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Abstract

The urea method is one of the unique approaches to synthesize highly crystalline-layered double hydroxides (LDHs). 
Herein, we synthesized calcium-based layered double hydroxide (CaAl–LDH) directly on Al AA6082 substrate by using 
the urea hydrolysis reaction, in an effort to obtain highly potential novel cone-shaped unique LDH structure. The as-
prepared CaAl-LDH thin film is characterized by X-ray diffraction, Fourier transform spectroscopy, scanning electron 
microscopy, transmission electron microscopy and further investigated the thermal properties and electron impedance 
spectra behavior. That simple in situ synthetic approach will be helpful to design environmentally friendly CaAl-LDH 
thin films that can be further investigated for numerous potential applications like environmental science, catalysts and 
biomedical applications.
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1 Introduction

Layered double hydroxides (LDHs), considered as ordered 
layered materials, have been widely investigated in dif-
ferent research fields, for instance, drug delivery system 
[1], protective coatings [2, 3], environmental sciences [4], 
adsorption [5, 6] and as catalysts [7], due to their compo-
sitional versatility, wide range of structural availability and 
flexible choice of compositional cations and anions. Lay-
ered double hydroxide is represented by a general expres-
sion [M1−x

2+ Mx

3+·x(OH)2]Ax/n
n−·mH2O] and consists of positively 

charged layers of mixed metal hydroxides, where some 
of the divalent  (M2) cations are substituted with trivalent 
 (M3) cations, while the net positive charge is compen-
sated through anions  (An) intercalations, and results in 
the formation of brucite-like structure [3]. Generally, two 
different approaches are employed to synthesize layered 
double hydroxide system, i.e., co-precipitated [8] and 
in situ growth method [9]. The conventional hydrothermal 

approaches lead to the formation of either hexagonal 
platelet structure or sand-rose surface morphology. In 
our recent work, we developed different LDH surface 
morphologies, for instance, cauliflower, stone-like struc-
ture, with the variation of synthetic parameters [3]. Dutta 
et al. designed the hydrophobic cone-shaped structure 
modified by dodecyl sulfate ions to enhance the absorp-
tion capacity of CaAl-LDH through the co-precipitation 
method [10]. Recently, we investigated CaAl-LDH, exhib-
iting various surface morphologies, grown directly on an 
aluminum substrate to investigate the corrosion resistance 
properties [11]. It has been reported that well-crystallized, 
highly active LDH can also be synthesized by urea hydroly-
sis method and can be considered as an efficient approach 
to design a highly oriented LDH structure [12, 13]. In the 
present study, novel cone-shaped CaAl-LDH is synthesized 
on the aluminum substrate by single-step urea hydrolysis 
method. Urea is found to impart some excellent features 
in the formation of LDH and can be helpful to modify the 
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textural properties, often resulting in the mono-dispersed 
particle distribution and uniform precipitation due to 
the hydrolysis of urea upon the thermal treatment [14]. 
From the last few years, LDH structure ranging from the 
nanosize spheres and platelet structures to LDH belts are 
formed to utilize it in various applications. This study is the 
example of a single-step facile formation of cone-shaped, 
well-ordered CaAl-LDH grown directly on aluminum sub-
strate. The major advantages of CaAl-LDH formed by urea 
hydrolysis method are as follows: (1) single-step in situ 
cone-shaped LDH synthetic route, (2) wel- ordered, mor-
phological alteration along with homogenous particles 
for numerous applications in the fields of nanomaterial’s 
and composites and (3) cone-shaped LDH particles with 
preferential growth perpendicular to the substrate, with 
crystallite size distribution much narrower than conven-
tional co-precipitation methods.

2  Synthesis of nanocones CaAl‑LDH

The cone-shaped CaAl-LDH thin film was grown through 
the urea hydrolysis approach. In general, the aluminum 
specimen (3.14  cm2) was initially ground from 500 to 
1000, 2400 grit SiC paper, respectively, and was washed 
with deionized water and further was treated ultrasoni-
cally in pure ethanol for 10 min. Finally, the specimens 
were etched by using 0.1 M NaOH solution for 1 min. The 
pretreated aluminum substrate actually acts as the source 
of  Al+3 which provides a building block for the synthesis 
of LDH on it. 0.03 M  CaNO3·4H2O and 0.18 M urea (1:1) 
were prepared and were transferred into 100 mL Teflon-
lined autoclave, while the pretreated aluminum substrates 
(3.14 cm2) were placed in the prepared solution and were 
treated in an oven at 120 °C for 18 h. The initial pH of the 
prepared solution was 5.36, which on completion of the 
experiment approached 9.7.

