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T

he helix is probably the most mysterious yet ubiquitous geometries that
can be widely observed in nature
and science, as well as human art and
architectures.14 Combining two congruent
helices with the same axis or a translation
along the axis together gives rise to a doublehelix structure, which is the basic structure of
deoxyribonucleic acid (DNA). Recently, inorganic materials with double-helix structure
have attracted intensive attention due to
not only their elegant morphology but also
their amazing morphology-related potential
applications.2,4 Several synthetic methods
have been established to obtain double-helical inorganic materials.58 It was reported as
early as 1990 that double-helical carbon ﬁbers
were synthesized by chemical vapor deposition (CVD) of acetylene on Ni particles.5 A
three-dimensional growth model based on
the anisotropy of the carbon deposition
among three crystal faces was proposed to
illustrate their formation mechanism.9,10 In
addition, Fe particles and layered double
hydroxides (LDHs) were also demonstrated
to be eﬀective catalysts for the synthesis of
carbon ﬁber double helices.11,12 Recently,
Marito and Yamane succeeded in synthesizing double-helical Si microtubes using a Zintl
compound, NaSi, as the starting material, and
a formation mechanism including the trapping of Ar gas in the NaSi melts, elongation of
the melt protuberances, and volume decrease
driving formation of the double-helical structure was proposed.6 Wang et al. achieved the
chiral transformation of a single AuAg alloy
nanowire to a double helix upon growth of a
thin metal layer.8 The formation of the metallic
double helix was proposed to originate from
the chirality within the original AuAg nanowires, which were induced to untwist upon
metal deposition.8 However, limited detailed
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ABSTRACT Inorganic materials with double-

helix structure have attracted intensive attention
due to not only their elegant morphology but
also their amazing morphology-related potential
applications. The investigation on the formation
mechanism of the inorganic double-helix nanostructure is the ﬁrst step for the fundamental
studies of their materials or physical properties. Herein, we demonstrated the space
conﬁnement and rotation stress induced self-organization mechanism of the carbon nanotube
(CNT)-array double helices under scanning electron microscopy by directly observing their
formation process from individual layered double hydroxide ﬂakes, which is a kind of
hydrotalcite-like material composed of positively charged layers and charge-balancing
interlayer anions. Space conﬁnement is considered to be the most important extrinsic factor
for the formation of CNT-array double helices. Synchronous growth of the CNT arrays
oppositely from LDH ﬂakes with space conﬁnement on both sides at the same time is essential
for the growth of CNT-array double helices. Coiling of the as-grown CNT arrays into double
helices will proceed by self-organization, tending to the most stable morphology in order to
release their internal rotation stress. Based on the demonstrated mechanism, eﬀective routes
were carried out to improve the selectivity for CNT-array double helices. The work provides a
promising method for the fabrication of double-helix nanostructures with their two helices
connected at the end by self-assembly.
KEYWORDS: double helix . space conﬁnement . rotation stress . carbon
nanotube . layered double hydroxide

evidence was collected to verify the related
hypothetical mechanism discussed above for
double-helix formation, which signiﬁcantly
hinders the structure control of these doublehelical materials as well as the fundamental studies of their chemical or physical
properties.
Carbon nanotubes (CNTs) can also be
employed as promising building blocks of
the helix structure to demonstrate their
extraordinary electronic, mechanical, and
thermal properties of one-dimensional (1D)
nanomaterials.2,1316 Very recently, we reported that arrays of CNTs with double-helical
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Figure 1. SEM images (a, b), XRD pattern (c), and EDXs spectrum (d) of the FeMoMgAl LDH ﬁlm grown on quartz sheets.

nanostructure were obtained among the CVD growth
products from LDH ﬂakes.7 Multiwalled, double-walled,
and single-walled CNT-array double helices were all
successfully fabricated by selecting proper LDH ﬂakes
with tunable metal catalysts.7,1719 However, the poor
selectivity of these double helices compared with the
CNT bundles and the lack of orientation of the assynthesized CNT-array double helices seriously impeded their property and application explorations.
Investigation of the formation mechanism to reveal
how a CNT-array double helix is formed from a LDH
ﬂake is considered to be the ﬁrst step to overcome such
diﬃculties. In the previous studies, a pile of stacked
LDH aggregates was employed as the catalyst precursor. It is impossible to observe the evolution process of
an individual CNT-array double helix from a LDH ﬂake
and thus obtain its formation mechanism directly.
Recent advances on LDH ﬁlm preparation provide
the possibility that LDH ﬂakes can be uniformly and
vertically distributed on the surface of various substrates with a tunable density.2022 We have previously succeeded in synthesizing short aligned
single-walled CNTs (SWCNTs) with uniform length
distribution using such perpendicular FeMoMgAl
LDH ﬁlms.22 Herein, a single-layered FeMoMgAl LDH
ﬁlm with the ﬂakes sparsely distributed on a quartz
substrate as the catalyst precursor was used to form
CNT-array double helices. This made it possible to
take a look at the formation process of a CNT-array
ZHAO ET AL.

