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Growth Mechanism of Curved Mg-Al-CO3 
Layered Double Hydroxide Nanostructures in a 
One-pot Assembling Procedure under Ambient 
Pressure  

Xinxin Zhao, Chenggang Zhou*, Bo Han, Zhuan Ji, Liang Wang and 
Jinping Wu* 

We discovered that the adding amount of peroxide is a 
governing factor that lead to curved or amorphous 
morphologies of Mg-Al-LDH products in a reflux system 
under ambient pressure. A concerted growth mechanism was 
proposed to elucidate the formation of the unconventional 
nano-features of the products.  

Introduction 

Layered double hydroxides (LDHs), with a general formula 
of 

2 3
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n
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m

  


 , are composed by layered planar 

sheets of M2+/M3+ hydroxides and the interlayer An- anions1-8. 
By assembling functional agents to the delaminated LDHs9-12, a 
broad variety of applications may be developed involving 
polymer/LDH nanocomposite13-21, functional thin films22-25, 
catalysts26, 27, electrode materials28-33, photo-functional 
materials34, 35 and bioinorganic hybrid materials36. Appropriate 
and simple delamination method is consequently required 
before functionalization. Typically, there are two strategies for 
delaminating LDH compounds as named by “bottom-up” and 
“top-down”1. For the bottom up synthesis, LDH products were 
typically prepared via the microemulsion mediated 
hydrothermal synthesis. The size of the particles can be 
controlled both in diameter and thickness by tuning the water to 
surfactant ratio in different reverse microemulsion systems37-44. 
In parallel, large amount of efforts have been focused on the 
delamination of LDHs by the top down synthesis in polarized 
solvents such as butanol45-47, acrylates10, formamide48-52 and 
N,N-Dimethylformamide/ethanol mixture53-55, nonpolarized 
solvents such as CCl4

56-58, and other type of solvents59, 60. i. e. 
Adachi-Pagano et al45 reported the complete delamination of 
the Zn-Al-LDH using sodium dodecyl sulfate (SDS) as an 
anionic surfactant and butanol as the dispersant. Ma et al61 
exfoliated Co-Fe-LDHs into nanosheets in formamide by an 
ultrasonic treatment through hexamethylenetetramine (HMT) 
hydrolysis. Wu et al62 reported the direct delamination of Mg-
Al-NO3 in formamide using ultrasonic treatment at room 
temperature. The obtained delaminated LDH products in these 
reports generally exhibit as unilamellar sheets. However, for 
applications such as catalysis, sensing and electrochemical 

energy storage devices, designing appropriate client-substrate 
interaction for the functionalized LDH products should become 
more important for the desired physicochemical properties63-65. 
To this end, unconventional curved LDHs could provide higher 
surface area, metal dispersion, morphological structure, 
reduction properties, porosity66, which would of course increase 
the accessibility to both the internal galleries and the outer 
surface comparing with typical plane LDHs67-72.  

Several reports have synthesized nonconventional LDH 
morphologies and found they exhibit interesting sensing73, 
catalytic74, photocatalytic75, and supercapacitive76-79 
performances. i. e. Adachi-Pagano et al80 reported the sand-rose 
morphology of Mg-Al-LDHs using urea hydrolysis method in a 
mixture solvent of water and ethylene glycol (EG). The size 
distribution of the mono-dispersed particles are determined by 
the water/EG ratio, urea concentration and the Mg/Al ratio. The 
preferential adsorption of EG on the (00l) planes of Mg-Al-
LDH prevents the growth at the direction perpendicular to the 
layers, leading to the inhibition of particle ripening and 
resulting in the as-obtained sand-rose morphologies. The same 
phenomenon was observed by Wei et al81 when synthesizing Li-
Al-LDHs using urea method in a water/ethanol mixture solvent, 
where the Ostwald ripening mechanism were employed to 
elucidate the formation of the polymorphic morphologies. The 
petal-like Li/Al LDHs show much higher specific capacitance 
comparing with the spiral structure and hexagonal nanosheets. 
Using chitosan as template, Li and coworkers82 suggested that 
Ni-Al-LDH particles co-precipitated through the urea method 
will curve in the a direction, while the growth at both a and c 
directions were inhibited, resulting in curved fibre-like shapes 
of the products. Liu et al65 reported the special nanoconic 
structures of Co-M-LDHs (M=Ni, Cu, Zn) using urea method 
and simultaneously intercalated dodecyl sulfate (DS) into the 
interlayer spaces. The LDH nanocones, owning controllable 
transition-metal compositions, peculiar hollow feature and large 
interlayer spacing, exhibit high specific capacitance and 
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remarkable cycling stability when serving as supercapacitor 
electrodes.  

