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ABSTRACT: Layered double hydroxides (LDHs) are versatile
materials with diverse applications, including catalysis, water
separation, adsorption, biomedicine, and fire retardancy. This
study investigates the thermal evolution of ZnAl LDH
([Zn2+2Al3+(OH)6]+ [CO3

2−
0.5]−) using in situ scanning nanobeam

electron diffraction, high-resolution transmission electron micros-
copy, and energy-dispersive X-ray analysis. The structural and
morphological changes are examined during heating in both
ambient air and vacuum. The pristine ZnAl LDH exhibited edge
dislocations and irregular interlayer distances, leading to significant
diffuse scattering in the electron diffraction patterns. Both upon
heating in ambient air conditions and in vacuum, the characteristic
hexagonal LDH morphology transformed into a porous nanostruc-
ture. The exact crystal structure transitions differed as a function of the environment. Heating under vacuum conditions first led to a
ZnAl2O4 phase with a spinel-type structure, and subsequently to ZnO particles embedded within an Al2O3 matrix. When heated in a
closed cell filled with ambient air, the LDH initially transitioned to an Al-doped ZnO-type structure, followed by conversion to a
ZnAl2O4 phase. This study is the first gas in situ TEM LDH study and shows the recrystallization behavior of the LDH into the
different phases upon heating and uncovers the nanoscale distribution of these phases within the particles, forming ZnAl2O4, ZnO,
and Al2O3 composites.
KEYWORDS: in situ, TEM, layered double hydroxide, heating, phase transformation

■ INTRODUCTION
Layered double hydroxides (LDHs) are a class of anionic clays
that have gained significant attention in materials science due
to their unique structural characteristics and wide range of
applications.
LDHs are represented by the general formula:

[ ] [ ] ·+ + + mM M (OH) A H Ox x
x n

x n
x2

1
3

2 / 2 (1)

where M2+ and M3+ are divalent and trivalent metal cations,
respectively, An‑ are the interlayer anions and x is the fraction
of the M3+ cation, defined as x = M3+/(M2+ + M3+). The
structure of LDHs consists of layers of metal hydroxides,
similar to the brucite mineral Mg(OH)2, with interlayer spaces
filled with anions and water molecules, as shown in Figure 1.
The distance between two LDH layers is known as the basal
spacing (Figure 1). This layered structure gives LDHs high
anion exchange capacities and the ability to intercalate a variety
of molecules, making them highly adaptable for numerous
applications. The specific cations used in LDHs significantly
influence their suitability for different applications, such as

water separation,1−3 chemical and electromagnetic absorp-
tion4−6 and ion exchange.7,8 LDHs are also utilized in
biomedical applications,9,10 catalysis11,12 and environmental
remediation.13−15

The calcination, with typical temperatures between 400 and
1000 °C, of LDH materials has gained attention from both
applied and fundamental research perspectives.16−21 In general,
calcined LDHs are used in applications such as oxygen
evolution reactions22 and as catalytic supports.23 The
formation of metal oxides and spinel-type composites through
calcination enhances catalytic performance in various fields,
including nanocatalyst design,24,25 hydrogenation,26 photo-
catalysis,27 and flame retardancy.28−32 Therefore, understand-
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ing the structural evolution and morphological modification at
elevated temperatures is essential, as it directly influences their
performance and stability in the various applications.
An in situ heating TEM study on MgAl and NiFe LDHs

demonstrated their thermal transformation into α-Al2O3 +
MgAl2O4 and NiO + NiFe2O4, respectively.

