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ABSTRACT: Layered double hydroxides (LDHs) are mixed M(II) and M(III)
hydroxides with positively charged lamellar brucite layers and interlayered anions.
LDHs have attracted significant attention due to their anion- and cation-exchange
ability, adsorption capacity, and potential applications in drug delivery and catalysis.
The properties of LDHs directly correlate with their structures. In this study, we
synthesized nickel-aluminum LDHs by the sol−gel method. We investigated the
changes in their crystal structure/morphology introduced by hydrothermal
treatments that varied from 0 to 48 h. Based on measured data using X-ray
diffraction, scanning electron microscopy, transmission electron microscopy, and
synchrotron-based small-angle X-ray scattering, we demonstrated that the duration
of the hydrothermal treatment can effectively control the micro- and nanostructures
of Ni−Al LDHs. We found that the hydrothermal treatment leads to a two-step
change in the structure of the LDHs. In the first step, crystallization occurred during
the first 24 h of hydrothermal treatment, increasing the interlayer width (from 2.28 to 2.31 nm) and the crystallite size (from 14.2 to
50.6 nm). In the second step, the predominant phenomena were stacking and planar expansion after the crystallization process
approached equilibrium. Thus, the layered structure already developed in the first step was further stacked, and the hexagonal
platelet characteristic of LDH expanded in a planar direction. Our study suggests that the duration of the hydrothermal treatment is
a crucial factor in the structural evolution of LDHs and can be used to control the structure of LDHs for different applications.

1. INTRODUCTION
Layered double hydroxides (LDHs), also known as hydro-
talcites, have been actively studied for several decades. A LDH
exists in nature as a mineral and is classified as an anionic clay
with the following general formula (eq 1) and structure
(Figure 1).

A mM(II) M(III) (OH) ( ) H Ox x
x

x n
n

1 2 / 2[ ] •+
(1)

Since Miyata reported the synthesis and physicochemical
properties of LDHs,1,2 these compounds have been inves-
tigated for a broad range of applications such as drug
delivery,3,4 water purification,5,6 catalysis for water splitting,7−9

and battery applications.5,10−12 LDHs have a multi-layer
structure. The structure of each layer is similar to that of
brucite ([Mg(OH)2]), with the noticeable difference being
that part of the divalent cations are replaced randomly by
trivalent ones. This partial substitution of M(II) [e.g., Ni(II),
Mg(II), Co(II), Cu(II), and Fe(II)] with M(III) [e.g., Al(III),
Cr(III), Ga(III), Mn(III), and Fe(III)] leads to a positively
charged brucite layer (cationic layer).1,2,13,14 Another layer
exists between two cationic layers to compensate for this
charge and maintain charge neutrality. This layer contains
anions and water molecules and is commonly labeled as the
interlayer. The chemical formula is given by eq 1, while

the structure is i l lustrated in Figure 1, where
M(II) M(III) (OH)x x

x
1 2[ ] + corresponds to the cationic

brucite-type layer and A m( ) H Ox n
n

/ 2• represents the anionic
interlayer. For synthetic and natural LDHs, the most common
anions in the interlayer are carbonate ions (CO3

2−). However,
various anions, such as NO3

−, SO4
2−, HO−, PO4

3−, and Cl−,
can be intercalated instead of carbonate ions in the interlayer
using the ion-exchange method.15−17 The mixing ratio R,
defined as (1 − x)/x, where 1 − x and x are the molar fractions
of M(II) and M(III), respectively, characterizes the molar ratio
between M(II) and M(III) ions present in the brucite-type
layer. R determines the number of anions in the interlayer and
can be directly correlated with the interlayer spacing.
Subsequently, the interlayer spacing affects both electro-
chemical performance18 and the size of the LDH. The
common mixing ratio R ranges between 2 and 4.19,20

Received: October 4, 2022
Revised: February 14, 2023
Published: February 23, 2023

Articlepubs.acs.org/crystal

© 2023 American Chemical Society
A

https://doi.org/10.1021/acs.cgd.2c01124
Cryst. Growth Des. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 I
N

ST
 O

F 
ST

A
N

D
A

R
D

S 
&

 T
E

C
H

N
O

L
O

G
Y

 o
n 

M
ar

ch
 1

0,
 2

02
3 

at
 0

0:
43

:3
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keiichiro+Maegawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiaxian+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mihaela+Jitianu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wai+Kian+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Go+Kawamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsunori+Matsuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsunori+Matsuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+Jitianu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.2c01124&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01124?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01124?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01124?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01124?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01124?fig=abs1&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf


Predicting and tailoring LDH properties for targeted
applications require a thorough understanding and control of
the LDH structure. The structure influences the LDH’s
physical and chemical properties due to related changes in
charge density and its distribution. Various studies have been
performed to establish the structure−property relationships for
LDHs.21−26 Traditionally, LDHs are prepared in the laboratory
by precipitation at different pH values.23,27 As an alternative
route of synthesis, Lopez et al.28−30 developed a sol−gel
approach to prepare a Mg−Al LDH. Jitianu et al.31 also
reported preparing Ni−Al LDHs with outstanding properties
such as hydroxide ion conductivity and anion adsorption
properties via a sol−gel method.19,21−24,32 Shivakumara et al.
investigated the stacking disorder of LDHs by using a
combined Rietveld analysis and DIFFaX simulation ap-
proach.33 Hydrothermal treatment is a common approach to
control and modify the LDH structure because it can
reconstruct the LDH structure via anion intercalation.34,35

Kovanda et al.36 reported the effect of hydrothermal treatment
on thermal stability, pore sizes, and catalytic activity of Ni−Al
LDHs synthesized through co-precipitation. However, the
micro- and nanostructural transformation of sol−gel LDHs
through hydrothermal treatment has received little attention.
This is noteworthy because the platelet morphology of LDHs
is expected to directly impact the physical/chemical properties
of LDHs. This paper presents a systematic study of the impact
of the duration of hydrothermal treatment on the structural
transformation of LDHs. This work addresses the lack of these
studies in the field and more importantly reveals how the
length of the hydrothermal treatment affects the evolution of
LDH crystallization and stacking and proposes possible
mechanisms associated with the changes observed during this
process.

In this study, we investigated the structural changes of LDH
as a function of the duration of the hydrothermal treatment.
We synthesized a Ni−Al LDH with the molar ratio of R = 3

using a sol−gel method. The as-synthesized LDH had low
crystallinity with a secondary particle size in micrometers and a
crystallite size in tens of nanometers. Since we noticed that
different applications of LDHs require different nominal
particle sizes,23,37 our goal for the hydrothermal treatment
was to tailor the treatment duration for an ordered structure
and desired particle size. Hydrothermal treatments were
performed at 180 °C for different intervals of time (0, 1, 2,
4, 8, 12, 18, 24, 36, and 48 h). They were followed by analytical
characterization using a suite of techniques, including X-ray
diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and synchrotron-
based small-angle X-ray scattering (SAXS). Our results reveal
the characteristics of physicochemical structural changes of
LDHs by hydrothermal treatment and create opportunities to
identify the optimal treatment time for LDHs in applications
such as drug delivery, water purification, catalysis for water
splitting, and batteries.

2. EXPERIMENTAL METHODS
2.1. Synthesis of LDH. We synthesized the Ni−Al LDH sample

via a sol−gel method with the stoichiometric ratio between the M(II)
and M(III) precursors as 3:1. We dissolved 3.72 g (18.2 mmol) of
aluminum isopropoxide (Al(OCH(CH3)2)3, 98+%) (Sigma-Aldrich1)
as the M(III) precursor in 100 mL of ethanol. 12 mL of hydrochloric
acid (35.5% HCl) (Fisher Scientific) was added dropwise to peptize
the precursor. Separately, 14.06 g (54.7 mmol) of nickel(II)2,4-
pentanedionate (Ni(C5H7O2)2, 95−100%) (Gelesta), as the M(II)
precursor, was dissolved in 400 mL of ethanol. The two precursor
solutions were admixed in a 1 L round-bottom flask with continuous
stirring at 500 rotations per minute, under reflux conditions at 80 °C
for 2 h. During the synthesis, the pH value of the reaction mixture
would decrease as a gel was formed. Consequently, the pH of the
solution was continuously adjusted and maintained constant at 8.5
using a total of 245 mL of 5% NaOH in ethanol solution during a
week-long refluxing, while 75 mL of deionized water was added
dropwise during this step to promote hydrolysis. After a week, the
cooled reaction product was separated by filtration under vacuum,

Figure 1. Schematics of the structure of LDHs.