double helix from an individual LDH ﬂake and, thus,
demonstrated the formation mechanism of the CNTarray double helix.
RESULTS AND DISCUSSIONS
The morphology of the as-prepared LDH ﬁlm is
shown in Figure 1a and b. The as-synthesized hexagonal LDH ﬂakes were uniformly and sparsely distributed
on the surface of the quartz sheet. They have a distance
of several micrometers between each other, which is
similar to the diameter size of the CNT-array double
helices.7,17,18 The powder X-ray diﬀraction (XRD)
(Figure 1c) pattern of the LDH ﬂakes collected from
the quartz sheets revealed that the as-synthesized
FeMoMgAl LDH ﬂakes were well crystallized and had
lattice parameters of a = 0.304 nm and c = 2.276 nm.
The formula of the FeMoMgAl ﬂakes can be represented as [Mg0.58Al0.31Fe0.11(OH)2][(CO3)0.20(MoO4)0.01] 3
mH 2 O based on the results of the energy dispersive X-ray spectrometry (EDXs) of the LDH ﬂakes
(Figure 1d).
Growth of the CNT-array double helices was carried
out using a catalytic thermal CVD with the as-prepared
FeMoMgAl LDH ﬁlms as the catalyst precursor. Samples
with diﬀerent growth durations (2, 15, and 60 min)
were collected separately and characterized by scanning electron microscopy (SEM) to observe the entire
growth process of the CNT-array double helices (Figure 2).
After a growth duration of 2 min, short aligned CNT
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arrays with a length around 1 μm grown on both sides
of the LDH ﬂakes can be observed, indicating the
initial growth stage of the CNT-array double helices
(Figure 2b). With a prolonged growth duration of
15 min, the as-grown products were mainly composed
of CNT bundles with a diameter of 1 μm and a length
larger than 10 μm. However, it is also noticed that
several primary CNT-array double helices with one or
two pitches can also be observed, as indicated by the
black arrows in Figure 2c. When further increasing the
growth duration to 60 min, both CNT bundles and CNTarray double helices with a length of tens of micrometers were observed (Figure 2d). We conclude that
detailed characterization of the growth process of the
CNT-array double helices with a growth duration within 15 min is most suitable to obtain the growth
mechanism. The transmission electron microscopy
(TEM) image of a curved CNT bundle from the growth
duration of 60 min shows that the as-grown CNTs are
well aligned. A high-resolution TEM image (Figure 2f)
and Raman spectra of the CNT samples (Figure 3)
revealed that the as-grown CNTs were mainly SWCNTs.
The ID/IG ratios for the CNT samples were 0.11, 0.21, and
0.18, which correspond to 2, 15, and 60 min growth,
respectively. Note that the ID/IG ratios for the SWCNTarray double helices are much larger than the SWCNTs
in other morphologies, including entangled SWCNTs,23
SWCNT arrays,24 and SWCNT bundles.25 This indicates
that the SWCNT-array double helices had a much larger
ZHAO ET AL.
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Figure 2. SEM images of (a) the FeMoMgAl LDH ﬁlm grown
on a quartz sheet and the as-grown CNTs after CVD of
ethylene for (b) 2, (c) 15, and (d) 60 min. (e) TEM and (f) highresolution TEM images of the as-grown CNTs after CVD of
ethylene for 60 min.