33 However, this
study was conducted using transmission electron microscopy
under high vacuum conditions, whereas realistic applications
typically occur in ambient atmospheres, decreasing the
representativity of the results. Furthermore, the study focused
on the end products, neglecting the intermediate phases that
arise during thermal evolution.
Recently, ZnAl LDHs have shown considerable promise in

(electro-) catalysis,34−37 particularly for the selective reduction
of CO2 to CO which is a crucial step in producing
hydrocarbons that serve as intermediates for various down-
stream processes.38,39 Furthermore, ZnAl LDHs have shown
promising use in flame-retardant systems,40,41 while their
calcination products have been employed in dye adsorption,42

photocatalytic applications,43 and water purification pro-
cesses.44 For ZnAl LDH, ex situ and in situ XRD studies
revealed that the structure gradually starts to collapse at 120
°C, forming a layered double oxide (LDO), which
subsequently transforms into a mixture of ZnO and Al2O3 or
ZnO and ZnAl2O4 at higher temperatures (900 °C).45,46
However, the XRD studies do not yield any information on the
distribution of the phases, for example their occurrence as
single phase versus multiphase particles, or the microstructure
(intergrowths, core−shell, distributed nanodomains in a
matrix,···). In situ TEM offers the unique capability to resolve
such nanoscale distributions and phase intergrowths. More-
over, the use of a controlled gas environment in the TEM,
instead of the standard vacuum, represents a methodological
advancement not previously reported for LDH materials.
This work is the first to reveal the nanoscale crystal

structure, morphology and composition of LDHs upon heating
in a relevant ambient atmosphere, which is accomplished
through the use of in situ TEM. The results show not only the
structural transformations and degradation pathway of ZnAl
LDH, but also that calcination can be used to synthesize the
obtained nanocomposites, which are complicated to obtain
using the current known routes. These nanoscale insights into

phase evolution, morphology, and distribution are not
accessible via bulk techniques such as PXRD due to limitations
imposed by crystallite size, phase overlap, and signal averaging.

■ RESULTS
Pristine LDH. The pristine ZnAl LDH particles had the

characteristic tabular hexagonal morphology of LDHs,
resulting clear hexagonal shaped particles when projected
parallel to the c-axis and giving the faulty impression of needle
shapes when projected perpendicular to the c-axis (low
magnification TEM in Figure S2).The pristine starting material
is identical to the one used in the paper by Nakazato et al.
(CO2Electrochemical Reduction with Zn−Al Layered Double
Hydroxide-Loaded Gas-Dif f usion Electrode. Electrochemistry
2023. 10.5796/electrochemistry.23-00080), which provides
the XRD pattern, also shown in Figure S9, showing no
indication of any secondary phases for the pristine sample.
STEM-EDX analysis confirmed the targeted cation ratio, with
Zn:Al = 2.0(2) (Figure S3, Table S1). Low dose HRTEM
(Figure S4) showed that the spacing between consecutive
mixed cation layers varies over nanoscale regions with an
average basal spacing c0 = 7.4(6) Å. This variation causes
diffuse scattering in the SAED patterns (Figure 2a).

Although conventional PXRD indicated a perfect crystal
with no detectable defects or layer variations,38 HRTEM
imaging showed irregular basal spacing, in agreement with the
electron diffraction patterns, and edge dislocations. (Figure
S5).
Figure 3a shows a representative area from a scanning

nanobeam electron diffraction (SNBD) scan, showing particles
that contain the c*-axis on the diffraction patterns. The SNBD
technique employs a small, 5 nm semiparallel probe that scans
across the particles, capturing a diffraction pattern at each scan
position. This method provides local structural information at
each point and reduces the amount of diffuse scattering in the
diffraction patterns, as shown in Figure 2b. Figure 3b displays
the variation in basal spacing across scan points. Performing
the basal spacing analysis like this not only provides an average
basal spacing but also reveals nanoscale variations, which
causes the diffuse scattering observed in Figure 2a. Specifically,
at the edges the basal spacing is consistently lower than in the
core of the particles. Possibly, the vacuum environment causes
the removal of a certain amount of molecules along the edges.
The average basal spacing obtained from SNBD is 7.2(2) Å,

Figure 1. Structure of ZnAl (2:1) LDH. The brown spheres represent
interlayer H2O and the blue speres represent interlayer CO3

2−. The
red spheres represent O, the pink ones H, and the gray/blue spheres
Zn and Al on a shared position.