3  Characterization

The nanocone-shaped CaAl-LDH thin-film structure was 
confirmed by the scanning electron microscopy (JEOL 
JSM-6330F) and transmission electron microscopy (FEI 
Talos F200X). The X-ray diffractometer (Bruker D5005, 
λ = 1.5406 Å−1) was used to characterize the crystal struc-
ture. The surface functional groups of the film were 
recorded by FTIR (NICOLET MAGNA 560) in ATR mode. 
The TGA analysis of CaAl-LDH was obtained by using TA 
instruments [TGA Q5000 IR thermobalance (New Castle, 
DE, USA)] with a sample size of 7 mg (scraped from the 
coated specimen) at a heating rate of 10 °C/min under 
air flow (10  mL/min), while DSC analysis was studied 

through Mettler DSC30 calorimeter (Columbus, OH, USA), 
using 10 mg CaAl-LDH powder under an air flow of 10 mL/
min up to 600 °C temperature. EIS measurements were 
acquired by using PAR (Parstat 2273 equipment) for a fre-
quency range of 100 kHz–10 mHz, with an amplitude per-
turbation of 5 mV (rms). The measurement was performed 
in 0.1 M NaCl solution at ambient conditions.

4  Results and discussion

Figure  1a–c depicts the CaAl-LDH SEM images. It can 
be seen that LDH microcrystal’s uniformly covered the 
entire aluminum substrate surface, and well-developed 
nanocone-shaped structure is formed on the Al 6082 
substrate. This phenomenon is particularly evident in 
the high-resolution SEM micrographs (Fig. 1b–c), where 
nanocone-shaped morphology can clearly be observed. 
Figure 1d shows a cross-sectional analysis of LDH film, 
depicting the average thickness of 10.30 µm. The particle 
size distribution lies in the range of 1.6–3.2 µm. Further, 
the TEM images were recorded to evaluate the morpho-
logical characteristics of LDH, as shown in Fig. 1e, f. The 
TEM analysis was performed for the CaAl-LDH scraped 
from the substrate, and during sample preparation, the 
scraped LDH was dispersed in the ethanol. The ultrasonica-
tion may cause the destruction of the cone-like structure 
of most crystals; however, characteristic features of LDH 
can be seen and the layered structure of LDH is dominant 
in Fig. 1f. The hydrolysis of urea increases at high tem-
perature, i.e., 120 °C, and caused an increase of pH of the 
synthetic solution found to favor the formation of LDH on 
the aluminum substrate. Usually, carbonate ions have also 
been reported inside the LDH layers when synthesized by 
urea hydrolysis method; however, here FTIR analysis did 
not show the characteristics peaks of carbonate ions. 
The previous studies have shown that high-temperature 
synthesis may favor the intercalation of nitrate ions (pre-
sent in the solution) in the LDH interlayer’s [15]. The XRD 
pattern of CaAl-LDH is shown in Fig. 2a, where distinct 
reflection peaks at 2(θ) 12.29°, 24.1°, correspond to (001) 
and (002), respectively, and can be seen which confirmed 
the CaAl-LDH structure [16]. In addition to the CaAl-LDH 
peaks, there can also be seen TCA (tricalcium aluminates), 
because it is arduous to synthesize thermodynamically 
pure CaAl-LDH phase due to the favor of different sec-
ondary phases during the CaAl-LDH synthesis. It is well 
revealed that  Ca2+ in CaAl-LDH is coordinated heptahe-
drally with the Al, due to relatively large size of  Ca2+ [17].

The “001” reflection peak at 2(θ) of 12.29° indicated a 
basal spacing of 0.72 nm. The resultant basal spacing is 
specific for the family of LDHs, where positively charged 
layers interlayer anions hold the  OH− [19]. Here, the basal 
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Fig. 1  a–c SEM images, d opti-
cal image of the cross section 
of CaAl-LDH, e, f TEM images 
of LDH