Table 1. Structural Parameters of the Ni−Al LDH Samples as a Function of the Duration of Hydrothermal Treatment

sample
ratio

(Ni2+/Al3+)
HT time
[hours]

lattice constant c
(XRD) [nm]

crystallite size (XRD)
[nm]

size of hexagonal plate-shape structure
(SEM) [nm]

basal spacing (TEM)
[nm]

LDH-HT0 3:1 0 2.28 (2) 8 (2)
LDH-HT1 3:1 1 2.28 (2) 10 (2)
LDH-HT2 3:1 2 2.28 (2) 9 (2)
LDH-HT4 3:1 4 2.30 (2) 14 (3) ≈500
LDH-HT8 3:1 8 2.27 (7) 17 (3)
LDH-HT12 3:1 12 2.30 (1) 21 (4)
LDH-HT18 3:1 18 2.31 (1) 24 (4)
LDH-HT24 3:1 24 2.32 (2) 24 (4) ≈1500 ≈0.759
LDH-HT36 3:1 36 2.32 (2) 25 (4) ≈1600
LDH-HT48 3:1 48 2.31 (2) 27 (5) ≈2000 ≈0.741
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followed by washing with deionized water. The product was dried at
110 °C for 24 h to remove ethanol and water. We washed the product
to remove the impurities as follows: the filtered precipitate was
redispersed in 200 mL of deionized water and stirred for 2 h, then
filtered and dried at 110 °C. We repeated the washing process twice
to obtain pure LDH. The resultant percentage yield was 64.5%.

2.2. Hydrothermal Treatment. We performed hydrothermal
treatment (HT) at 180 °C for different durations in a 23 mL
hydrothermal autoclave reactor (Parr) equipped with an inner
polytetrafluoroethylene (PTFE) liner. For each HT, 0.3 g of the
LDH sample, prepared as described above, was dispersed in 4.5 mL of
deionized water. Sample details are presented in Table 1. In the
sample identifier, the number following HT represents the duration of
HT in hours.

2.3. Characterization. The phase analysis of LDH samples was
performed using XRD (Rigaku, Ultima IV) equipped with a Cu
anode. The X-ray wavelength was 0.15418 nm. The analysis was
performed in a 2θ range of 5−80° with an angular resolution of 0.02°.
The crystallite size was estimated using the Scherrer equation (eq
2),38,39 where D is the crystallite size in nm, θ is the diffraction angle
in radians, K (= 0.9) is the Scherrer constant, λ is the X-ray
wavelength, and β is the full width at half maximum (fwhm) in
radians. The phase identification and lattice parameter analysis were
performed using the PDXL (Rigaku) software. The simulated XRD
patterns are provided in Figure S1.

D K / cos= (2)

An extensive-length-scale structural characterization of the LDH
samples was performed using the ultra-small-angle X-ray scattering
facility at the Advanced Photon Source, Argonne National
Laboratory.40 The instrument was used in its standard configuration,
which, by combining scattering and diffraction measurements, probes
a continuous size range from sub-Angstrom to several micrometers.
The X-ray wavelength was 0.5904 Å. More details about this setup can
be found elsewhere.41 All error bars indicated for the XRD/SAXS data
represent the standard deviation. The error bar for the lattice constant
c is the standard deviation value calculated by the PDXL software. As
for the crystallite size, the error bar is attributed to the uncertainties.
The approximately 15% error between the two crystallite size values
calculated using the 003 and 006 diffraction lines by Scherrer’s
equation (eq 2) was used as the uncertainty.

The morphology of the LDH samples was evaluated using a
HITACHI S-2700 scanning electron microscope. The SEM was
operated at an acceleration voltage of 20 keV equipped with an AMT
digital camera system. The LDH samples were mounted on aluminum
stubs using carbon tape and then sputtered with gold prior to the
analysis to reduce charging. High-resolution images of the LDH
samples were acquired with a Hitachi HT7700 transmission electron
microscope with a tungsten filament operating at 100 kV accelerating
voltage. For TEM measurements, a small amount of each sample was
dispersed in ethanol. A drop of the dispersion was deposited on a 300
mesh Formvar TEM grid (Ted Pella) and then dried in air overnight.

3. RESULTS
3.1. X-ray Diffraction Analysis. Figure 2a shows the XRD

patterns for all samples. The peaks correspond to a
hydrotalcite-type phase (symmetry: R3̅m) characteristic to
LDH’s crystal structure (ICDD: 01-089-0460).31,42−44 The
XRD data of sample LDH-HT0 suggest that the as-synthesized
material did not contain an appreciable amount of crystalline
LDH compound.