Figure 2. (a) SAED pattern taken using the smallest possible SAED
aperture. Irregular basal spacings cause the presence of diffuse
scattering. Two basal spacings dominate in this SAED image, indexed
in white and green. The inset shows the studied particle, along with
the area used for the SAED pattern. (b) Diffraction pattern obtained
using SNBD. The small beam size (∼5 nm) produces local diffraction
patterns, minimizing the diffuse scattering.
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which is within range of the average basal spacing obtained
from HRTEM.

Heating in Vacuum. When heating the ZnAl LDH
particles in vacuum, the HAADF-STEM images (Figure 4a)
show a slightly rougher appearance at 200 °C than at 20 °C.
The average basal spacing at 200 °C has decreased to 5.0(8)Å
(Figure S6) when measured from HRTEM, while SNBD
shows two separate basal spacings, corresponding with 7.27 Å
and 5.71(5) Å. (Figure S7). According to literature, such
reduction of the basal spacing is due to the dehydration of the
LDH; the decomposition of the CO3

2− interlayer anions and
the decomposition of the hydroxide layers adjacent to the
cation layers.47 The difference in exact values between the
basal spacings at the same temperature from HRTEM versus
SNBD could be due to local differences. The variation in basal
spacings could not be mapped (as done higher for the pristine
material) due to the material’s low crystallinity. SNBD taken
along the [001] zone axis shows the same reflections at 200 °C
as at 20 °C, indicating that the LDH structure is still retained
up to 200 °C. The higher order reflections have become
weaker, corresponding to a decrease in crystallinity. Pores start
to form at 400 °C, clearly visible on the HAADF-STEM

images (Figure 4a) and increase in size upon further heating. A
close-up of the pores is shown in Figure 4b. After the full
heating curve, the sample was cooled down to 650 °C (as
HAADF-STEM imaging at 950 °C was impossible due to the
increased beam damage) and high resolution HAADF-STEM
images (Figure 4c) were taken while monitoring the Kikuchi
lines at a single point to ensure structural stability. These
HAADF-STEM images confirm that the dark regions in Figure
4a are effectively pores.
Phase maps were made by matching the local electron

diffraction patterns obtained by SNBD to a database of
calculated electron diffraction templates via the ASTAR
software suite.48,49 Representative electron diffraction patterns
of a single 5 nm scan point within the map are shown below
the phase maps to clarify that the different phases can be
clearly distinguished. Phase mapping using the SNBD data
(Figure 5) shows that the LDH structure is still homoge-
neously present over the whole particle at 200 °C. At 400 °C
the particle has the ZnAl2O4 structure. By 650 °C, Al2O3 has
appeared within the ZnAl2O4 matrix. At 850 °C, the phase map
indicates mostly ZnO within an Al2O3 matrix. Minute traces of
the spinel phase ZnAl2O4 are still present and some locations

Figure 3. (a) SNBD scan of particles that are lying in an orientation where the diffraction pattern contains the c*-axis of the material, making it
possible to study the basal spacing. The inset shows a schematical representation of the viewing direction. (b) Map of the variations in basal
spacings per scan point of (a).
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with pure Zn are observed. After heating to 950 °C, no spinel
phase was observed anymore, while ZnO has diffused more
inward and aggregated into larger domains. All of these phases
correspond to the stable phases shown in the Zn−Al−O phase
diagram (Figure S8), however, it was unknown how they were
distributed throughout the particles.

The phase maps do not show the pores because they are
initially smaller than the 5 nm beam used for the scans and for
the higher temperatures the pores do not pass all the way
through the material. Thus, for each scan point the diffraction
pattern will be that of the remaining material within this 5 nm
probe area.
The changes in the particles during heating were also

followed using HRTEM. Note that for each technique fresh
particles were studied, to avoid beam damage. While at low
temperatures only the basal spacings change as mentioned
above, at 850 °C new crystalline domains appeared on the
HRTEM images (Figure 6). Analysis of the interplanar

distances of these domains indicated d-spacings corresponding
to the (110) planes of the Al2O3 phase. This is in agreement
with the increasing amount of Al2O3 on the phase maps. On
the HAADF-STEM images (Figure 4a), the domain formation
is not clear, as the pores dominate the appearance of the
particle.
No formation of LDO was observed during heating,

