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ABSTRACT 

 

TAILORING THE THIRD DIMENSION OF LAYERED DOUBLE HYDROXIDES  

by 

Jingfang Yu, B.E. 

Texas State University-San Marcos 

May 2013 

SUPERVISING PROFESSOR: DR. LUYI SUN 

Layered double hydroxides (LDHs) have attracted lots of attention in the research 

field for their controllable composition and gallery spacing. LDHs have been used as 

catalysts, anion exchange materials, fire retardants and in polymer nanocomposites. 

Exfoliating LDHs into single layers nanosheets, can make the most use of the layers. 

New physical properties under nanoscale make new inventions of multifunctional 

materials possible. Different approaches to delaminate LDHs were reviewed in this thesis. 

Yet, none of the reported methods to obtain 2-D LDHs nanosheets was efficient. Herein, 

we report a new methodology to directly synthesize LDHs nanosheets. Mg/Al-LDHs 

nanosheets were synthesized in the presence of 23% formamide via a titration method. 

Formamide was used as an inhibitor that prevents the growth of LDHs in the Z-direction. 

LDHs/polymer nanocomposites have been extensively studied. Various methods to 

prepare LDHs nanocomposites have been developed. In situ intercalation of 

polyelectrolytes into LDHs has been reported. However, the exclusion of CO2 is a 

requirement during the process. Herein, we report a new approach to prepare 



 

xii 

 

LDHs/polyelectrolyte intercalation compounds via an in situ intercalation method. The 

LDH was synthesized in the presence of a polyelectrolyte [poly(sodium 4-styrene-

sulfonate) (PSSS) or poly(acrylic acid, sodium) (PAAS)] by a urea hydrolysis method. 

Characterization data confirmed the successful intercalation. The intercalated 

polyelectrolytes turned to be more thermally stable as confirmed by the TGA data.  
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CHAPTER I 

INTRODUCTION  

1. Introduction of LDHs 

In recent years, inorganic layered materials at nanoscale have aroused intensive 

interest in the application of new polymer nanocomposites,
1
 ion exchanger,

2
 

photochemistry,
3
 and catalysis.

4 Layered double hydroxides (LDHs), known as anion 

clays, are one of the most thoroughly studied layered materials.
5 LDHs are comprised of 

positively charged metallic panel and interlayer anions. The general formula of LDHs is 

[M
2+

1-xM
3+

x(OH)2]
x+

[A
p-

x/p]
x+
•mH2O (see Figure 1), where M

2+
 and M

3+
 are a metallic 

bivalent cation and a metallic trivalent cation respectively and A
n- 

is the interlayer anion. 

X is the ratio of two metals which is subject to change to fit special requirements. 

Figure 1. A typical structure of layered double hydroxide.
6  
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Layered double hydroxides can be prepared through the co-precipitation of inorganic 

salts in basic solution at low or high supersaturation, hydrothermal synthesis, 

reconstruction and ion-exchange methods.
5
 Different advantages have been observed as a 

function of different methods of LDHs synthesis.  

Co-precipitation method:
5
 Construction metal salts and base co-precipitate at 

supersaturate condition. There are two different methods based on operations: (1) Co-

precipitation at high supersaturation and (2) Co-precipitation at low supersaturation. 

When using co-precipitation at high supersatureation, a solution containing M
2+

 and M
3+

 

is added to a base solution which contains interlayer anions. The reaction is stopped when 

the set pH value is reached. Co-precipitation at low supersaturation, two solutions are 

mixed together drop by drop. Solution A contains construction metal cations and solution 

B contains counter anion and precipitation base.  

Ion exchange method:
5
 The counter anions in LDHs can be ion exchanged. LDHs 

with different counter anions can be obtained through ion exchange. 

Calcine recovery method:
7
 LDHs exhibit a unique memory effect. LDHs that contain 

interlayer CO3
2- 

(most common) can decompose into metal oxides when calcined at 

500 °C. The original structure can be recovered after the metal oxides are placed into 

basic solution containing the desired counter anion. In this way, one can obtain various 

LDHs. 

Urea hydrolysis method:
8
 urea is neutral at low temperatures and hydrolyzes above 

90 °C to render solution basic. The homogenous increasing of pH by urea hydrolysis 

allows to synthesis LDHs with high crystallinity and purity. 
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Microwave method:
9
 Microwave will heat the reaction system in a very energy 

efficient manner when compared to the conventional preparation methods. It shortens the 

reaction time. 

Figure 2 shows the typical XRD patterns of hydrotalcite like compounds (HTlc). 