We mention that the polymorphic structural features of 
different LDH compounds generally occurred in the urea 
method, and the third-party agents, either organic solvent or 
surfactants, played an inneglecible role for forming the special 
spatial configuration. In fact, these third-party agents were 
supposed to act as inhibitor to slow down the growth at certain 
lattice directions or to prevent the particles from being 
agglomeration. Very recently, Yan et al83 reported a one-pot 
approach to assemble Mg-Al-LDH nanosheets using urea 
method where peroxide was selected as the third-party agent. 
Within an autoclave environment, the prepared LDH appear as 
unilamellar flat nanosheets, and delamination was concluded to 
be implemented by the oxygen gas from the peroxide 
decomposition. In the present work, we implemented this one-
pot process under ambient pressure within a reflux system. 
Interestingly, unlike in the sealed system, our procedure offered 
the opportunity to tune the polymorphic features of Mg-Al-
LDH products by changing the peroxide concentration. In 
particular, with a 20 wt% addition of H2O2, curved or even 
cross-linked delaminated sheets were observed. Based on the 
XRD, SEM, FT-IR and TGA characterizations, we proposed a 
different concerted growth mechanism to explain the as-
obtained curved patterns, which might be useful for 
understanding the synthesis of different morphologies for 
similar hydroxide systems.  

Experimental 

Preparation of the materials.  

All analytical-grade chemicals utilized in our experiments 
were used as purchased. The Mg2+, Al3+ precursors (appear as 
Mg(NO3)2·6H2O and Al(NO3)3·9H2O, respectively) and urea 
were dissolved in deionized water or peroxide solution in a 500 
mL round-bottom flask with a Mg2+:Al3+:urea molar ratio of 
4:1:10 at room temperature, where the Mg2+ concentration was 
set to be 0.004 mol·L−1. The following co-precipitation process 
was carried out within the same flask under ambient pressure 
with reflux. For the water solvent, we considered four bath 
temperature (100 ºC, 120 ºC, 150 ºC and 180 ºC) and three bath 
duration (3 h, 5 h and 8 h) to figure out the optimal synthesis 
conditions. These parameters were successively employed for 
the peroxide solution solvent where three different peroxide 
concentrations (10 wt%, 20 wt% and 30 wt%) were studied. 
The filtered solid products were washed by deionized water for 
5 times and then dried at 60 ºC for 12 h before characterization.  

Characterization techniques.  

The X-ray diffraction (XRD) data of all samples were 
collected on a German Bruker D8-Focus powder X-ray 
diffractometer with Cu K radiation (λ=1.540598Å) at a 
scanning rate of 0.05 seconds per step. Thermogravimetric 
analysis was carried out on the TGA-DSC (STA449 F3, 
NETZSCH, German) instrument where the temperature range 

was set to be 30-1000 °C with a heating rate of 10 °C·min−1 
under N2 atmosphere. Fourier-transform infrared (FT-IR) 
spectra were recorded with a Fisher Nicolet 6700. The scanning 
electron microscope (SEM) was collected on a Hitachi D8-
Focus instrument at an acceleration voltage of 0.1–30 kV. 

Results and Discussion 

 
Fig. 1 XRD patterns of  LDH  samples prepared at different bath  temperature of 

100 oC‐8 h, 120 oC‐8 h, 150 oC‐8 h, 180 oC‐8 h, 150 oC‐3 h and 150 oC‐5 h. 