although it was reported in literature to form at 120 °C.46
This discrepancy can likely be attributed to the expected poor
crystallinity of LDO.50,51 In this regard it is important to note
that when diffraction patterns consist of two overlapping
patterns from different phases, the phase mapping software
assigns the phase of the most intense pattern, which makes
nanometer scaled, poorly crystalline phases difficult to detect.
After heating, the particles were allowed to cooled down,

after which STEM-EDX measurements were taken (Figure 7a).

STEM-EDX showed areas rich in Zn and O within a matrix
composed of Al and O (for clarity, O has been excluded from
the maps in Figure 7a. However, the Si3N4 background makes
the composition determination of these regions impossible
using standard EDX processing techniques. Therefore, PCA
combined with NMF analyses, as outlined in,52 is used. This
confirms that these regions are indeed Al2O3 and ZnO (Figure

Figure 4. (a) HAADF-STEM images showing the morphological
changes of an LDH particle. Starting from 400 °C, the morphology
changes to a porous structure. (b, c) High-magnification HAADF-
STEM images of the structure formed after heating ZnAl (2:1) to 950
°C and cooldown to 650 °C in vacuum.

Figure 5. Phase maps of the same particle at the different heating
stages. We observe a phase transformation of the LDH structure
(yellow) to ZnAl2O4 (light blue) and then further to ZnO (green) in
an Al2O3 (red) matrix. The Al2O3 phase starts to form at 650 °C. The
presence of Zn particles (dark blue) at 850 and 950 °C is also
observed. Underneath each phase map, a diffraction pattern of one
manually selected 5 nm area within the SNBD scan during the heating
curve, along with manual indexations of the patterns and zone
identifications.

Figure 6. HRTEM images showing formation of crystalline domains
at 850 °C (indicated by a red circle), with interplanar distances
corresponding to the (110) planes of the Al2O3 structure, upon
heating in vacuum. The contrast for these images was enhanced by
taking the Fourier transform, applying a mask to the two visible spots
in the frequency domain, performing an inverse FFT, and overlaying
the resulting image with the original one.

Figure 7. (a) STEM-EDX elemental map showing the Zn and Al
content. The map is given in counts. (b) Component map from NMF
analysis.
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7b and Table S2). This confirms that ZnO particles form
within an Al2O3 matrix as found using SNBD (Figure 6).

Heating in Atmospheric Conditions. To explore the
impact of the atmosphere on the structural evolution of the
particle, we investigated the crystal structure with the same
heating curve, but in ambient air. For these ambient
conditions, we first also performed powder X-ray diffraction
(Figure S9) during heating, which shows the disappearance of
the characteristic LDH peaks around 150 °C, and the
appearance of ZnO peaks around 200−250 °C. Starting at
150 °C, all peaks are low and broad, and further information
about any phases could not be derived. This agrees with the
following TEM study, which shows that, upon heating, the
crystallinity decreases, and the particles become multiphased
with nanoscale domains. Therefore, further analysis was
performed using TEM as this technique allows to gather
information at nanoscale spatial resolution.
Heating in air produced a similar porous morphology to that

observed when heating in vacuum (Figure 8), with the porous
structure emerging at 400 °C but being less pronounced than
in vacuum. However, as shown further on in this section, the
phase composition differs.