 

Figure 2. X-ray patterns of MgAlCl-HTlc (a) and CuCoAl-HTlc (b).
5
 

2. Intercalation of LDHs 

Recently, LDH/polymer interaction compounds have received a large amount of 

attention because of their superior thermal,
10

 mechanical, electrical, and chemical 

properties.
11 A wide range of anions can be intercalated into the galleries of LDHs,

12
 

among which, polyanions are the most intensively investigated. The approaches to 

achieve intercalation in LDHs including ion exchange method,
5 secondary intercalation 

method,
13

 in situ intercalation method
14

 and calcination and reconstruction method,
15

 all 

of which have been well established. In situ intercalation of polyanions has been reported 

to be successful with poly(styrene sulfonate), poly(vinyl sulfonate), polyaspartate, 

poly(ethylene oxide) derivatives, and poly(acrylic acid),
14

 by the co-precipitation method.  

file:///D:/Jingfang%20Yu/THESIS/thesis%20revise%20version%201.1/thesis%20chapter%201%20-v1.1.docx%23_ENREF_42
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In this thesis, we used the urea hydrolysis method under hydrothermal condition, 

which typically generates high crystallinity LDHs, to explore the potential in situ 

synthesis of LDH/polyelectrolyte intercalation compounds. The effect of the 

polyelectrolytes on guiding the growth of the layered materials in the Z direction was a 

prime focus.   

3. Exfoliation of LDHs 

LDHs have been used to prepare various functional materials, including catalysts, 

optical materials, and polymer nanocomposites.
5
 However, their usage is limited because 

the lamellar flakes of LDHs form stacks and bundles.
11 Exfoliating LDHs into individual 

layers (i.e., nanosheets) will maximize the utility of the layers by ensuring a high specific 

surface and aspect ratio. Such nanosheets can be used as building blocks for the 

fabrication of a wide variety of functional nanostructured materials.
5, 16 One important 

example is the layer-by-layer assembly of nanosheets with appropriate counterparts 

though a wet process.
16-17

 Compared to other layered inorganic compounds, LDHs are 

difficult to exfoliate due to their high charge density on the layers.
18

 Complete exfoliation 

of LDHs optimizes properties of the resultant nanostructured materials and improves 

efficiency.  

LDHs have high planar charge density, leading to strong electrostatic interactions 

between layers. Therefore, LDHs are difficult to be exfoliated except under some specific 

conditions. The exfoliation of LDHs was first achieved by intercalating anionic organic 

guests such as amino acids or surfactants into the interlayer of LDHs and agitated in 

certain solvents (Figure 3). Later, delamination of LDHs without intercalated organic 

species in gallery was achieved by using formamide as solvent which provides a faster 

file:///D:/Jingfang%20Yu/THESIS/thesis%20revise%20version%201.1/thesis%20chapter%201%20-v1.1.docx%23_ENREF_33
file:///D:/Jingfang%20Yu/THESIS/thesis%20revise%20version%201.1/thesis%20chapter%201%20-v1.1.docx%23_ENREF_44
file:///D:/Jingfang%20Yu/THESIS/thesis%20revise%20version%201.1/thesis%20chapter%201%20-v1.1.docx%23_ENREF_44
file:///D:/Jingfang%20Yu/THESIS/thesis%20revise%20version%201.1/thesis%20chapter%201%20-v1.1.docx%23_ENREF_45
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and more efficient approach to achieve the goal. Recently, more efficient LDHs 

exfoliation methods, laser ablation, have been developed, which takes several minutes to 

finish the delamination. 

 

Figure 3. General process of exfoliating LDHs.
20

 

Representative exfoliation methods:  

1) Exfoliation of LDHs in formamide 

Hibino et al. reported
21

 the exfoliation of the pre-synthesized glycine intercalated 

LDHs in formamide. Approximately 0.03 g Mg/Al-Gly-LDHs was dispersed in 10 mL of 

formamide, which produced a colloid within a few minutes. Similar approaches have 

been reported by Ugur
22

 who successfully exfoliated Mg/Ga-LDHs. Li et al.
16

 reported 

the exfoliation of a well crystallized NO3
-
 containing Mg/Al-LDHs delaminated in 

formamide. Liu et al.
23

 prepared Co/Al-LDHs through ion exchange with NO3
-
 that were 

exfoliated in formamide. A modified homogeneous precipitation method was used to 

prepare Ni/Fe-CO3
2- 

-LDHs. Urea and triethanolamine (TEA) were used as the ammonia 

releasing reagent and chelating agent, respectively, to facilitate its exfoliation in 

formamide.
24

 Mg/Al-LDHs could be exfoliated under ultrasonication treatment. Mg/Al-
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NO3-LDHs synthesized by co-precipitation method under constant pH=10.0 at about 