We first characterized the LDH samples prepared in water 
solvent at different temperature where the synthesis duration 
was set to be 8 h. The XRD patterns were depicted in Fig. 1. 
With the temperature of 100 ºC, no observable diffraction peak 
can be observed, indicating the products may appear as 
amorphous state. As the bath temperature increased to 120 ºC 
and 150 ºC, typical diffraction peaks at low angles as indexed 
by (003), (006), (009) and at high angles for (110), (113) in the 
XRD patterns suggest the lamellate layers were well 
crystallized. However, if the bath temperature was set too high 
(180 ºC in our experiments), the crystalline behaviour was 
considerably weakened. According to the chemical properties 
of the precursors we used, we can conclude that the major 
reason that lead to the observed crystalline behaviours is due to 
the hydrolysis/decomposition of Urea. Since the LDH 
nucleation process occurred in a water or water/peroxide 
environment where the temperature variation should be limited 
at different bath temperature, the detailed composition of the 
as-obtained LDH products should be approximate84, 85, leading 
to typically observed XRD patterns of Mg–Al–CO3 LDHs as 
reported previously35,86. On the other aspect, at the liquid-gas 
interface, the boiled species should be over-heated by the bath 
and the reflux system will recycle the agents. At relatively low 
temperature, urea hydrolysis plays the dominant role which 
provides –OH species for the co-precipitation. The increased 
bath temperature accelerated the hydrolysis kinetics, leading to 
better crystalline feature. Over-heating of the liquid/gas phase 
should result in decomposition of both peroxide and urea to 
generate O2, –NCO species and the –OH production might be 
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lowered. Thereby, high bath temperature should not be 
beneficial to the crystalline behaviour. In addition, the top two 
XRD patterns, which belong to the duration of 3 h and 5 h at 
150 ºC, indicate that the reaction duration is also essential to the 
LDH crystallization. Consequently, we assigned 150 ºC and 8 h 
as the optimal condition in our following studies. 

 
Fig. 2 The XRD patterns of four resultant materials: (a). LDH‐W, (b). LDH‐P10, (c). 

LDH‐P20 and (d). LDH‐P30. 

 
Fig. 3 The SEM image of the samples: (a). LDH‐W, (b). LDH‐P10, (c). LDH‐P20 and 

(d). LDH‐P30. 

Similar to the report by Yan et al83, here we utilized different 
peroxide/water mixer as solvent (with the peroxide ratio of 10 
wt%, 20 wt% and 30 wt%, and the product was denoted by 
LDH-P10, LDH-P20, LDH-P30, respectively) to carry out the 
one-pot co-precipitation of Mg-Al-LDH in the same ambient-
pressure reflux system. Fig. 2 displays the XRD patterns of the 
three samples as well as the optimal sample prepared at 150 ºC 
for 8 h (denoted by LDH-W) for purpose of comparison. 
Apparently, under the same condition, the introduction of 
peroxide led to considerable structural changes of LDH. As 
peroxide concentration increases, the LDH feature peaks 
gradually diminished and vanished as the H2O2 concentration 
reaches 30 wt%. In general, the weakening of peak (003) and 
(006) should be an unambiguous clue telling the degree of LDH 
delamination76. In accordance with the SEM characterizations 
shown in Fig. 3a, uniform and round-shaped LDH sheets can be 
obtained in water solvent in the ambient-pressure reflux system 

with a mean sheet size of 2 μm and a thickness of about 30 nm. 
The addition of peroxide resulted in a general decrement trend 
of the LDH size. At 10 wt% (Fig. 3b), the lateral sizes of the 
LDH-P10 nanosheets were around 0.5 μm, while the thickness 
of the sheet decreased to about one third of LDH-W, implying 
that the LDH has been partially delaminated. Once the peroxide 
concentration was adjusted to 20 wt% (Fig. 3c1), both the 
particle size and thickness shrank slightly, and the XRD 
features suggest that the delamination degree was improved. 
The major difference between these two peroxide 
concentrations is that, lower peroxide addition led to slight edge 
bending of the sheets, while higher peroxide addition resulted 
in severe distortion of the planar sheets. Part of the heavily 
curved fragments even cross-linked forming the petal-like 
morphology as shown in Fig. 3c2. As we increased the peroxide 
ratio to 30 wt% (Fig. 3d), both the vanished XRD peaks and the 
amorphous SEM morphologies of the sample suggest that the 
crystalline structure cannot be assembled. 