Using SNBD, again a manually selected, representative 5 nm
area was followed throughout the heating curve, which showed
that also in air the LDH structure is mostly retained up to 200
°C (Figure 9). Phase maps based on an SNBD scan of the
entire particle reveal the presence of ZnO domains at 200 °C
(Figure 9). The in-house code could not be applied to these
data sets because particles showing the c*-axis were overlapped
by others in different orientations. This overlap produced
additional spots in the diffraction patterns, which were visible
in the line profiles and affected the measured distances by the
code. Furthermore, as observed in data sets taken at 200 °C,
the particles’ low crystallinity resulted in poorly defined peaks
in the line profiles, rendering them unsuitable for the code.
At 400 °C, the main phase is identified as ZnO by the SNBD

technique. At 650 °C, ZnAl2O4 domains arise as a secondary
phase. However, if at 400 °C the particles would be pure-phase
ZnO, this would imply a disappearance and reappearance of
the element Al. Therefore, to locate the Al, we conducted
STEM-EDX analysis at 400 and 650 °C (Figure 10), which
shows that Al is uniformly distributed throughout the particle.
Since the diffraction patterns correspond to the ZnO crystal
structure, the Al atoms should be present as in a (Zn,Al)O
solid solution. At 850 °C, ZnAl2O4 dominates the particle, with
only few domains of ZnO remaining. At 950 °C, only ZnAl2O4

is observed. All of these found phases correspond to the stable
phases shown in the Zn−Al−O phase diagram, see Figure S8,
however, also here, it was not known how these phases were
distributed over the particles.
After the full heating curve in air, STEM-EDX (Figure 11a)

shows a homogeneous distribution of Zn, Al and O over the
particles, in agreement with the phase maps showing only a
single phase. Standard NMF analysis was unable to separate
the Si3N4 signal of the cell windows from the particle signal
due to the low number of counts and the high fluorescence of
the Zn signal compared to the one from Si. Therefore, we
employed principal component analysis (PCA) combined with
blind source separation (BSS) using independent component
analysis (ICA) to identify the components in the data set

Figure 8. HAADF-STEM images showing the morphological changes
of an LDH particle upon heating in air. Starting from 400 °C, the
morphology changes to a porous structure.

Figure 9. Phase maps of the same particle at different temperatures.
Underneath each phase map, a diffraction pattern is shows of one
representative scan point (5 nm area) within the map, manually
indexed. Note that the ZnO phase is found to be (Zn,Al)O using
STEM-EDX afterward.

Figure 10. STEM-EDX maps in net counts showing the
homogeneous Zn and Al content of particles at (a) 400 and (b)
650 °C.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c03313
ACS Appl. Mater. Interfaces 2025, 17, 38587−38596

38591

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c03313/suppl_file/am5c03313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c03313/suppl_file/am5c03313_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c03313/suppl_file/am5c03313_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c03313?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c03313?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Figure 11b). This analysis revealed only a single component,
agreeing with ZnAl2O4, within the particles (Table S3).

■ DISCUSSION
Table 1 shows a summarizing table of the observed key
(structural) features per utilized experimental technique. The
combination of (Zn,Al)O/ZnAl2O4 offers enhanced effective-
ness in applications like dye degradation.53,54 However,
synthesizing nanometer scale composites of this combination
is challenging, with for example sol−gel processes struggling to
produce both phases in a single particle.55,56 The results in the
current paper demonstrate that heating ZnAl LDH in air
produces the (Zn,Al)O/ZnAl2O4 phase combination at lower
temperatures than previously reported.57,58 Moreover, these
phases are observed to coexist within nanometer-sized particles
with a porous structure, revealing their distribution at the
nanoscale. These findings show the important role of nanoscale
characterization in understanding material behavior. By
combining SNBD with in situ gas-environment TEM, we
achieve spatial and structural resolution beyond the capabilities
of conventional techniques like PXRD, enabling the study of
thermally sensitive and compositionally complex materials
under more realistic conditions.
Furthermore, ZnO/Al2O3 composites, require advanced

synthesis techniques like atomic layer deposition,59,60 while
ZnAl2O4 synthesis potentially demands high-temperature
heating.61 Both are promising for catalytic applications.62,63