60 °C was dispersed in formamide with concentrations of 1, 5, 10, 20 and 40 g L
-1

. The 

dispersions were treated with an ultrasonic water bath in successive intervals of 30 min, 

until the turbidity of the dispersion approached a constant value.
25

 

2) Exfoliation of LDHs in several other solvents 

Chen et al.
26

 reported that Mg3/Al-OH-C12H25SO4-LDHs could be exfoliated in a 

xylene solution of polyethylene grafted with maleic anhydride (PEG-MA). Chen et al.
26-

27
 reported that an advanced exfoliation system prepared from a pre-synthesized 

Zn3Al(OH)8(C12H25SO4)[named Zn/Al-DS] LDH was exfoliated by refluxing in 50 mL of 

xylene solution with a desired amount of LDPE with stirring under a N2 atmosphere for 

24 h. Jobbágy et al.
28

 reported that 0.4 g pre-synthesized dodecyl-sulfate-intercalated 

Mg/Al-LDH could be delaminated in 2 mL CCl4 or toluene in screw capped test tubes 

through a 30 min ultra-sonication with 2 h equilibrium time at room temperature. Adachi-

Pagano et al. 
29

 evaluated the dispersion of Zn2/Al-DS-LDH in water, methanol, ethanol, 

propanol, and hexane under reflux conditions. Exfoliation occurred in butanol only at 

120 °C for 16 h. Up to 1.5 g L
-1

 of Zn/Al-DS-LDH in butanol could be dispersed. 

Other solvents have been evaluated, including water,30
 sodium lactate solution,

31
  

chloroform,
32 dimethyl sulfoxide,

33 silane,
34 and N,N-dimethylformamide,

35
 to facilitate 

the exfoliation process.  

3) Direct exfoliation method  

Only one direct exfoliation method is reported. Zn/Al, Co/Fe, Co/Al and Mg/Fe-

LDHs are synthesized by two consecutive steps: (1) laser ablation of trivalent metal 
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target in de-ionized water at room temperature using a Q-switched Ndyttrium aluminum 

garnet laser; (2) the same laser ablation over a bivalent metal target in a previously 

prepared trivalent metallic colloid.
36

 The synthesized LDHs were characterized to be 

nanosheets.  
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CHAPTER II 

DIRECT SYNTHESIS OF LDH NANOSHEETS, 

INHIBIT THE THIRD DIMENSION GROWTH 

 

1. Introduction 

2D nanosheets, such as graphene and inorganic nanosheets have been extensively 

investigated during the past two decades due to their extraordinary dielectric properties,
1
 

super electrical conducting properties,
2
 catalyst

3
 and so on. 2D naonosheets based 

nanocomposites is one of the most extensively studied areas. Methods
4
 to obtain single-

layer nanosheets have been developed. Cost effective production of nanosheets remains 

an attractive goal. While many approaches to synthesize nanosheets have been 

investigated, exfoliation of the pre-formed layered compounds into continuous phases, 

which takes multiple steps, is the preferred method. For example, the prevalent approach 

to exfoliate layered double hydroxides (LDHs) consists of two steps: the first step is to 

intercalate LDH with large size surfactants/ organic molecules or swell LDH in certain 

solvent. The second step is to exfoliate the modified LDHs through sonication or 

mechanical agitation into the continuous phase. However, those exfoliation processes are 

complicated, time consuming
4d, 5

 and are not productive. In the best case, 0.1 g of Co/Al-

LDH is delaminated in 100 cm
3 

formamide.
5
 It is imperative that a facile, greener, and 

productive approach to synthesize LDH single layer must be developed. 
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Because of their tunable chemical compositions and perfect 2-D morphology with a 

molecular thickness, LDH single layer nanosheets is considered as one of the most ideal 

systems that serve as a model for the physical and chemical research of nanostructured 2-

D materials. Exploration of the direct synthesis of magnesium and aluminum LDHs 

nanosheets by using formamide molecules as inhibitors to suppress the growth in the 

third dimension (Z direction) is the focus of this work. Formamide has been widely used 

as the exfoliating solvent to for different LDHs.
6
 The carbonyl functionality of 

formamide has a strong interaction with the surface of LDH. However, the nitrogen in the 

-NH2 functionality does not form a strong interaction with the interlayer counter anions, 

which ultimately weakens the interlayer attraction.
6
 Thus, formamide as the inhibitor to 

direct synthesis of LDH nanosheets was employed.   