 
Fig.  4 TG  curves of  the Mg‐Al‐CO3  LDH  samples:  (a).  LDH‐W,  (b).  LDH‐P10,  (c). 

LDH‐P20 and (d). LDH‐P30.  

Table 1: The weight loss of two stages for the four samples. 
Sample S1 

(30-232.5 ºC)
S2 

(232.5-500 ºC) 
S3 

(500-1000 ºC)
(a). LDH-W 13.08% 23.18% 5.00% 
(b). LDH-P10 11.32% 18.68% 6.21% 
(c). LDH-P20 10.56% 19.04% 5.58% 
(d). LDH-P30 13.17% 18.17% 2.64% 

 
As seen in Fig. 4 and Table 1, for standard Mg-Al-LDH 

products, there are two distinct weight loss stages within the 
temperature ranges of 30-232.5 ºC and 232.5-500 ºC, 
respectively87, 88. The first stage (S1) corresponds to the 
evaporation of the physically adsorbed water molecules around 
the particle shell and the intercalated water molecules, while the 
second stage (S2) is ascribed to the thermal decomposition of 
carbonate groups and the conversion of hydroxide to oxide. As 
shown in Fig. 4, the weight loss behaviours of the four samples 
at both the two stages exhibit apparent dependence with respect 
to the concentration of peroxide. Comparing with LDH-W, both 
S1 and S2 weight losses decrease when H2O2 adding amount is 
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below 20 wt%, which is led by the shrinking particle sizes and 
the weakened LDH crystalline feature as elucidated by the 
XRD and SEM results. Here, we mentioned that for 10 wt% 
and 20 wt% adding amount of peroxide, the TG curves vary 
only slightly. While for LDH-P30, the S1 weight loss is the 
highest due to the strong amorphous morphology and smallest 
particle sizes which provide more sites for physisorping water 
molecules. Such a non-crystalline feature implies that the 
abundance of intercalated carbonate groups is lower than the 
other three cases, and the S2 weight loss should majorly be 
attributed to the hydroxide decomposition. Beyond 500℃, the 
low weight loss of LDH-P30 is the highest due to its 
noncrystalline nature. For the other three samples, the weight 
loss of S3 belongs to the final conversion of hydroxides to 
oxides along with the deconstruction of sheet structures.  

 
Fig. 5 FT‐IR spectra of LDH samples:  (a). LDH‐W, (b). LDH‐P10,  (c). LDH‐P20 and 

(d). LDH‐P30. 

The FT-IR spectra shown in Fig. 5 suggest that the 
absorption at 3460 cm−1, which belongs to the –OH stretching 
of the intercalated and absorbed water molecules, were 
observed for all the four samples. The three peaks at 3080 cm−1, 
1357 cm−1 and 691 cm−1, associated with the hydrogen bonding 
of water/carbonate, symmetric stretching and translational 
mode of carbonate, respectively, had found their presence but 
except for LDH-P30, which is consistent with our analysis from 
the TG measurements. Due to the amorphous nature of LDH-
P30, the translation modes of hydroxyl ions associated with 
trivalent aluminium peaked at 774 cm−1 and 556 cm−1 were also 
vanished. In addition, the absorption band at around 1389 cm−1 
can be assigned to the characteristic diffraction peaks of the 
intercalated nitrate groups which appear only in LDH-P30. 
Interestingly, a nonnegligible peak at 984 cm−1, which can be 
assigned to the deformation modes of the –OH groups89 
connecting with Al3+, was observed for all the samples prepared 
with the addition of peroxide, while was invisible for sample 
LDH-W assembled in pure water solvent. This motivated us to 
speculate if the curling or amorphous nature of the LDH-P 
series can be connected to this unexpected peak and 

consequently to deduce the growing mechanism that governs 
the assembling of LDH-P samples.  

 
Fig. 6 Schematic  illustration of (a) perfect Mg‐Al‐LDH slab and (b) defective Mg‐

Al‐LDH  slab with  the defect compensated by carbonate group. The white,  red, 

gray, green and pink atom stands for the H, O, C, Mg and Al atom, respectively. 

