Micron 184 (2024) 103677

Contents lists available at ScienceDirect

Micron

journal homepage: www.elsevier.com/locate/micron

ELSEVIER

In-situ imaging of heat-induced phase transition in a two-dimensional
conjugated metal-organic framework

David Miicke ™", Baokun Liang“, Zhiyong Wang “%"" Haoyuan Qi®, Renhao Dong “¢,
Xinliang Feng ““, Ute Kaiser »""

& Central Facility for Materials Science Electron Microscopy, Universitat Ulm, Ulm 89081, Germany

b Institute for Quantum Optics, Universitat Ulm, Ulm 89081, Germany

¢ Faculty of Chemistry and Food Chemistry & Center for Advancing Electronics Dresden (cfaed), Technische Universitit Dresden, Dresden 01062, Germany

4 Max Planck Institute of Microstructure Physics, Halle (Saale) 06120, Germany

€ Key Laboratory of Colloid and Interface Chemistry of the Ministry of Education, School of Chemistry and Chemical Engineering, Shandong University, Jinan 250100,
China

ARTICLE INFO ABSTRACT

Keywords: Atomically-resolved in-situ high-resolution transmission electron microscopy (HRTEM) imaging of the structural
HRTEM dynamics in organic materials remains a major challenge. This difficulty persists even with aberration-corrected
in-situ . instruments, as HRTEM images necessitate a high electron dose that is generally intolerable for organic materials.
g::tail:;rgamc frameworks In this study, we report the in-situ HRTEM imaging of heat-induced structural dynamics in a benzenehexathiol-

based two-dimensional conjugated metal-organic framework (2D c-MOF, i.e., Cuz(BHT)). Leveraging its
hydrogen-free structure and high electrical conductivity, Cus(BHT) exhibits high electron beam resistance. We
demonstrate atomic resolution imaging at an 80 kV electron accelerating voltage using our Cc/Cs-corrected
SALVE instrument. However, continuous electron irradiation eventually leads to its amorphization. Intrigu-
ingly, under heating in a MEMS holder, the Cuz(BHT) undergoes a phase transition to a new crystalline phase and
its phase transition, occurring within the temperature range of 480 °C to 620 °C in dependence on the electron
beam illumination. Using HRTEM and energy-dispersive X-ray mapping, we identify this new phase as CuS. Our
findings provide insights into the mechanisms governing structural transitions in purposefully engineered
structures, potentially pivotal for future endeavours involving the production of metal oxide/sulfide nano-
particles from MOF precursors.

Phase transition

1. Introduction Shahangi Shirazi and Akhbari, 2015; Zhang and Hu, 2010). Through
thermal degradation of MOFs, nanoparticles of metal oxides (Negar
et al., 2021; Shahangi Shirazi and Akhbari, 2015; Zhang and Hu, 2010)

or metal chalcogenides (Luo et al., 2019) but also metal clusters (Chen

Metal-organic frameworks (MOFs) represent an emerging class of
crystalline porous materials constructed from metal-containing nodes

and organic ligands (Dong et al., 2018; Huang et al., 2015). Due to their
unique features, including a high degree of structural and chemical
tailorability and high porosity, research on MOFs with alternating
organic ligands, metal centers and framework geometries has increased
dramatically, as has the number of potential applications, such as gas
storage (Murray et al., 2009), separations (Li et al., 2012), and catalysis
(Corma et al., 2010). In addition, MOFs are of growing interest for the
production of nanoparticles (Chen et al., 2009; Negar et al., 2021;