Notably, we observed that the longer the HT duration, the
sharper the XRD peaks, indicating that increasing HT time
increases crystallinity. This is highlighted in Figure 2b, where
the evolution of diffraction peaks characteristic to the 110, 113,
and 116 peaks is shown. A rearrangement of the crystalline
structure can explain the increase of crystallinity during the HT

through a layered structure growth and delamination/
reconstruction mechanism.23

Based on the XRD data, we calculated the lattice constant c,
and the results are shown in Table 1 and Figure 3. Specifically,
the most intense peak near 2θ = 11° corresponds to the 003

Figure 2. (a) XRD patterns of LDH samples hydrothermally treated
for different intervals of time and (b) details of the diffraction pattern
between 58 and 69° in 2θ, highlighting the sharpening of the XRD
peaks with increasing hydrothermal treatment duration.

Figure 3. Lattice constant c (interlayer distance) as a function of time
of hydrothermal treatment obtained by X-ray data.
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reflections of LDH, enabling a straightforward calculation of
the lattice constant c. The lattice constant c equals the total
distance of the three cationic host layers and the three
interlayers.45 From Figure 3, the increasing of the duration of
HT leads to an increase in the lattice constant parameter c.
The change in lattice constant c can be mainly due to the
change in the width of the interlayer. Our data suggest that the
interlayer spacing increases rapidly during the first 24 h before
reaching a plateau. The change in width can be explained by
(1) decrease of chemical bonding energy between the host
layer and the interlayer anions due to the changes in the charge
density in the host layer or (2) mechanical expansion of the
interlayer due to the increase in the number of water molecules
and their arrangement in the interlayer.46 According to our
previous work, the interlayer anions are carbonate ions
(CO3

2−).31 The lattice parameters a and b remained relatively
unchanged (Table S1).

We also estimated the crystallite size based on the Scherrer
equation (eq 2) using the fwhm of the 003 peak (near 2θ =
11°). The results, presented in Table 1 and Figure 4, clearly

demonstrate a growth of crystallite size with increasing HT
duration. Interestingly, we observed that crystallite size
continues to increase until approximately 18 h, and it remains
constant after 24 h. This suggests that under the studied HT
conditions, there might exist a thermodynamically stable
crystallite size and its associated extent of structural
reorganization, possibly due to the incorporation of interlayer
anions.

3.2. SEM Observations. Figure 5 shows the evolution of
LDH morphology after different periods of HT, as revealed by
SEM. During the initial steps of HT (pristine and 2 h), slight
morphological changes were detected. However, after 4 h of
HT, the brucite hexagonal platelet-like microstructure,
characteristic of hydrotalcites, emerged. Further HT led to
growth of platelets, consistent with the previous reports.23,24,47

These brucite hexagonal plate-shaped structures became
increasingly visible under SEM after the HT duration exceeded
4 h. The typical HT-duration size dependence of the brucite
platelet structures are summarized in Table 1. For example, the
size of the brucite hexagonal plate-shaped structure is
approximately 500 nm for the sample LDH-HT4 and increases
with increasing HT duration. After 18 h, the LDHs appeared
to consist of aggregates of the brucite plate-shaped structures
primarily. We also observed an increase in the major
dimension of the brucite plate-shaped structures, with the

dimension approaching ≈2 μm at 48 h. The sizes of the
aggregates are on the order of several micrometers.

3.3. TEM Observations. Figures 6 and 7 show the TEM
images of the studied samples. The TEM results indicate that
the HT leads to two distinct phenomena (crystallization and
growth of the brucite hexagonal platelets).

Owing to the TEM’s spatial resolution, we observed the
initial appearance of a small plate-shaped structure after a
limited HT duration, such as those visible in the LDH-HT1
and LDH-HT2 data (Figure 6). For HT longer than 4 h, the
brucite hexagonal platelets characteristic for the layered type
structures of LDHs were evident, consistent with SEM
observations. We also observed a monotonic growth of the
platelets with increasing HT duration.

After 48 h of HT, the platelets expanded in the planer
direction of the brucite-shaped structures. This phenomenon is
more apparent in the high-resolution TEM images presented
in Figure 7. These figures show that the LDH layered type
structure becomes evident after a 4 h hydrothermal treatment
(LDH-HT4). Consequently, after 48 h of hydrothermal

Figure 4. Variation of crystallite size as a function of time of
hydrothermal treatment obtained by X-ray diffraction data.