defect density. The formation of single -helical CNT was
accompanied by a concomitant insertion of pentagon
and heptagon pairs into the hexagonal sheet of the
growing nanotube, leading to a high defect
density.26,27 Herein, coiling of the SWCNT arrays into
a double-helical structure also corresponded to a high
defect density of the SWCNTs, although a much diﬀerent formation mechanism was proposed.
There were three diﬀerent kinds of relative positions
when the as-obtained LDH ﬂakes attached to the
quartz substrate in the as-prepared LDH ﬁlm (Figure
4ac). The calcination and reduction of these LDH
ﬂakes led to the formation of their corresponding
layered double oxide (LDO) ﬂakes without any change
in their morphology and location.17,23,28 A part of
the LDH ﬂakes grew horizontally to the surface of the
quartz sheet (Figure 4a). The SEM image of the sample
after a 2 min growth showed that only entangled CNTs
were available from these horizontal LDH ﬂakes due to
the strong interaction between the LDH ﬂakes and the
quartz substrate (Figure 4d). Some of the LDH ﬂakes
grew slantwise to the surface of the quartz substrate.
Upon the decomposition of C2H4, aligned CNTs can
grow from both sides of the LDH ﬂakes. Since the LDH
ﬂakes synthesized were considered to be a monocrystal and the metal cations in the LDH ﬂakes were
dispersed at an atomic level,17,29 it was suspected that
the two sides of the LDH ﬂakes exhibited the same
reactivity for the growth of CNTs. During the initial
growth stage, space conﬁnement between the substrate and LDH ﬂakes hindered further growth of the
aligned CNTs on the acute-angle side of these LDH
ﬂakes. However, the aligned CNTs on the other side
kept growing, leading to the diﬀerent lengths of the
CNT arrays on both sides of the slantwise LDH ﬂakes
(Figure 4e). Some LDH ﬂakes grew perpendicularly to
the surface of the substrate (Figure 4c). The growth of
CNT arrays on both sides of these LDH ﬂakes can
proceed freely without any space conﬁnement during
the initial growth stage, which led to their similar
length (Figure 4f).
When the growth duration was prolonged to 15 min,
it was observed that the as-grown CNT arrays on the
obtuse side of the slantwise LDH ﬂakes continued to
grow. However, the growth of CNT arrays on the acuteangle side of the slantwise LDH ﬂakes was inhibited. As
a result, long CNT bundles with the corresponding LDO
ﬂakes on one side were formed, as revealed by the
white arrows in Figure 5a. As for the growth of CNT
arrays from the perpendicular LDH ﬂakes, three diﬀerent situations were observed. If the CNT arrays grown
on both sides of the ﬂakes were free of space conﬁnement, long CNT bundles with the corresponding LDO
ﬂakes located at the middle of the bundle were formed
(Figure 5b). If the space conﬁnement occurred on one
side of the LDH ﬂakes from neighboring as-grown CNTs
shortly after the growth of CNT arrays, while the CNT
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Figure 3. Raman spectra of the as-grown CNTs from the FeMoMgAl LDH ﬁlms after CVD of ethylene for (a) 2, (b) 15,
and (c) 60 min.

Figure 4. SEM images of the FeMoMgAl LDH ﬂakes grown (a) horizontally, (b) slantwise, and (c) perpendicularly to the surface
of quartz substrate and (df) their corresponding as-grown CNTs after CVD of ethylene for 2 min.

arrays on the other side can still grew freely, this also
led to the formation of long CNT bundles with the
corresponding LDO ﬂakes located on the side where
the space conﬁnement occurred (Figure 5c). Only if the
as-grown CNT arrays on both sides of the LDH ﬂakes
met space conﬁnement shortly after the start of the
reaction can the formation of the CNTarray double
helix with a LDO ﬂake head be observed, as shown in
Figure 5d. However, when the distance of the space
conﬁnement was too large, the situation can be considered the same as that free of space conﬁnement
(Figure 5b). In addition, it should be noted that because
the as-grown CNT-array double helices all had a closely
coiled morphology with similar pitch angle, the diameter
of the CNT-array double helices was considered to be
determined by the diameter of the composed CNT stands
and, therefore, by the size of the original LDO ﬂakes.
Usually, a driving force for the twisting is highly
required for the inherent simultaneous shift and rotation between the building blocks. For instance, during
the dislocation-dominated physical deposition, a
ZHAO ET AL.