et al., 2009) can be produced. CuS stands out as a p-type semiconductor
with applications ranging from solar cells and chemical sensors to a
large variety of other electrical applications (Saranya et al., 2014),
depending on the size and morphology of the nanoparticle (Goel et al.,
2014). However, the production of CuS by thermal degradation of MOFs
differs significantly from other synthesis techniques such as hydro-
thermal/solvothermal methods, sonochemical synthesis or microwave
irradiation(Goel et al., 2014). Despite rapid advances in synthesis and
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theory, the response of MOFs to external stimulation remains largely
unexplored. As a result, the nanoparticle production via thermal
degradation has not been explored so far. Recently, Bennett and
co-workers have investigated the structural changes in the zeolitic imi-
dazolate framework (ZIF) family of MOFs upon external stimuli such as
high pressure and high temperature, showing structural collapses and
transitions to liquid states, respectively (Widmer et al., 2019). Complex
behavior in ZIF-62 and ZIF-4 were identified with distinct high- and
low-density amorphous phases, existing in different regions of the
pressure-temperature phase diagram. However, the structural evolution
was monitored by in-situ powder X-ray diffraction, offering a
spatially-averaged depiction of the transition process. To the best of our
knowledge, there are no reports on atomic resolution real space in-
vestigations. Due to the lack of suitable methods for in-situ monitoring of
the structural changes, there is also a lack of clarity regarding the pro-
cesses involved in nanoparticle formation during heating.
Aberration-corrected high-resolution transmission electron microscopy
(AC-HRTEM) has been proven a powerful technique for revealing inor-
ganic material structures in-situ with sub-angstrom (A) resolution at
voltages ranging from 300 kV (Haider et al., 1998; Jia et al., 2014) down
to 20 kV (Linck et al., 2016; Kaiser, 2024). The latter voltage was real-
ized in the frame of the sub-Angstrom low-voltage electron microscopy
project (SALVE), enabled by the implementation of a novel spherical and
chromatic aberration corrector. In-situ observation of dynamic processes
in inorganic 2D materials, including crystallization, defect formation
and evolution and thermal phase transition is readily achievable (Cao
et al., 2020; Kiihne et al., 2018; Lehnert et al., 2017). Nonetheless, the
structural elucidation of organic 2D materials, e.g., MOFs, remains a
challenging task even at unit-cell resolution as radiation damage rapidly
evolves during imaging (Egerton, 2019; Kretschmer et al., 2020). The
impact of the incident electrons triggers atomic displacement, bond
scission, and chemical reactions, leading to the degradation of the
structural integrity. Thus, the fast degrading specimen leads to a sub-
stantial gap between instrumental resolution and achievable resolution
in the recorded HRTEM image.

Atomic displacement due to knock-on damage is often the dominant
damage mechanism in inorganic specimens and can be significantly
reduced by operating the TEM at an acceleration voltage below the
particular knock-on damage threshold (Kaiser et al., 2011; Skowron
et al., 2017). The knock-on threshold energy for C-C and C=S bonds is
about 85 keV and 140 keV, respectively, which means that when TEM
analysis of a specimen containing C-C bonds, the acceleration voltage
should be below 85 kV (Chamberlain et al., 2015; Meyer et al., 2012;
Skowron et al., 2013), to avert knock-on damage. However, unlike C-C
or C=S bonds, which are highly stable under low-voltage electron
beams, the likelihood of C-H bond dissociation increases sharply as the
electron beam energy decreases below 100 keV (Chamberlain et al.,
2015). The instability of C-H bonds against knock-on damage originates
mainly from the exceptionally low atomic weight of hydrogen, causing a
large amount of energy to be transferred from the incident electrons to
hydrogen. The extremely high knock-on damage cross-section of
hydrogen (85 barn at 80 kV (Chamberlain et al., 2015)) poses a signif-
icant challenge in investigating 2D polymers, 2D c-MOFs and COFs
(covalent organic frameworks). Moreover, the removal of hydrogen will
create dangling bonds, which further reduces the knock-on threshold of
the carbon backbone. Despite the reduced knock-on damage for most
other elements by operating the microscope under lower voltages,
hydrogen poses a severe limitation on the intrinsic stability of organic
specimens during TEM imaging.