2. Experimental  

2.1 Chemicals 

Mg(NO3)2•6H2O(98%), Co(NO3)2•6H2O(98%-102%), and formamide( 99% ) were 

bought from Alfa Aesar Co.. Al(NO3)3 •9H2O (99%) was purchased from Acros Organics 

Co.. Sodium hydroxide pellets were obtained from Macron Co.. All chemicals were used 

as received without further purification. 

2.2 Synthesis method 

We modified the traditional titration method with an aim to directly synthesize single 

-layer magnesium/aluminum LDHs (Mg/Al-LDH) by adding a predetermined amount of 

formamide as the inhibiter. Solution A is composed of Mg(NO3)2 and Al(NO3)3 (the total 

metal salts concentration is 0.05 M and Mg
2+

/Al
3+

=4:1 molar ratio.) which is added at a 

flow rate of ca. 1 mL/min to a solution of  NaCl (Al
3+

/Cl
-
 = 1) containing 23 vol% 
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formamide at 80 °C in an oil bath. The mixture is maintained at pH approximately 10 

throughout the experiment by simultaneously adding solution B which is 0.25 M sodium 

hydroxide. Both the mixing and reaction processes were carried out with vigorous 

magnetic stirring. After the addition of metal salts solution was finished, the prepared 

sample was centrifuged at 28000 G force and washed with deionized water. The process 

was repeated three times. Single-layer LDH nanosheets dispersed in water was recovered. 

A control sample of regular layered Mg/Al-LDH was prepared under the same conditions 

without adding formamide. 

2.3 Characterization 

The products were characterized by X-ray diffraction (Brucker D8 with Cu Kα 

radiation, λ = 1.5406 Å, 40 kV, 40 mA),   OL 4000 X at 400 kV for     imaging and 

SAED; Helios NanoLab 400 Dual Beam from FEI for SEM imaging.  

3. Results and Discussion 

Mg/Al-LDH single-layer nanosheets 

Formamide forms a strong interaction with LDH sheets surface. The direct synthesis 

of LDH nanosheets in the presence of formamide is expected to have formamide 

molecules adhering to the synthesized LDH sheets surface during the sheet growth. And 

the interactions between the layers and anions will be hindered by the formamide 

molecular because of its high dielectric constant. This will limit the growth of the sheets 
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in the X-Y plane, without stacking of the layers (Figure 4). 

 

Figure 4. Schematic of the growth of LDH inhibited in Z direction by formamide 

(not drawn to scale). 

A white transparent colloidal solution was obtained after dispersing the centrifuged 

sample into water. The Tyndall effect was clearly observed (Figure 5), indicating the 

presence of nanoscaled materials. 

Figure 5. Digital photograph of as-prepared LDHs nanosheets in water. 

Three samples were prepared for XRD characterization: sample A was a thin liquid 

layer of the suspension containing Mg/Al-LDH single- layer nanosheets in water, which 

was cast on a silicon wafer and covered by a Mylar® film; sample B was a thin layer of 

water suspension containing pre-synthesized Mg/Al-LDH (synthesized by the same 
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method for (A) without formamid) in water, which was cast on a silicon wafer and 

covered by a Mylar® film; sample C was a drop of MgAl-LDH single- layer nanosheets 

suspension in water  which was cast and dried in air on a silicon wafer.  

For the purpose of comparison, Mg/Al-LDH synthesized under the same condition 

was prepared. Figure 6 shows the XRD patterns of the LDH control sample, exhibiting 

characteristic sharp and symmetric peaks at low angular region.
7
 

Figure 7a shows the XRD pattern of the sample: A. Mg/Al-LDH single-layer 

nanosheets suspended in water does not show any peak corresponding to a layered 

structure. This indicates that the synthesized Mg/Al-LDH single-layer nanosheets are 

probably not associated in stacked multi-layers. The diffraction peak at around 25.8° is 

from the Mylar® film, which covers the liquid sample. In contrast, Figure 7b shows the 

XRD pattern of an aqueous suspension of a pre-synthesized Mg/Al-LDH at a similar 

concentration. A diffraction peak at 11.57°, which corresponds to the stacked layered 

structure of LDH, is observed. Figure 7c shows the XRD pattern of the re-stacking the 

synthesized the LDH single-layer nanosheets dried on a silicon wafer. After precipitation 

and drying, the single-layer nanosheets re-stacked to form a layered structure, as 

evidenced by a 003 plane diffraction peak at 11.02° (8.0 Å) and a 006 plane diffraction 

peak at 22.39° (4.0 Å), which is similar to the control LDH.  
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Figure 6. XRD pattern of titration synthesized Mg/Al-LDH. 
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Figure 7. XRD patterns of: (a) directly synthesized Mg/Al- LDH single-layer 

nanosheets in liquid phase. (b) pre-synthesized Mg/Al-LDH at a concentration of 0.2 

g/mL in liquid phase. (c) directly synthesized two dimensional Mg/Al- LDH nanoshteets 

restacked on silicon wafer after drying. 