screw-like dislocation in the nanowire/tube trunks
provided a rapid growth driving force and directed
the helical rotating epitaxial growth of branches of
hierarchical helical PdS30 or PdSe31 nanostructures.
The chiral organogels,32 peptides,33,34 DNA,35 lipid
tubules,36 cholate,37 and micelles38 served as molds
to replicate their helical structures with inorganic
materials. When the nanocrystal building blocks were
self-assembled or continuously grown into nanoarchitectures, some surface ligands, such as poly(aspartate),39
EPG-b-DHPOVAEE,40 can absorb on the surface of
nuclei of a nanoparticle to inhibit the crystal growth
along speciﬁc directions and promote the spiral
growth of anisotropic helical CaCO339 and BaCO3.40
The inversion of the lamellar twisting chirality of
microbial copolymers induced by surface stress from
left-handed to right-handed via copolymerization or
blending leads to the formation of chiral polymers.41,42
Herein, the driving force was attributed to the tendency of releasing the internal rotation stress of the
rotated CNT arrays oppositely and synchronously
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Figure 5. SEM images of long CNT bundles grown from (a) slantwise LDH ﬂakes, (b) perpendicular LDH ﬂakes without space
conﬁnement, and (c) perpendicular LDH ﬂakes with space conﬁnement at one direction of the CNT growth. (d) SEM image of
the CNT double helix grown from perpendicular LDH ﬂakes with space conﬁnement at both directions of the CNT growth. The
LDH ﬂakes are indicated by white arrows, while the positions where the space conﬁnements occurred are indicated by black
arrows.

grown on a LDO ﬂake. The CNT is a typical chiral
nanomaterial that can be viewed as having a screw
dislocation along the axis. Although CNTs are produced in a seemingly random distribution of diameters
and chiral symmetry in most cases, Ding et al. illustrated that the growth rate of CNTs is shown to be
proportional to the Burgers vector of such dislocation
and therefore to the chiral angle.43 The direct observation result of individual CNT growth by ﬁeld emission
microscopy indicates that CNTs often rotate axially
during growth. The CNT turned ca. 180 times during
its 11 min growth, and the rotation proceeds by
discrete steps with about ca. 24 per rotation, half the
number of atoms on the circumferences of common
SWCNTs.44 The TEM characterization of MWCNT catalysts by Behr et al. also conﬁrmed the random smallangle (13o) rotation misorientations between adjacent sections along catalyst crystals, indicating that the
CNTs exert stresses that rotate, twist, and bend small
sections of the catalyst during growth, which can be
considered as an evidence of the rotation of CNTs
during the growth on the other hand.45 Note that the
CNTs grown from the LDH catalysts had a tortuous
morphology rather than a straight form (Figure 6ac).
ZHAO ET AL.

Thus, it is suspected that the formation of the internal
rotation stress can be considered as a consequence of
the fact that the rotation of individual CNTs was
impeded by neighboring CNTs in the as-grown CNT
arrays. When two CNT strands oppositely grow on a
catalyst ﬂake with their two tips under space conﬁnement, the unmatched precipitation of a large amount
of CNTs from the metal catalyst particle distributed on
the ﬂake causes strong internal rotation stresses. As
shown in Figure 6a, for the CNT arrays that did not twist
into a double helix, the rotation of the arrays along the
axis can always be observed. A rotation angle of 90o
along the axis of the CNT arrays was observed when it
proceeds a distance of 5 μm, indicating the existence of
serious internal rotation stresses. It is interesting to
note that the two CNT arrays oppositely grown from a
LDO ﬂake always exhibited the same handed rotation
(Figure 6b), which is of paramount importance for the
successful self-assembly of CNT-array double helices.
However, no obvious rotation of the individual CNT
array can be found in the CNT-array double helix, which
indicates that the internal rotation stress has been
released after the formation of the double-helix structure. A rubber band with a node was taken as an
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Figure 6. SEM image showing (a) a long CNT bundle with obvious rotation, (b) two CNT bundles grown oppositely from a LDO
ﬂake with the same right-handed rotation, and (c) the nonrotation of the CNT bundles in the CNT-array double helix. (df)
Photo images showing evolution process of the self-organization of a twisted rubber band with a node into a double-helical
structure.