Thus, in this work, we utilize a hydrogen-free benzenehexathiol
(BHT)-Cu 2D c¢-MOF - Cu3(BHT) - which has the chemical formula
Cu3SeCe. Through the hydrogen-free structure of the 2D c¢-MOF, imaging
at lower acceleration voltages is enabled. Additionally, the damage
resulting from the interactions between beam and specimen electrons is
significantly reduced due to the exceptionally high conductivity of
Cus(BHT) (2500 S/cm) at room temperature (Egerton, 2012; Huang
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et al., 2018). The high electrical conductivity in 2D c-MOFs is achieved
through their characteristic strong in-plane =n conjugation and
out-of-plane interlayer coupling, while (3D) MOFs typically suffer from
extremely low electrical conductivity (<10’10 S cmfl). This has opened
up an exciting opportunity of not only imaging the 2D ¢c-MOF down to
atomic scale at lower voltage (i.e., 80 kV) (Miicke et al., 2024), but also
prolonged observation, which enables in-situ tracing of the structure, as
a much higher electron dose compared to hydrogen-rich (3D) MOF
structures can be applied to the specimen before it degrades. The pos-
sibility of in-situ tracing of the structure led to fascinating research in the
field of inorganic specimens (Casu et al., 2018; Storm et al., 2023),
inspiring us to explore the effects of the electron beam and external
heating on Cug(BHT). In this study, we focus on an in-situ investigation
of the formation process of copper sulfide nanoparticles resulting from a
phase transition in Cug(BHT) at elevated temperatures. To better un-
derstand the transition process, three procedures combing heating and
electron beam illumination, utilizing 80 kV in-situ C./Cs corrected
HRTEM imaging and in-situ heating, are compared. These are either
e-beam or heating alone and a combination of both. For the experiment
with only heating, HRTEM images were acquired to document the
transformation process, but the electron dose was kept as low as
possible.

2. Results and discussion
2.1. Synthesis of Cus(BHT)

Cu3(BHT) crystals were synthesized on the water surface through a
three-step process. Initially, a 100 pl chloroform/dimethylformamide
solution of BHT (0.3 mg ml™) was dispersed on the water surface in a
30 cm?sized Teflon trough under ambient conditions (Step 1).
Following 30 min of self-assembly and packing of the BHT ligands, a
yellow film appeared on the water surface. Subsequently, in step 2, 5 ml
of Cu(NO3), aqueous solution (1 mg ml~ 1) was injected into the water
subphase to initiate 2D coordination polymerization between Cu®" ions
and BHT ligands on the water surface. After 8 h, a black film was formed
on the water surface (step 3), which can be transferred horizontally to a
Quantifoil TEM grid for TEM characterization. The samples underwent
rinsing with chloroform, ethanol, and water, followed by 2 h of drying in
ambient conditions before TEM investigations. Fig. 1A presents a low
magnification scanning TEM (STEM) high-angle annular dark-field
(HAADF) image of the Cug(BHT) 2D ¢-MOF. The particles demonstrate
faceted surface morphology indicating the high crystallinity of the
sample.

2.2. Electron resilience of Cus(BHT)

The stability of Cug(BHT) was determined by electron dose series in
the HRTEM imaging mode (Supplementary Fig. 1). The structural inte-
grate has been monitored as a function of the total accumulated electron
dose. With continuous electron bombardment (2.4x10°% e'/Az/s), the
Cus(BHT) structure started to degrade, which is reflected by the fading
of the crystalline reflections in the FFT patterns. The total intensity of
the first order reflections was plotted as a function of the accumulated
electron dose. As the first order reflection intensity reached 1/e (c.a.
37 %) of the starting intensity, the accumulated dose is defined as the
critical dose. Remarkably, the critical dose of Cu3(BHT) shows an
extremely high value of around (1.73 + 0.14) x10° e’ /A% at 80 kV
(SALVE instrument) and (2.48 + 0.77) x10° e'/A? at 300 kV (Miicke
et al., 2024) (TITAN instrument), which is about five orders of magni-
tude higher than the critical dose of typical MOF structures, such as
UiO-66 and ZIF-8, where this value is smaller than 20 e /A2 (Zhanget al.,
2018), and is comparable to the electron resilience of inorganic 2D
materials(Algara-Siller et al., 2013). It should be noted that the critical
dose at 80 kV and 300 kV are of the same order of magnitude, allowing
for the use of enhanced contrast at 80 kV without compromising image
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0.95 A