The morphology and size dimension of the as-prepared nanosheets were examined by 

TEM and SEM. Figure 8 shows a representative TEM image of the synthesized LDH 

single-layer nanosheets. The hexagon shaped nanosheets suggest that the single-layer 

LDH nanosheets are moderately crystalized. The sheets exhibit narrow size distribution 

of approximately 20-100 nm in diameter. The High Resolution TEM image suggests that 

the single sheets morphology was prepared. 

 

 

 

5 10 15 20 25 30

In
te

n
s
it
y

2degrees)

a

b

c

11.577.6 Å

25.83 

11.02, 8.0 Å

22.394.0 Å



24 

 

 

 

Figure 8. TEM images of as-prepared Mg/Al-LDH single-layer nanosheets. 

The sample was also characterized using SEM. A liquid sample was cast on a silicon 

wafer and dried overnight. Figure 9 shows the representative morphology under SEM. 

The original LDH layered structure was not observed. Instead, a film-like morphology 

formed.  
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Figure 9. SEM images of the prepared Mg/Al-LDH single-layer nanosheets. 

Influence of formamide  

In order to investigate the effect of formamide in the growth of LDH, samples of 

Mg/Al –LDH nanosheets synthesized using the same method with various concentrations 

(vol%) of formamide were obtained. The total metal ion concentration was selected at 

0.05 M to obtain pure LDH nanosheets. Drying the samples at low temperature (60 ˚C) 

for half an hour on silicon wafer resulted in similar restacking behavior of titration 

synthesized Mg/Al –LDH with 5, 10, 23, 50, 70, and 100 vol% formamide. From the X-

ray diffraction patterns(figure 10), one can see that diffraction peaks of restacked Mg/Al 

–LDH nanosheets are broader and less symmetric than the control Mg/Al –LDH sample 

titration synthesized without formamide. This should be the result of a less ordered 

structure from the nanosheet restacking. Their d-spacing is similar. Since the formamide 
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molecule is smaller than NO3
- 
and CO3

2-
 ions,

8
 the d-spacing of the dried samples should 

be smaller than the original Mg/Al –LDH synthesized without formamide. If the water is 

not removed during the drying process, the interlayer distance should be slightly larger 

than the pristine Mg/Al –LDH.  

Figure 10. XRD patterns of Mg/Al-LDH nanosheets titration synthesized with different 

vol% of formamide compared with the original Mg/Al-LDH. 

A series of liquid phase X-ray diffraction characterizations of the Mg/Al-LDH 

nanosheets titration synthesized with various vol% of formamide were conducted. In the 

liquid phase XRD patterns (Figure 11), the peaks in the low angular region of the pristine 

layered double hydroxide disappeared. A peak at ca. 25.8˚ appears from the diffraction of 

the Mylar® film which covers the liquid sample. The disappearance of the peaks in the 

low angular region suggests that no discernible layered structure can be detected.  
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Figure 11. Liquid phase XRD pattern of Mg/Al-LDH nanosheets titration 

synthesized with different vol% of formamide. 

Figure 12(A) shows the digital image of Mg/Al-LDH nanosheets synthesized with 5, 

10, 23, 50, 70, and 100 vol% of formamide and deionized water (D.I. water) and their 

Tyndall effect under the shining of a green laser beam. With the increasing amount of 

formamide used in the synthesis process, the concentrations of Mg/Al-LDH nanosheets in 

D.I. water solution tend to be decreasing. All samples prepared with different volume 

percentages of formamide form a stable translucent suspension. They all show Tyndall 

effect as shown in Figure 12 (B). 
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Figure 12. Digital images (A) and the Tyndall effect (B) of Mg/Al-LDH nanosheets 

titration synthesized with different vol% of formamide from left to right: 100 vol%, 70 

vol%, 50 vol%, 23 vol%,10 vol%, 5 vol%, and D.I water. 