Figure 5. SEM micrographs of the LDH samples hydrothermally
treated for different lengths of time.
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treatment (LDH-HT48), agglomerated large layered structures
were observed. The growth of these structures is explained by
the lamination/reconstruction mechanism determined by long-
time hydrothermal treatment. By measuring the basal spacing
(c′ = c/3) of the lamellar structure observed by TEM (LDH-

HT24 and LDH-HT48), the basal spacing for LDH-HT24 and
LDH-HT48 was 0.759 and 0.741 nm, respectively (Table 1).
As confirmed by TEM, there is no increase in the basal spacing
between 24 and 48 h. The changes in the interlayer spacing
were not observed, since these two samples have already
crystallized. This result correlates with the lattice constant c
parameters calculated by X-ray analysis exhibiting that the
increase in the lattice constant c is saturated after a long HT
duration as shown in Figure 3.

Here, the hexagonal platelet shape observed in SEM and
TEM represents agglomeration of many crystallites which
assemble in larger hexagonal platelets on the micro scale,
contributing to the particle size. As a result, there is not a direct
correlation between the values of the crystallite size derived by
the Scherrer equation and the sizes observed in SEM/TEM.

3.4. SAXS. We performed combined SAXS/WAXS
measurements to investigate the dependence of the structural
and morphological properties of LDH on the HT duration.
The SAXS data, plotted as a function of absolute scattering
intensity as a function of the magnitude of scattering vector q,
are summarized in Figure 8a. Here, q = 4π × sin(θ)/λ, where θ
is one-half of the scattering angle 2θ, and λ is the X-ray
wavelength. Using the LDH-HT0 (Figure 8b) and LDH-HT48
h (Figure 8c) samples as examples, we can see that the SAXS
profiles consist of two distinct components. The first
component is a low-q power-law that does not have an
associated Guinier region, suggesting the presence of a
characteristic size beyond the instrument’s detection limit
(≈6 μm). This is typical for SAXS of powder samples.48

Granular aggregates can readily form or individual powder size
exceeds the instrumental limit, both observed in our materials,
evidenced by SEM data. The second component consists of a
Guinier region and its associated Porod region, as highlighted
by the solid green lines in Figure 8b,c, respectively. The
Guinier region reveals the presence of a characteristic size in
the materials. In the case of LDH, the Guinier region shifts to
the low-q region as the duration of HT increases, suggesting an

Figure 6. TEM micrographs of the LDH samples hydrothermally
treated for different durations of time.

Figure 7. High-resolution TEM images of the samples hydrothermally
treated for 0, 4, 24, and 48 h.
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increase in this characteristic size. In addition to these two
SAXS components, the SAXS data also show a well-defined
peak near q = 0.08 nm−1. This feature is related to the basal
spacing of LDH and is the same as the 003 peak shown in
Figure 2a.

We constructed a two-component model to describe the
scattering profiles. Additional details about this type of

scattering model can be found elsewhere.49,50 This model
describes the entire data set well. The characteristic size of the
second component, as a function of the HT duration, is plotted
in Figure 9. We observed a monotonic increase in this size with

the increasing HT duration. This dimension exceeds both the
interlayer spacing and the crystallite size. Qualitatively, it
agrees with the observed size of platelets, not the brucite layer
thickness as observed in TEM images in Figure 6. Because the
SAXS dimensions are statistically averaged in contrast to TEM
results where sampling is limited, we tentatively conclude that
the LDH flakes underwent continuous coarsening along their
small dimension during prolonged HT, where coarsening may
be promoted by a dissolution and reprecipitation mechanism
previously observed in Zn−Al LDHs.51,52

Figure 10a shows WAXS (XRD) data of the LDH samples.
Because these measurements were conducted in a transmission
mode using a synchrotron instrument, both the sampling
statistics and q resolution are superior to those of an in-house
diffractometer. Nevertheless, both instruments’ observed
behaviors were consistent for the LDH samples. As HT
duration increases, the crystallinity of LDH improves, as
evidenced by narrower diffraction peaks. We also observed
slight changes in peak positions, suggesting that HT leads to
changes in atomic structures. In particular, based on the 003
peak near 0.08 nm−1, we calculated the basal spacing (c′),
which is 1/3 of the lattice constant c of LDH. As with the
lattice constant c, the leading cause of the change in c′ can be
attributed to the incorporation of anions in the interlayer. The
basal spacing’s dependence on the HT duration is shown in
Figure 10b. We observed a rapid increase in this distance
during the initial period of HT. This distance reaches a plateau
after approximately 18 h of HT. We used an exponential decay
function to fit the time dependence of the basal spacing
empirically. We found that it describes the process well, as
demonstrated by the solid line in Figure 10b.