Here, low temperature heating of the ZnAl LDH in vacuum
resulted in ZnAl2O4, while higher temperature calcination
resulted in ZnO/Al2O3 composites.
Heating ZnAl LDH in vacuum and air thus provides

alternative routes for synthesizing ZnAl2O4, and ZnO/Al2O3
and (Zn,Al)O/ZnAl2O4 composites. Traditional synthesis
methods, such as atomic layer deposition for ZnO/Al2O3 or
high-temperature heating for ZnAl2O4, are more complex and

resource-intensive than the easy synthesis of the LDH particles,
combined with their calcination.
The difference in outcomes, caused by varying atmospheres,

underscores the need to examine the structural evolution of
these materials under conditions reflective of their real-world
applications. This emphasis on simulating practical usage
environments is crucial for gaining accurate insights into
material behavior and optimizing their performance for
potential applications. Understanding the precise structural
evolution of ZnAl LDH during heating is critical for optimizing
catalytic and thermal performance, as each phase�whether
ZnAl2O4, Al-doped ZnO, or ZnO in an Al2O3 matrix�has
distinct electronic, catalytic, and thermal properties that
directly influence material stability, reactivity, and durability.
If the wrong phase transition pathway is assumed, materials
may be designed with unintended phases that lack the
necessary characteristics, leading to reduced catalytic efficiency,
faster degradation, or inadequate performance in target
applications.
While PXRD showed the formation of ZnO after heating the

material in air above 250 °C, with this phase remaining
dominant up to 500 °C, the nanoscale dimensions of the
particles limit the suitability of XRD for detailed structural
characterization.
Although all these phases are documented in the literature

and the Zn−Al−O phase diagram, the observed distribution of
elements and the formation of a unique morphology were
unknown. These could only be accurately characterized by
employing in situ TEM for accurately mapping these
transformations under different atmospheres.

■ CONCLUSIONS
The structural and morphological evolution of ZnAl LDH
upon calcination in air and in vacuum was investigated using in
situ transmission electron microscopy. This comprehensive
study sheds light on the intricate phase transformations,
crystallization pathways and structural dynamics underlying the
structural and morphological evolution of LDHs on a
nanometer scale. Heating the ZnAl LDH particles in air
results in a phase transition via (Zn,Al)O and a (Zn,Al)O/
ZnAl2O4 composite into ZnAl2O4, whereas heating the LDH
particles in vacuum results via ZnAl2O4 and a ZnAl2O4/Al2O3
composite in ZnO particles within an Al2O3 matrix. The
particles are porous at 400 °C and higher temperatures.

Figure 11. (a) STEM-EDX elemental map showing the Zn and Al
content. The map is given in counts. (b) Component map produced
by the BSS analysis. The Si3N4 background is not shown as a separate
component.

Table 1. Table Summarizing Key Features Observed per Experimental Technique

observed (structural) features

technique pristine LDH heating in vacuum heating in air

(SA)ED significant diffuse
scattering indicating
irregular basal spacings

HRTEM irregular basal spacings formation of unidentified crystalline nanoparticles at
850 °C

SNBD irregular basal spacing phase transformation: LDH (20 and 200 °C) ZnAl2O4
(400 °C) ZnAl2O4 + Al2O3 (650 °C) Al2O3 + ZnO
(850 and 950 °C)

phase transformation: LDH (20 °C) LDH (+ (Zn, Al)O) (200
°C) (Zn,Al)O (400 °C) (Zn,Al)O + ZnAl2O4 (650 and 850
°C) ZnAl2O4 (950 °C)

HAADF-
STEM

hexagonal particle
morphology

formation of porous structure at 400 °C, size of the
pores increasing with temperature

STEM-
EDX

ZnAl 2:1 cation ratio end phase Al2O3 and ZnO composite. end phase ZnAl2O4; homogenous distribution of Al throughout
the particles at 400 and 650 °C
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■ EXPERIMENTAL SECTION
Synthesis and Initial Characterization of ZnAl LDH. Zn Al

LDH with CO3
2− anions was prepared using a facile and traditional

coprecipitation process as shown in Figure S1. An aqueous solution
containing Zn(NO3)2·6H2O and Al(NO3)3·9H2O with Zn2+/Al3+ =
2.0 was added dropwise into a 0.30 M aqueous Na2CO3 solution with
stirring at 80 °C. The drop rate was adjusted to 2 mL min−1 by using
a syringe pump. The pH of the reaction mixture was adjusted to 10 by
adding 2.0 M aqueous NaOH solution with a pH meter. The obtained
solution was aged at room temperature for 24 h. The resulting white
precipitates were filtrated, washed with distilled water, and dried at 80
°C for 24 h. This synthesis and XRD characterization of the material
is also described in.38