Transmission electron microscopy is also used to determine the difference between 

these samples. Figures 13 through 16 shows the representative TEM images of the LDH 

nanosheets synthesized with different volume ratios of formamide with a fixed total metal 

ion concentration at 0.05M. Increasing the amount of formamide added to the synthesis, 

resulted in producing LDH with less defined crystallinity. At the extreme case, in which 

the LDH compound was synthesized in 100 vol% of formamide appeared to have 

virtually no hexagon shaped LDH structures in Figure 17. A possible reason might be 

because the large amount of formamide can form a micelle like structure and block the 

growth of LDH on Z and Y directions. The XRD pattern (Figure 10) and TEM images of 

LDH synthesized with low amounts of formamide indicates good crystallinity and are 

similar to pristine LDH. In order to synthesis LDH nanosheets with both good 

crystallinity and fewer layers, the LDH nanosheets synthesized with 23 % of formamide 

was chosen in the latt76er studies.   
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Figure 13. Mg/Al-LDH nanosheets synthesized with 5 vol% formamide. 

  

Figure 14. Mg/Al-LDH nanosheets synthesized with 10 vol% formamide. 
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Figure 15. Mg/Al-LDH nanosheets synthesized with 50 vol% formamide. 

 

Figure 16. Mg/Al-LDH nanosheets synthesized with 70 vol% formamide. 
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Figure 17. Mg/Al-LDH nanosheets synthesized with 100 vol% formamide. 

Influence of aging 

The Mg/Al-LDH nanosheets synthesized with 23 vol% formamide were not well 

crystallized as shown in the TEM images (Figure 8). Aging has been proven to be 

effective in assisting the crystallization of LDH.
9
 Two samples of Mg/Al-LDH 

nanosheets synthesized with 23 and 100 vol% formamide were aged for 18 hours at 80 ˚C. 

In Figure 18, the aged LDH nanosheets synthesized with 23 vol% formamide showed 

lower crystallinity than the un-aged sample. This is probably owing to the slow 

hydrolysis of formamide in the presence of sodium hydroxide residue into ammonium 

and formate.
10

 The hydrolysis of formamide destabilized the LDH nanosheets, which 

started to restack to form layered structure. Another experiment was conducted to verify 

this effect. The same method was applied as stated in the experiment section part except 

formamide was used as the solvent without water. Sodium hydroxide solid was dissolved 

in 100% formamide to prepare solution B. The metal salts were dissolved in 100% 

formamide to make solution A. Sodium chloride solid was dissolved in 100 % formamide 

prior to reaction in a three neck flask. After the reaction, half of the sample was subjected 
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to washing and the aggregates after washing was re-dispersion in water; the other half of 

the sample was preheated in an oven to 80 ˚C and aged for a day. A significant difference 

between the aged and un-aged samples can be observed (Figure 19 (A)). The aged sample 

formed discernible crystals and slowly precipitated out while the un-aged sample formed 

a transparent stable suspension as demonstrated by the Tyndall effect (Figure 19 (B)). 

The discernible crystals formed in the aged sample are the product of the hydrolysis of 

formamide (as is shown in Figure 16 B) which can be easily dissolved in water.  

 

Figure 18. TEM images of aged Mg/Al-LDH nanosheets synthesized with 23 vol% 

formamide. 
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Figure 19. Digital photographs of as-prepared LDHs nanosheets in water (B) and aged 

as-prepared sample in 100% formamide(right after aging) (A). 

Scanning electron microscopy was employed to observe the morphology of the aged 

sample synthesized in 100 vol% formamide(figure 20). After aging, the sheet-like 

morphology evolved to rosette-like LDH clusters. The SEM images indicate that aging 

improves the crytallinity of the synthesized nanosheets. The particle size increased from 

dozens of nanometer to several microns. In other words, the effect of formamide as an 

inhibiter during the synthesis of LDH nanosheets has been mitigated because of the aging. 

Formamide hydrolysed into ammonia and formate in a strongly basic environment. 

Probably, the LDH nanosheets would no longer be protected by formamide. The crystal 

growth inhibition in the Z direction was removed. Under thermal aging conditions, the 

nanosheets formed layered structures. Figure 19(A) shows the digital image of the aged 

sample after washing. The sample did not form a stable suspension. Instead, the sample 

precipitated out and settled on the bottom of the vial.  

A B 
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Figure 20. SEM images of Mg/Al-LDH nanosheets synthesized with 100 vol% 

formamide after aging. 

4. Conclusions 

The results shown above indicate that LDH nanosheets can be directly synthesized 

via the in situ synthesis method. Formamide molecules can act as an inhibitor during the 

in situ synthesis compromising the growth of LDH in the Z-direction at 23 vol% 

concentration. A relatively low concentration of formamide (5 and 10 vol%) may not 

effectively block the growth of LDH in the Z-direction resulting in LDH sheets with high 

crystallinity. These are very similar to the ones synthesized in the absence of formamide, 
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as evidenced by the TEM images. On the other hand, a high concentration of formamide 

(>50 vol%) produces LDH nanosheets with much lower crystallinity. At 100 vol% 

formamide, LDH growth was effectively inhibited producing amorphous like LDH. The 

conventional method to improve LDH crystallinity, aging, is however, not viable in our 

system because of the hydrolysis of formamide in strong base.  