4. DISCUSSION
We systematically investigated the structure and morphology
evolution of the Ni−Al sol−gel LDH under hydrothermal
treatment for up to 48 h. The XRD results suggest that the
pristine LDH synthesized by the sol−gel method contains a
limited long-range order and is partially amorphous. By
increasing the duration of the HT, the atomic ordering of
LDH improved through a layered structure growth and
delamination/reconstruction mechanism, resulting in a highly
crystalline structure.42

Figure 8. (a) Result of the SAXS analysis, (b) fitting model of LDH-
HT0 as an example, and (c) fitting model of LDH-HT48 as an
example.

Figure 9. Variation of Rg as a function of hydrothermal treatment.
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Initially, between 12 and 24 h, an improvement of the
atomic ordering of LDH occurred by HT. This improvement
of the atomic order was identified and corroborated by XRD,
SEM, and TEM analyses. The first qualitative information was
obtained by analyzing the diffraction lines of the XRD patterns,
which became sharper, showing that LDH crystallizes with the
increasing time of HT. Quantitatively, the evolution of the
lattice parameter c and the crystallite size illustrated in Figures
3 and 4 demonstrate a similar dependence with the duration of
the HT treatment. The characteristics of the lattice parameter
c and the crystal size are proof of the increase in the
crystallinity. It was observed that the lattice parameter c and
the crystal size increased up to 18 h and stopped growing after
24 h. These results suggest that a thermodynamically stable
interlayer distance and crystal size exist for this type of LDH.
Incorporating anions that lead to the increase of interlayer
distance also contributes to the increase in crystallite size. The
SEM data (Figure 5) closely corroborate with the X-ray
analysis results showing that the LDH before hydrothermal
treatment (LDH-HT0) presents a disordered structure without
well-organized layers. After 4 h of HT, the brucite-type layers
start to develop the characteristic LDH hexagonal shape,
indicating the progress of crystallization. This trend follows
with a continuous and gradual formation of LDH crystallites
until 24 h of HT. After 24 h, no significant changes in the LDH
structures were observed, except an increase in the planar
growth of the brucite platelets. This trend for the samples to
behave differently after a hydrothermal treatment time of
approximately 24 h is in good agreement with the XRD data.
The crystallite size evolution shown in Figure 4 reveals a
similar trend with the c parameter presented in Figure 3.
Hence, it can be considered that the hydrothermal treatment
of LDH leads to crystallization through the increase of the
interlayer thickness and crystallite growth up to about 24 h.
The TEM results (Figures 6 and 7) also support the above
discussion. In the first 24 h, the amorphous structure observed
for the pristine LDH sample (0 h) was rearranged and began
to show a typical brucite hexagonal platelet-like shape for the
samples that had undergone HT for more than 4 h. The TEM
images (Figure 7) clearly showed a characteristic lamellar
pattern of the layered structure of LDH for the samples
hydrothermally treated for at least 4 h. The appearance of this
lamellar pattern is probably related to the increase of
crystallinity and crystallite size. Crystallization regularizes the
atomic arrangement, leading to an increase in the interlayer
spacing (Figure 3) and an increase in the crystallite size

(Figure 4), making the layered structure visible. It can be
concluded that this process of crystallization by hydrothermal
treatment is expected to be approaching equilibrium at about
24 h.