Figure 7. SEM images showing the formation process of CNT double helix: (a) perpendicular LDH ﬂake on the surface of the
substrate; (b) morphology of the as-grown CNT arrays after (b) 2 min, (ce) 15 min, and (f) 60 min growth.

example to get a better understanding, as shown in
Figure 6df and movie S1 in the Supporting Information. The two ends of the rubber band were twisted
in opposite directions ﬁrst to give rise to the same
ZHAO ET AL.

handed rotation of the two parts of the rubber band at
both sides of the node. When approaching the two
ends of the twisted rubber band together, which is
considered as the other form of space conﬁnement for
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Scheme 1. Schematic illustration showing the three diﬀerent evolution processes for CNT array growth from both
sides of a LDH ﬂake (space conﬁnement is indicated by the
gray ﬂakes).

double helices showed no chirality selectivity; thus the
rotation direction of the as-grown CNT arrays was suspected to be stochastic. Selective fabrication of right- or
left-handed CNT-array double helices still requires further
study of the reason for the self-rotation of the as-grown
CNT arrays and their rotation direction control.
Because the organization of CNT-array double helices is a spontaneous behavior, space conﬁnement is
considered to be the most important extrinsic factor
that plays an important role in the morphology of the
as-grown CNT arrays from the LDH ﬂakes. As shown in
Scheme 1, the process of space conﬁnement formation
on a ﬂake is the key step in the initial growth of doublehelical CNT arrays. The formation of a long CNT bundle
with a LDO ﬂake at the middle can be achieved when the
conﬁnement was free. If the space conﬁnement occurs
only on one side of the ﬂake shortly after the CVD growth,
long CNT bundles with a LDO ﬂake located at the end
where the space conﬁnement occurred will be formed.
However, space conﬁnement on both sides of the LDH
ﬂake can facilitate the self-organization of a CNT-array
double helix. The space conﬁnement can originate from
the substrate, neighboring LDO ﬂakes, or CNTs. It should
be noted that the location of the space conﬁnement
discussed here is on the same order of magnitude as
the diameter of the as-obtained CNT-array double helices.
As show in Figure 7af, aligned CNTs can grow synchronously from both sides of the perpendicular LDO ﬂakes.
Continuous growth of the CNT arrays will cause a propulsive force to lift up the LDO ﬂakes. A kind of internal stress
is formed due to the rotation of the CNTs, and the asgrown aligned CNTs with the same-handed rotation will
coil on themselves in order to release the internal stress
and achieve a more stable morphology by self-organization, which ﬁnally forms the CNT-array double helix.
On the basis of the above-mentioned formation
mechanism of CNT-array double helices, it is believed
that the formation of CNT-array double helices from
other kinds of catalyst ﬂakes can also be achieved if the
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the two twisted ﬁbers, a kind of double-helical structure with two parts of the rubber band connected
by the node will be self-organized, and the rotation
stresses of the rubber band were much released
according to the changes of its rotation angle
(Figure 6e and f). Therefore, it is suspected that twisting
of the CNT arrays into a double-helical structure with
the catalyst ﬂake as the head is the best way to release
the internal stress and minimize the energy. The
symmetry growth and self-rotation of aligned CNTs
with diﬀerent expending directions under conﬁnement lead to changes of conﬁguration. The continuous
precipitation of CNTs under space conﬁnement provides the driving force for in situ twisting, and the
active site is always centered at the catalyst head. It is
also noticed from movie S1 that self-organization of
two ﬁbers with left-handed self-rotation connected by
a node leads to the formation of a double-helix structure with two right-handed helices, while self-organization of two ﬁbers with right-handed self-rotation
connected by a node leads to the formation of a
double-helix structure with two left-handed helices.
This indicates that the chirality of the self-organized
double helix depends on the self-rotation direction of
the two original ﬁbers. It is observed that the CNT-array

Figure 8. SEM images of (a) the densiﬁed LDH ﬁlm and (b) its as-grown CNTs with improved selectivity of CNT-array double
helices.
ZHAO ET AL.
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CONCLUSIONS
The evolution process of the CNT-array double
helices was demonstrated by direct observation under
SEM, which contributed to the experimental evidence