Fig. 1. Imaging Cu3(BHT) (A) STEM HAADF image of the Cuz(BHT) crystals, showing clear hexagonal facets. (B) 80 kV Cc/Cs-corrected HRTEM image of a thin area
of the Cus(BHT) particle obtained with an electron dose of 5200 e /A2 All atomic columns have been clearly resolved. Inset: corresponding FFT pattern demon-
strating an imaging resolution of 0.95 A. (C) Magnified image of the red area in B, (D) image simulation of a Cuz(BHT) particle, (E) atomic model of Cuz(BHT).

quality.

2.3. Cc/Cs-corrected-HRTEM imaging of Cus(BHT) and chemical
analysis

We use the Cc/Cs-corrected SALVE (Sub-Angstrom Low-Voltage
Electron Microscopy) instrument operated at 80 kV in HRTEM imag-
ing mode. Fig. 1B displays the corresponding HRTEM image of
Cus(BHT) showcasing an image resolution of 0.95 A (for further insights
see (Miicke et al., 2024)). A qualitative comparison of the simulated
HRTEM image contrast (Fig. 1D), based on the structural model depicted
in Fig. 1E, with the experimental image (Fig. 1C) shows good agreement.
Additionally, all atomic columns are clearly resolved. The achievement
of sub-angstrom resolution at 80 kV has been enabled by the high
electron resilience through the hydrogen-free design of the structure and
the high electrical conductivity.

To further investigate the chemical composition of the Cug(BHT) 2D
c-MOF, STEM energy-dispersive X-ray mapping was conducted. As
shown in Supplementary Fig. 2, Cu: S ratio was determined to be 1: 2.1
4+ 0.15, whereas the theoretical value is 1: 2 (chemical formula:
CusSeCs). The good agreement between the measured and theoretical
Cu: S ratio further confirms the successful synthesis of Cug(BHT) with
the expected structure and chemical composition.

In in-situ heating TEM experiments using a MEMS chip, energy is
transferred to the specimen through both, the electron beam and
external heat. Previous studies have demonstrated that both forms of
energy transfer can induce phase transitions (Storm et al., 2023).
However, the effect of simultaneously applying external heat and elec-
tron beam illumination may alter the transition temperature(Casu et al.,
2018). This effect has not been studied thoroughly. Therefore, this paper

explores how energy transfer via the electron beam and external heat
affects the Cuz(BHT) 2D c-MOF, both separately and in combination.

Firstly, we investigate the effect of the 80 kV electron beam illumi-
nation on Cus(BHT) flakes with a continuous dose rate of 2.4x10° e/
AZs. Fig. 2 A-C show three snapshots, depicting the same sample area
with increasing accumulated electron dose. As seen, the crystallinity of
the ¢-MOF gradually diminishes with growing accumulated electron
dose, as seen in the FFT shown in the insets. It is apparent from this
observation that solely illuminating the Cus(BHT) leads to sample
degradation.