Fig. 2  a XRD pattern of the CaAl-LDH film samples developed on AA6082, b FTIR spectrum of CaAl-LDH (scrapped from the aluminum sub-
strate)
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spacing did not correlate with the traditional NO3
−1 spac-

ing, possibly due to the following reasons: (1) the anions 
intercalation varies in terms of orientations, for instance, 
nitrate anions can intercalate in three specific orienta-
tions from “flatter” to “stacked” orientation. Among them, 
flatter orientation can show a reduction in basal spacing 
[18], (2) the water molecules are trapped inside the inter-
layers along with anions in various fashions, which affect 
the d-spacing. (3) Nitrate anions can be absorbed on the 
diffuse electrical layers of LDH. Further, the formation of 
tricalcium aluminate (TCA) may cause the suppression of 
nitrates inside the interlayer’s [16, 19]. However, FTIR anal-
ysis has shown the characteristics peak of  NO3

1− groups 
and confirmed the presence of nitrate groups in the LDH 
system. It seems that TCA formation caused suppression 
of nitrate intercalation and nitrate groups adsorbed on the 
diffused electrical layers.

FTIR analysis is shown in Fig. 2b, and the broadband 
displayed in the range of 3370–3427 cm−1 are assigned to 
OH group stretching, while the absorption band around 
1627–1633 cm−1 is caused due to the flexural oscilla-
tion peaks of interlayer water molecules [20]. Moreover, 
the absorption peaks around 1389 cm−1 are assigned to 
the asymmetric stretching bond of intercalated NO3

−1 
[21]. The bond at 655, 751 and 1202 cm−1 may associ-
ate with the Al–OH stretching [22]. The absorption peaks 
around 550–770 correspond to the lattice vibration of 
metal–oxygen bonds (M–O) [23]. The obtained findings 
of FTIR are also well consistent with the TGA–DSC, XRD 
and SEM analysis. The TGA–DSC results (Fig. 3a) describe 
the LDH structural decomposition, which in general 
eventuates in two stages: Initially, the dehydration of 

the interlayer water molecules took place, around 200 °C, 
while on a later stage, the decomposition of interlayer 
anions and dehydroxylation occurs (temperature range 
200–600  °C). This statement well correlates with the 
TGA–DSC thermograms in the previous reports related 
to LDH [24]. The increase in mass loss (40%) is due to the 
fact that there are more bounded anionic species, and 
the results correspond to the FTIR analysis. The EIS meas-
urements of as-prepared CaAl-LDH are shown in Fig. 3b, 
and the higher value of impedance in the low-frequency 
domain (impedance modulus at 0.01 Hz, |Z|0.01) roughly 
indicates higher resistance properties. In the insets of 
Fig. 3b, the phase angle response is presented. Consid-
ering the EIS response of the samples, two relaxation 
processes can be observed in the phase angle spectrum 
(Fig. 3b): The time constant in the high-frequency range 
 (103–104 Hz) can be attributed to the properties of the 
LDH layer itself, while the time constants in the middle 
frequency range  100–101 Hz are the overlapping of the 
contributions of the aluminum oxide and of the faradic 
process of substrate and solution interphase.

The co-precipitated CaAl-LDH powders are actively 
investigated as catalysts, biomedical applications and 
so on [25, 26]. The advantages of novel cone-shaped 
CaAl-LDH films grown on the metallic substrate will 
be helpful for the design of potentially active LDH for 
above-said applications, owing to the unique structure, 
preferential growth and geometry due to the activated 
structure. In a nutshell, this work gives an insight on the 
in situ grown cone-shaped CaAl–NO3–LDH structure, and 
the geometry capable to modify further with inorganic 
and organic ions due to low ion exchange equilibrium 
constant of interlayer NO3

−1 anions.

Fig. 3  aTGA–DSC thermograms of the as-prepared cone-shaped CaAl–NO3–LDH (powder scraped from the specimen), b Bode plots in 
0.1 M NaCl solution
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5  Conclusion

In summary, we describe the development of cone-shaped 
CaAl–NO3–LDH on AA6082 using the urea hydrolysis 
method. The XRD and FTIR analysis confirmed the forma-
tion of CaAl-LDH on the aluminum surface, while micro-
scopic studies have shown a well-ordered cone-like LDH 
structure. From TGA results, around 40% of mass losses 
were observed through the thermal decomposition along 
with significant impedance response in EIS analysis. In 
summary, this research provides an insight on the direct 
synthesis of cone-shaped CaAl–NO3–LDH on the alu-
minum surface and provides a view on the structural inves-
tigation of well-ordered, cone-shaped, uniform homoge-
neous LDH structure. These features would support our 
knowledge of control environmental friendly CaAl-LDH 
thin film, resultant properties and possible applications.
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