The change in the structure of LDH by hydrothermal
treatment does not end at 24 h. Although the changes in the
crystallographic parameter, such as lattice parameter c (Figure
3) and crystalline size (Figure 4) were almost not observed
after 24 h. However, morphological changes were observed in
SEM, TEM, and SAXS. Then after crystallization was finalized,
the evolution of the LDH sample toward an agglomeration
process became apparent, as displayed in the SEM images
(Figure 5). This agglomeration process was more clearly
confirmed in the TEM analysis. After 24 h, planar growth
occurred; the crystallized structure, which was completed at
about 24 h, started to be further spread out in the planar
direction (Figure 6). Furthermore, during this step, besides the
planar growth of the crystallized structure, lamination and
stacking of the layered structure was illustrated only by the
TEM analysis and not observed in the SEM analysis (Figure
5). This was achieved through the mechanism of delamination
and reconstruction via hydrothermal treatment.35,53

SAXS measurements provided additional insights that are
consistent with the discussions above. The presence of a
characteristic size that is beyond the detection limit of the
instrument (≈6 μm) was confirmed (Figure 8b,c). This result
correlates with the results of the SEM image. The
agglomerated particles a few micrometers in size identified in
the SEM image are particles with a size exceeding the SAXS
system’s resolution. According to the result of Rg (radius of
gyration) in Figure 9, monotonic increase was seen in the
characteristic size with increasing HT duration. From this
result, this characteristic size as Rg is not correlated with the
crystalline size and the interlayer size due to the different
phenomena illustrated in Figures 3 and 4. Instead, the increase
in Rg may be attributed to the spreading/lamination of the
layered structure as confirmed by TEM. As can be seen from
the TEM image in Figure 6, the growth of a single hexagonal
plate is called spreading, and the stacking of the plates, seen in
the enlarged image in Figure 7, is called lamination. The width
of the brucite hexagonal platelets or the cross-sectional heights
of the stacked LDH layers in the TEM images (Figures 6 and
7) can be roughly correlated with the Rg values (Figure 9).
Figure 10 follows the XRD data shown in Figure 2 and Figure
3. Figure 10b, the basal spacing c′ (= c/3) shows a similar
characteristic with the lattice parameter c obtained by XRD

Figure 10. (a) XRD results obtained in the high-angle side of SAXS analysis and (b) basal spacing c′ (= c/3) obtained by SAXS data as a function
of time of hydrothermal treatment.
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analysis. Using a simple exponential decay model, we identified
a characteristic time scale of (7.3 ± 4.1) h for the evolution of
this interlayer spacing. These results also support our
hypothesis that structural changes of LDH by HT have two
phases.

To summarize the discussion so far, the structural change of
LDH by HT occurs in two steps. Crystallization of the LDH
structure has mainly occurred during 24 h of HT. During this
first step, crystallization and growth of the interlayer thickness
along with an increase in crystallite size were observed. After
24 h, the second step begins and is illustrated by the planar
growth of the structure. After the LDH layered structure was
established by crystallization, it started to laminate and
expanded in the planar direction. These stacking and
expanding trends are correlated with increasing of the Rg. It
is possible to control the structure of LDH by controlling the
duration of the hydrothermal treatment. Since crystallization is
saturated after 24 h, a hydrothermal treatment time of 24 h is
the optimum time to obtain a highly crystalline LDH. If the
hydrothermal treatment is carried out for longer, the degree of
crystallization does not increase any further and the main effect
is to increase the size of the LDH plates. In summary, it was
found that it is possible to control the structure of LDH as
desired, depending on the intended application and the specific
properties associated with it.

5. CONCLUSIONS
In summary, changes in the crystal, interlayer spacing and
morphological structure of the Ni−Al-type LDH by the
hydrothermal treatment were studied and evaluated using
XRD, SEM, TEM, and SAXS. The LDH synthesized via the
sol−gel method showed a partially amorphous-like structure.
The hydrothermal treatment increased this crystallization. Our
experimental evidence shows two steps of structural changing
of the LDH during the hydrothermal treatment, crystallization
followed by lamination/expansion. The first step, crystalliza-
tion, occurred in the first 4−24 h of the hydrothermal
treatment when the interlayer width expanded and the
crystallite size grew. The arranged layered structure was
laminated and expanded in the planar direction during the
second step. According to these results, we can conclude that
the structure of the LDH can be managed by controlling the
time of the hydrothermal treatment. The crystallization process
is saturated after 24 h, so a hydrothermal treatment time of 24
h is optimal if the aim is to obtain a LDH with high
crystallinity. If the hydrothermal treatment is extended beyond
24 h, although the crystallinity will not increase any further, the
main effect will be increasing the size of the LDH plates.
Differences in crystal structures and morphologies influence
the LDH properties, making them suitable for different
applications. This study was able to provide essential insights
into the change in the crystallization and morphology during
the hydrothermal treatment, which can be further used to tailor
LDH structural characteristics for targeted applications.
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