Secondly, we investigate the combined effect of the 80 kV electron
beam together with external heating. A MEMS heating holder was
employed to monitor the effects of heating on the specimen in-situ.
Fig. 3A shows Cc/Cs-corrected HRTEM images of Cuz(BHT) at 460 °C.
The corresponding FFT reveals a hexagonal pattern with first-order re-
flections at 1.4 nm ™, consistent with the pristine c-MOF structure. Upon
heating to 480 °C (Fig. 3B), the c-MOF reflections start to vanish, indi-
cating structural decomposition. Concurrently, new reflections emerge
at 3.1 nm'. At 510 °C, the original c-MOF reflections vanish entirely.
Remaining are first and second-order reflections at 3.1 nm~! and
5.1 nm™}, respectively indicating the formation of a new crystalline
phase with hexagonal symmetry. Interestingly, the 100 reflections of the
new crystal phase align with the 110 reflections of Cug(BHT) (Fig. 4A
and B), resulting in a 30° rotation between the two hexagonal unit cells.
This transition was also reproduced with an acceleration voltage of
200 kV.

Thirdly, we investigated the effect of heating with minimization of
the electron beam effect. For this, the electron beam was blanked during
the heating process, and only several snapshots were captured at specific
temperature intervals, to minimize the applied electron dose.
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Fig. 2. MOF degradation through electron beam imaging. (A-C) 80 kV Cc/Cs-corrected HRTEM image of a Cuz(BHT) crystal, in [001] direction, with growing

1

accumulated electron dose from 2.4x10°% e /A% to 19x10* e /A2 In the inset the corresponding FFT patterns are displayed, in (A) the 100 reflections at 1.4 nm ™! is
marked in red. As seen, with growing accumulated electron dose the crystalline phase gets damaged and no new phase is emerging.

Fig. 3. In-situ heating of Cuz(BHT). (A-C) Cc/Cs-corrected HRTEM images of Cug(BHT) particles at increasing temperature from 460 °C to 510 °C (as indicated) and
corresponding FFT patterns. Images obtained with a dose rate of 1.2x10° e'//a\zs, and 1 s exposure time. In (A) the 100 reflections (red) at 1.4 nm ! are in perfect
agreement with the first order reflection of the calculated Cus(BHT) structure. Upon heating, new reflections (blue) at 3.1 nm ™~ and 5.1 nm ! begin to emerge, while

the Cu3(BHT) reflections are fading.

Supplementary Fig. S5 presents three TEM images taken at 600, 620 and
640 °C and their corresponding FFTs. In the FFT patterns, we observed
the same reflections at 3.1 nm 2, albeit at about 140 °C higher transition
temperature of approximately 620 °C. This behavior can be explained
through additional energy deposited by inelastic interactions of the
electron beam with the specimen (Egerton et al., 2004).

To further elucidate the structure of the new crystalline phase, we
conducted EDX mapping. As shown in Supplementary Fig. S3, after
heating to 600 °C, the c-MOF reflections have entirely disappeared in the

selected-area electron diffraction pattern, leaving only two rings at
3.1nm~! and 5.1 nm~!, demonstrating the completion of the phase
transition. The EDX results revealed a Cu: S ratio of 1: 0.83 & 0.26,
suggesting the formation of CuS. Moreover, the lattice spacing and
symmetry closely correspond to copper monosulfide viewed in [001]
projection (Liu et al., 2017) (Supplementary Fig. S4).

Fig. 4A and C show the Cug(BHT) and CuS FFT pattern along the
[001] direction. In Fig. 4B both patterns are overlaid, demonstrating a
30° rotation between the structures. Initially, it is puzzling how CuS
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Fig. 4. Cu3(BHT)-to-CuS transition and crystallographic orientation. (A, C) FFT patterns of Cuz(BHT) and CuS obtained from the same sample area before and after
the phase transition. In (A), the 100 and 200 reflections of Cuz(BHT) are marked, in (C) the 100 reflection of CuS are marked in blue. In (B) the FFT patterns from (A)
and (C) are overlaid and the 200 reflection of Cuz(BHT) (red) and the 100 reflection of CuS (blue) are highlighted again. By comparing both reflections, a clear
rotation of 30° between both lattices can be seen. Upper inlet: atomic structure model of Cuz(BHT); Lower inlet: atomic structure model of two-layer CuS. Unit cells

marked by red diamond.