EXPERIMENTAL METHODS
Preparation of the LDH Film. The FeMoMgAl LDH films were
prepared using a urea-assisted co-precipitation reaction with
quartz sheets as the substrates. In a typical procedure, Mg(NO3)2 3
6H2O, Al(NO3)3 3 9H2O, Fe(NO3)3 3 9H2O, Na2MoO4 3 2H2O, and
urea were dissolved in 250.0 mL of deionized water with
[Mg2þ] þ [Al3þ] = 0.15 mol/L, n(Mg):n(Al):n(Fe):n(Mo) =
2:1:0.4:0.04, [urea] = 3.0 mol/L. Then, quartz sheets with a size
of ca. 1 cm2, which were treated by ultrasonication in ethanol for
10 min, were added to the solution. The prepared solution with
quartz sheets was then heated to 94 °C and kept for 12 h in a
500 mL flask (equipped with a reflux condenser) under ambient
atmosphere. After the completion of the LDH film growth, the
quartz sheets were taken out of the flask and rinsed with
deionized water thoroughly. Finally, the quartz sheets were
dried at 100 °C in an oven for 12 h for further characterizations
and growth of CNTs. The densified LDH film was prepared using
a similar procedure except that the quartz sheets, which were
first treated by ultrasonication in ethanol for 10 min and then in
HCl aqueous solution for 10 min subsequently, served as the
substrates.
Growth of CNTs. The prepared FeMoMgAl LDH films on quartz
sheets were placed at the center of a horizontal quartz tube
inserted into a furnace at atmospheric pressure. Then the
furnace was heated under flowing Ar (600 mL/min). On reaching
850 °C, H2 (50 mL/min) was introduced into the reactor, 5 min
before the introduction of C2H4 (6 mL/min) into the reactor.
The growth of CNTs was maintained for a designated duration
(2, 15, and 60 min) at 850 °C before the furnace was cooled
to room temperature under Ar flow. After that, the samples
with different growth durations were collected for further
characterizations.
Characterizations. The as-prepared samples were characterized using a JSM 7401F (JEOL Ltd., Tokyo, Japan) scanning
electron microscopy operated at 3.0 kV and a JEM 2010 (JEOL
Ltd., Tokyo, Japan) transmission electron microscopy operated
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for the space conﬁnement and rotation stress induced
self-organization mechanism of CNT arrays twisted
with a catalyst head. Space conﬁnement is considered
to be the most important extrinsic factor for the
formation of CNT-array double helices. Synchronous
growth of the CNT arrays oppositely from LDH ﬂakes
with space conﬁnement on both sides at the same time
is essential for the growth of CNT-array double helices.
Coiling of the as-grown CNT arrays into double helices
will proceed with self-organization, tending to the
most stable morphology in order to release the internal
rotation stress in the two CNT arrays on both sides of
the LDO ﬂake, which always had the same handed
rotation. It is anticipated that high selectivity and even
orientation of the CNT-array double helices will be
available if the LDH ﬂake catalysts are vertically or
inclined well aligned on the substrates with tunable
density. The as-obtained CNTs can even be organized
into complex hierarchical nanoarchitectures if the LDH
catalyst has a site-selective and alignment-mediated
arrangement. Furthermore, if the reason and direction
of the self-rotation of the as-grown CNT arrays can be
well studied and controlled, right- and left-handed
double helices will be available during the self-assembly process.
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essentials mentioned above are satisﬁed. For instance,
the very recent report from Terrones' group demonstrated that double-helical multiwalled CNT array structures were successfully fabricated with lamellar SiOx
particles-supported Fe nanoparticles as the catalyst
ﬂakes.46 In addition, it is suspected that proper increasing
density of the perpendicular LDH ﬁlm will enhance the
probability of space conﬁnement occurring on both sides
of the LDO ﬂakes and, thus, improve the selectivity of the
CNT-array double helices. This has been demonstrated
experimentally by using densiﬁed LDH ﬁlm for the CVD
growth. As shown in Figure 8, when the density of LDH
ﬂakes was increased 10 times (compared with the LDH
ﬁlm shown in Figure 2a), the density of the CNT-array
double helix increased around 100 times, indicating the
selectivity was much improved. However, further improvement of the selectivity of the CNT-array double
helices requires the alignment of the perpendicular LDH
ﬂakes with controlled density, which is still a great
challenge for material synthesis.

at 120.0 kV. The specimens for TEM observation were prepared
using a common sonication method. Energy-dispersive X-ray
spectrometer analysis was performed using a JSM-7401F apparatus with the analytical software INCA, and the accelerating
voltage applied was 15.0 kV. X-ray diffraction patterns were
recorded on a Rigaku D/max-RB diffractometer at 40.0 kV and
120 mA with Cu KR radiation. The EDXs and XRD characterizations were performed on FeMoMgAl LDH powders collected
from the vertical LDH film to avoid the influence of the quartz
substrate. Raman spectra were obtained with HeNe laser
excitation at 633 nm using a Renishaw RM2000.
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