% within the 8MRs channels (C2) of PerBU2 (Figure 4b). In
our present 3D ED study, after partial dehydration, only 32.4% of the cations are located
inside the 12MRs (Na3, Na4, and Na6, Figure 4c). The other cations are situated as follows:
4.0% inside the 8MRs opening in PerBU1 (Na5); 38.7% in the 8MRs channels connecting
PerBU1 and PerBU2 (Na2) in a site close to C4; and 24.9% within the 8MRs channels of
PerBU2 (Na1) (Figure 4d) equivalent to C2. The water molecules remaining after partial
dehydration under the vacuum of the TEM are predominantly confined in cavities with
openings at 8MRs. This implies an accelerated and facilitated evacuation process when
these molecules are situated within the 12MRs channels.

We initially anticipated the presence of trioxane molecules within the pores of ECR-1.
Indeed, following the thermogravimetric analysis under air, Chatelard et al. proposed its
location in the gme composite building units, possibly as a [Na+-trioxane] complex [15].
However, Fourier difference maps did not reveal corresponding residual electron densities
in the gme cage, in the straight 12MRs channels, or elsewhere. This outcome is attributed to
the facile evacuation of the neutral trioxane molecules under vacuum. Nevertheless, it is
not improbable that the electron beam has induced the reduction of trioxane molecules into
carbon monoxide, which can be more readily evacuated through the 8MRs windows of the
gme units than trioxane itself. Such damage from electron beams on zeolites is frequent,
more specifically for the organic part [49].

The averaged cationic distributions of the experimentally determined crystallographic
sites in both totally dehydrated and partially hydrated ECR-1 zeolite structures are sum-
marized in Table 4. Comparing the simulated and experimental distributions reveals that
cationic site occupancies exhibit similar behavior. Sites Na1 and Na2 are the most popu-
lated, followed by sites Na3, Na6, and Na4. In contrast, site Na5, which was unoccupied in
the simulation, has the lowest experimental occupancy.

Table 4. Average computed number of charge-compensating Na+ cations located proximal to the
corresponding experimentally determined crystallographic sites per unit cell.

H2O/Unit Cell Na1 Na2 Na3 Na4 Na5 Na6 Others

0
Nb. of cations 3.05 2.79 1.50 0.03 0.00 0.49 3.14

s.o.f. (MC@103 K) a 0.76 0.70 0.38 0.01 0.00 0.16

4
Nb. of cations 2.41 3.00 1.13 0.16 0.00 0.35 3.95

s.o.f. (MC@103 K) a 0.60 0.75 0.28 0.04 0.00 0.09
s.o.f. (3D ED) b 0.507 0.789 0.212 0.209 0.082 0.240

a Site occupancy factors from the canonical Monte Carlo simulation; b site occupancies factor from the 3D ED
crystallographic study.

Table 5 provides a comprehensive overview of the average distribution of water
molecules across various crystallographic sites in ECR-1 zeolite. Despite the non-negligible
probability of finding water molecules in the straight 12MRs channels, as depicted in
Figure 5, the calculated locations around the cationic sites align well with the experimental
trend. While a slight disparity exists between the simulated and experimental cationic
distribution and the positioning of water molecules, it is crucial to acknowledge that the
Monte Carlo simulation relied on a generic force field. Additionally, the distribution of
aluminum atoms within the framework can impact cationic locations. Therefore, given the
simplicity of the computational approach, the simulation demonstrates a commendable
agreement with the experimental results.
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Table 5. Average computed number of water molecules in experimentally determined crystallo-
graphic sites.

Ow1 Ow2 Ow3 Ow4 Na5 Others

Nb. of H2O molecules 0.50 0.38 0.89 0.13 0.32 2.10
s.o.f. (MC-103K) a 0.25 0.19 0.11 0.06 0.16

a Site occupancy factors from the canonical Monte Carlo simulation.

 
Figure 5. Perspective along the a-axis featuring 4000 superposed configurations of H2O within the
simulation box of ECR-1 zeolite at a loading of 4 H2O per unit cell. Each grey dot corresponds to an
oxygen atom of a water molecule.

4. Conclusions

The first structural analysis of ECR-1 zeolite using the 3D ED technique PED has
revealed significant insights into its composition, crystal structure, and distribution of
charge-compensating cations and water molecules within its framework. The final dy-
namical refinement (Robs = 0.097) led to a chemical composition of Na8.16Si60O124.52, with
4.52 oxygen atoms attributed to adsorbed water molecules. This composition differs from
the average chemical composition determined by EDX, indicating a non-uniform distri-
bution of aluminum atoms within the sample. Comparison with a prior Rietveld study
highlights the impact of the dehydration phenomenon in the microscope on the crystal
structure of ECR-1. The distribution of cations within the ECR-1 framework varies, with the
remaining water molecules predominantly confined to cavities that connect 12MRs straight
channels. The absence of OSDA trioxane used for the synthesis was attributed to its facile
evacuation under the vacuum. However, the possibility of electron beam-induced damage
cannot be disregarded. Overall, the experimental findings align well with simulated dis-
tributions of cations and water molecules, despite slight disparities that are attributed to
the complexity of the framework and computational limitations. The study underscores
the importance of advanced structural analysis techniques in elucidating the complex
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nature of zeolite frameworks and provides valuable insights for further understanding
their properties and potential applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
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parameters (Å2) of ECR-1 (3D ED, kinematical refinement). Table S2: Fractional atomic coordinates
and isotropic displacement parameters (Å2) of ECR-1 (3D ED, dynamical refinement). Table S3: Si-O
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checkCIF file.
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