could form on the c-MOF layers, given the lack of clear overlap in atomic
positions (compare inlets of Fig. 4). The unit cell parameters of both
materials suggest a mismatch of 10 %, when using a supercell consisting
of 1 Cug(BHT) and 2 and 4 CuS unit cells along the vertical and hori-
zontal directions (with respect to the CuS reflections), respectively.
However, through the 30° rotation, this lattice mismatch is drastically
reduced: In the horizontal direction the lattice mismatch between 1
Cus(BHT) and 4 CusS cells is reduced to 4 %, while in the vertical di-
rection, a supercell of 2 Cug(BHT) and 5 CusS cells reduces the mismatch
to 2 %. Based on this information, we propose that the structural tran-
sition occurred through the diffusion and recrystallization of Cu and S,
with the pristine c-MOF acting as an epitaxial substrate for the growth of
CuS. This hypothesis is further supported by the observation that the
CuS crystals only grow directly on the remnants of the c-MOF particle
and not, for example, adjacent to the particle on the supporting film (see
Supplementary Fig. 6).

3. Conclusion and outlook

We demonstrated that the crystalline, hydrogen-free and conductive
Cus(BHT) 2D ¢-MOF allows for in-situ 80 kV Cc/Cs-corrected HRTEM
imaging. Upon exposure to a high electron dose of 1.7x10° e’/A2
Cu3(BHT) undergoes a transition from a crystalline to an amorphous
phase. However, upon heating, we observed a phase transformation of
the crystalline Cuz(BHT) into a new crystalline phase, identified as CuS
by HRTEM and EDX mapping. The phase transition temperature ranges
from 480 °C to 620 °C, with a tendency towards the lower end under
continuous electron beam illumination and towards the higher end
when the sample is only heated. This finding reveals a method to en-
gineer the phase transition temperature of this material. The CuS
nanoparticles exhibit a well-defined crystallographic orientation rela-
tionship (30° rotation of the unit cells) to the Cuz(BHT) host crystal,
indicating that diffusion and recrystallization of Cu and S occur on the
Cus(BHT) surface, acting as an epitaxial substrate. This implies that the
size and structure of the newly formed crystal is influenced by the size
and structure of the host c-MOF crystal.

Thus, we have demonstrated a controlled pathway for the formation
of crystalline nanoparticles via c-MOF-to-nanoparticle transitions. By
varying the MOF crystal precursor, we can influence the size of the
resulting CuS particle and, consequently, their properties. Additionally,

by adjusting the electron irradiation, the transition temperature can be
altered. This detailed understanding of the transformation process may
pave the way for further experimental and theoretical studies aimed at
highly controlled nanoparticle formation, which may include the pro-
duction of CuO and NiS from 2D ¢-MOFs Cu3(HHB) and Niz(BHT),
respectively.

4. Methods

Transmission electron microscopy. HRTEM combined with in-situ
heating experiments were performed on the image-side C./C;
aberration-corrected SALVE (Sub-Angstrom Low-Voltage Electron Mi-
croscopy) instrument operated at 80 kV. At this voltage, the instru-
mental resolution is 76 pm. The SALVE instrument is hosted in a FEI
Titan Themis® column and equipped with a CEOS aberration corrector
that corrects for first-order chromatic aberrations, axial geometric ab-
errations up to including the fifth order, and off-axial geometric aber-
rations. The TEM is equipped with a FEI CETA 16 M fiber-coupled CMOS
camera. STEM HAADF imaging and EDX mapping were performed on a
Thermo Fisher Talos F200X (with SuperX) operated at an acceleration
voltage of 80 kV.

In-situ heating experiments. Heating experiments were performed
on FEI MEMS chips on a FEI Nano-Ex/iV heating holder. The MEMS
chips consist of 22 viewing windows covered with a 15-nm-thick holey
SiNy membrane. The MEMS chip was heated up to 700 °C.
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