Further characterization, such as atomic force microscopy, is required to confirm the 

thickness of the LDH nanosheets. Further studies of the stabilization mechanism of LDH 

nanosheets in solution needs to be determined. The application of the directly synthesized 

LDH nanosheets to fabricate multifunctional nano-structured materials will be explored 

in the future studies. 
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CHAPTER III 

IN SITU SYNTHESIS OF LDH/POLYELECTROLYTE INTERCALATION 

COMPOUNDS 

 

1. Introduction 

Intercalation of layered double hydroxides(LDHs) can be achievied by anion 

exchange,
1
 the reconstruction of calcined LDH in the presence of target anion,

2
 and the in 

situ growth of polymeric anions intercalated LDH.
3
 The in situ intercalation method has 

been achieved by Messersmith et al.,
4
 Oriakhi et al.,

5
 Whilton et al.,

6
 and Leroux et al.

7
 

by precipitating different types of LDHs in the presence of polymers. It was suggested by 

Messersmith and coworkers
4
 that the incorporated PVA molecules promote the 

nucleation and growth of LDH layers. Thus, our attention was drawn to the idea of 

utilizing negatively charged polymers to guide the growth of LDH in the Z-direction. The 

previous in situ intercalations were performed using the titration method, which typically 

results in LDHs with a low crystallinity.
8
 Urea hydrolysis and hydrothermal conditions, 

which facilitate the crystallization of LDHs
9
 was adopted in this research. In this study, 

different weight percentages of two polyelectrolytes, poly(sodium 4-styrene-sulfonate) 

(PSSS) and poly(acrylic acid, sodium) (PAAS), were added to the synthesis of LDH to 

examine the effect of polyelectrolytes on the growth of LDH in the Z-direction. PSSS is a 

strong polyelectrolyte which fully dissociates in solution, thus, it will be fully charged. 
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On the other hand, PAAS is a weak polyelectrolyte, which will be partially charged as a 

function of the PH of the solution. Morphology and crystallinity changes of two 

polyelectrolytes intercalated LDH compounds are expected to be different. 

 

2. Experimental  

2.1 Materials 

Mg(NO3)2•6H2O(98%) was purchased from Alfa Aesar Co.. Al(NO3)3 •9H2O (99%) 

was obtained from Acros Organics Co. Poly(acrylic acid, sodium) (35 wt. %) and 

Poly(sodium 4-styrene-sulfonate) (30 wt. %) solution in water were obtained from 

Sigma-Aldrich. 

2.2 Synthesis method 

Hydrothermal synthesis of Mg4Al-LDH 

Metal salts [Mg(NO3)2, Al(NO3)3 ] were mixed with 30 mL of D.I. water.The Mg:Al 

content was in a 4:1 molar ratio. Total metal ion concentration was 0.25 M. Urea was 

added to the metal salts solution at a molar ratio of (urea) : (total metal ion)= 4:1. The 

mixture was added to a Teflon liner hydrothermal reactor and heated at 100 ℃ for 24 

hours. 

Intercalation compounds synthesis: 

We assume that the metal ions were completely converted into LDH. 

Samples of LDH with PSSS(or PAAS)  were in a weight ratio: 4:1, 2:1, 1:1 and 1:2 

were synthesized using the hydrothermal method listed above. 
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2.3 Characterizations 

FT-IR spectra were recorded on a Perkin Elmer Frontier FT-IR Spectrometer. The 

samples were mixed with KBr and compressed as pellets for characterization. The 

thermal properties of the samples were characterized by a thermogravimetric analyzer 

(TGA, TA Instruments model Q50) with an air atmosphere (40 mL/min) at a heating rate 

of 10 °C/min. X-ray diffraction (XRD) patterns were recorded on Brucker D8 

diffractometer with Cu Kα radiation ( λ = 1.5406 Å, 40 kV, 30 mA). JEOL 4000EX at 

400 kV for TEM imaging. Helios NanoLab 400 Dual Beam from FEI was employed for 

SEM imaging.  

3. Results and Discussion 

Previous reports
3, 5

 specified the importance of eliminating air during the intercalation 

of polyelectrolytes to exclude the incorporation of carbonate ions into LDH. In our study, 

the hydrolysis of urea will produce carbon dioxide. The exclusion of the carbon dioxide 

is not required in our study. The reactions proceeded in un-deaerated D.I. water. The 

synthesized intercalated compounds were characterized by X-ray diffraction and FT-IR to 

confirm the intercalation. 