From the periodic model of the Mg-Al-LDH in Fig. 6a, the –
OH groups covering on dual side of the plane all adopt sp3 
hybridization configuration. In a perfect LDH plane, each –OH 
connects three-foldedly with metal cations and each cation 
attaches with three hydroxyl groups. At the Al3+ sites, extra 
carbonate groups should be resided nearby to balance the 
charge. Such a configuration provides strong restriction to the –
OH deformation and make each single layer a flat plane. The 
appearance of the peak at 984 cm−1 suggests that the –OH 
deformation around Al3+ has been unlocked for LDH-P10, 
LDH-P20 and LDH-P30. In accordance with the curved or 
amorphous morphologies, it implies the existence of point 
defects in the LDH plane. Considering the fact that, the 
hydrolysis of urea is the major source of the hydroxyl group, 
adding peroxide would relatively lower down the –OH 
production, which would slow down the crystalline process in a 
certain content. On the other hand, the decomposition of 
peroxide generates large amounts of oxygen gas, which was 
supposed to provide the driving force for the delamination83. 
Here, we mentioned that the peroxide decomposition and LDH 
co-precipitation in fact occur simultaneously, which implies 
that delamination of large LDH particles might not be realistic. 

Instead, we proposed that, when peroxide participates in the 
reaction, the growth of the LDH-P10, LDH-P20 and LDH-P30 
samples should follow a concerted pathway which couples the 
peroxide decomposition and LDH co-precipitation together. 
Under such a condition, the generated O2 would prevent the 
particles from being ripened. Once a certain amount of nuclei 
formed, the growth prefer to cumulate at the plane edge but not 
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to aggregate with adjacent particles. Within this locally gaseous 
environment, –OH defects have certain probability to appear 
during co-precipitation and the rest charges are compensated by 
carbonate groups generated from the urea decomposition. 
Comparing with perfect Mg-Al-LDH slab (Fig. 6a), the 
chemically attached carbonate groups at the –OH defects are 
repulsive to the –OH groups nearby. Such a repulsion will force 
the planar slab to curve for purpose of releasing the intrinsic 
stress, as illustrated by Fig. 6b. Due to the chemically-bonding 
nature, the thermal stability of carbonate groups should be a 
little bit higher, as evidenced by the higher thermal 
decomposition temperatures of carbonate in the TG curves in 
Fig. 4. Simultaneously, the slight blue-shift of the carbonate 
feature peaks shown in Fig. 5 is also a clear clue for such a 
compensation form instead of traditional intercalated carbonate. 
Finally, if the peroxide is excessive, too many O2 production 
would remarkably influence the co-precipitation and result in 
small cross-linked fragments or amorphous state. In fact, those 
unusual morphologies of LDH products are mostly observed 
when using urea method as precipitator65, 80-82. We believe that 
the proposed concerted growth mechanism for explaining the 
curved morphology in our experiments can be also employed to 
elucidate those atypical growth phenomena.  

Conclusions 

We implemented a simple one-pot procedure for assembling 
Mg-Al-CO3 LDH through co-precipitation method within a 
reflux system under atmospheric pressure. Using water as a 
dispersing medium, typical uniform LDH sheets can be 
obtained at the optimal bath temperature of 150 ºC and duration 
of 8 h. Under such a condition, as peroxide participated in the 
process, the morphological features of the as-obtained LDH 
products are determined by the adding amount of peroxide. 
Through XRD and SEM characterization, we note that not only 
the LDH particle sizes decreased with the increasing peroxide 
concentration, but the products displayed curved or even 
amorphous nature. The clues in TGA and FT-IR measurements 
implies that using the set condition, the assembling of Mg-Al-
CO3 LDH may not adopt a typical crystallization-delamination 
process as reported previously. In fact, we deduced that a 
locally gaseous environment created by the O2 from the 
peroxide decomposition plays an essential role for generating 
the curved or amorphous morphologies. Besides the function 
that preventing the particles from being aggregated, –OH point 
defects occurred and the net charges were compensated by 
carbonate groups, leading to a defective configuration and 
presenting as curved sheet or amorphous state. 
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