TEM Characterization. High resolution transmission electron
microscopy (HRTEM), selected area electron diffraction (SAED) and
high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) experiments were conducted on
probe- and/or image-corrected Titan transmission electron micro-
scopes (Thermo Fisher, Eindhoven, Netherlands), operated at 300
kV. The semiconvergence angle for the HAADF-STEM experiment
was 21 mrad. A Gatan K2 Summit direct electron detector was used
for the HRTEM experiments. Overview TEM images were taken with
a US1000 CCD camera.
For SNBD (scanning nanobeam electron diffraction), a Quantum-

Detectors MerlinEM 1R direct electron detector (DED) was used.
STEM-EDX maps were acquired using a SuperX-EDX detector.
Special care was taken to avoid electron beam damage to the particles:
the beam was blanked when not taking an image and a low total dose
(<50 e−/Å2) was used for the HRTEM experiments. The HRTEM
images presented in this study are the result of a series of low dose
images that were drift corrected and then summed. The SNBD scan
was performed with a dwell time of 822 μs using the 2 × 12 bit
counter mode of the Merlin DED.
The sample was heated in vacuum using a Wildfire holder with

Nano-Chip MEMS (micro electromechanical systems), and was
heated in air using a Climate holder with Nano-Reactor MEMS, all
manufactured by DENSsolutions (Delft, Netherlands). Nano-Chips
for heating the sample are open chips, exposing the material to the
ultrahigh vacuum of the microscope, which is typically around
1.18.10−5 Pa. In contrast, Nano-Reactors consist of top and bottom
chips separated by an O-ring, forming a sealed cell at the holder’s tip.
To achieve standard ambient pressure in air, the valves of the Climate
holder were open to the room’s atmosphere. A 5 nm amorphous
carbon coating was applied to the back of both types of chips using a
Leica (Wetzlar, Germany) carbon coater to prevent charging of the
MEMS devices, which could otherwise induce structural changes or
cause particle displacement.
HRTEM simulations were conducted using Recipro software

version 4.890.64 Phase mapping was performed using the programs in
the ASTAR software suite (DiffGen version 2.0.10.960, INDEX
version 2.0.10.1552 and MapViewer version 2.0.10.474). The
structures used for this mapping were Al2O3 (ICSD 977065), NiCo
LDH (ICSD 1198866), where Ni was substituted for Zn and Co for
Al), and ZnAl2O4 (ICSD 3947367). Structures for Al68 and Zn69 were
obtained from the CrystalMaker database, while the ZnO structure
was sourced from the Crystallography Open Database (COD
101125870). STEM-EDX (energy dispersive X-ray analysis) data
processing was done using ESPRIT (Bruker, version 1.9.4.3337) and
VELOX (Thermo Fisher, version 3.11.0.1114−60f131bdob) software.
Non-negative matrix factorization (NMF) and blind source separation
(BSS) analyses of the STEM-EDX data were performed using the
Python packages Hyperspy71 and Pyxem,72 following the method-
ologies described in.52

An in-house written Python code utilizing HyperSpy and Pyxem
was used to investigate the local basal spacings at each probe position
in a SNBD scan. For regions-of-interest (ROI) containing the
material’s c*-axis, a line profile along the 00l row of reflections in
diffraction space was defined for each probe position. This line profile
was smoothed by upscaling with a third-order polynomial

interpolation between points, and local maxima were identified
using a minimum intensity threshold to reduce noise interference.
Local maxima corresponding with a similar spacing were considered
to belong to a single c* value. The distances between these local
maxima were averaged for each line profile to determine the average
basal spacing at each scan point.
The heating curve that was followed for all experiments, both for

heating in vacuum and for heating at ambient conditions is shown in
Figure 12.
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