XRD analysis  

Figure 21 shows the XRD patterns of LDH/PSSS intercalation compounds with 

different weight ratios. Compared with the pure LDH hydrothermally synthesized 

without any PSSS, the XRD pattern of LDH:PSSS=4:1ratio sample shows two phases; 

the PSSS intercalated phase (19.8 Å)and the carbonate phase of LDH (7.5 Å).
10

 Two 

phases co-exist because the amount of polymer added is not sufficient to fully occupy the 

interlayer region of LDH. Additional anions are needed to compensate the layer charge of 
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LDH. Carbonate ion is well known as the preferred anion for LDH because of the 

favorable lattice stabilization enthalpy. It was stated that “attempted syntheses of the 

polymer-LDH nanocomposites in air always resulted in the carbonate form with no 

evidence of polymer incorporation.” 
5
 Previous attempts to synthesize LDH with singly 

charged polymers were not successful. The success of our direct intercalation of 

polyelectrolyte into LDH in air can be ascribed to the large amount of polyelectrolyte 

used and the high pressure and high temperature during the synthesis. Increasing the 

amount of PSSS, decreased the amount of the carbonate LDH relative to PSSS 

intercalated LDH. At the weight ratio of LDH:PSSS=1:1, the peak of carbonate LDH 

completely disappeared. Only one type of LDH was shown in XRD pattern starting from 

the sample of LDH:PSSS=1:1, which indicates that the dominating interlayer ion was the 

polymer. Moreover, the first order peak broadened with increasing amounts of PSSS. The 

average d-spacing of the first order peak of the LDH:PSSS=1:1 and 1:2 is ca. 20.5 Å, 

which is similar to the data in the literature.
5, 11

 The details of XRD patterns for MgAl-

LDH, PSSS/LDH and PAAS/LDH intercalation compounds are listed in Table 1.  
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Figure 21. XRD patterns of LDH/PSSS intercalation compounds with different weight 

ratios of PSSS. 

Figure 22 shows the XRD patterns of Mg/Al-LDH and LDH/PAAS intercalation 

compounds with different weight ratios of PAAS. The XRD patterns are different from 

the LDH/PSSS intercalation compounds shown in Figure 21. At the LDH/PAAS weight 

ratio of 4:1, the synthesized product does not show any sign of intercalation. Only the 

carbonate LDH phase is shown in the XRD pattern (see Table 1.), which can be ascribed 

to the weak polyelectrolyte effect. Increasing the amount of PAAS, the amount of 

carbonate LDH was decreased. At the weight ratio of LDH:PAAS =1:1, no carbonate 

LDH is shown in the XRD pattern. Moreover, the diffraction peak of the product was 

very broad, which can also be ascribed to the weak polyelectrolyte effect. 
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Figure 22. XRD patterns of LDH/PAAS intercalation compounds with different 

weight ratios of PAAS. 

For LDH/PSSS intercalation compounds, the XRD patterns show that the 

intercalation compounds exhibit a close interlayer distance of ca. 20 Å, regardless of the 

amount of PSSS in the reaction. However, for the LDH/PAAS intercalation compounds, 

only the first order of the intercalation phase can be detected. Moreover, the intercalation 

phase is not manifested until LDH/PAAS=2:1 which all together were ascribed to the 

weak polyelectrolyte effect.  
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Table 1. XRD data for Mg/AL-LDH and polyelectrolyte intercalation compounds.  

Sample 

d /Å 

Intercalation Phase CO3
2- 

-LDH Phase 

First order Second order First order Second order 

Mg/Al-LDH - - 7.5 3.8 

LDH:PSSS 

4:1 19.8 9.8 7.5 3.8 

2:1 20.0 10.0 7.6 3.8 

1:1 20.2 9.9 - - 

1:2 20.3 10.1 - - 

LDH:PAAS 

4:1 - - 7.5 3.8 

2:1 14.0 - 7.5 3.8 

1:1 17.3 - - - 

2:1 19.0 - - - 

 

 

IR analysis 

The IR spectra of the carbonate LDH and polyelectrolyte intercalation compounds are 

shown in Figure 23 and 24. In Figure 23, different weight ratios of LDH/PSSS 

intercalation compounds are shown. The strong peak at 1370 cm
-1

 can be assigned to the 

stretching of C=O in CO3
2-

 in the pristine LDH spectra.
12

 In the IR spectra of the 

intercalation compounds, the sharp peak at 1040 cm
-1

, the symmetric stretch, and broad 

peak at 1196 cm
-1 

, the asymmetric stretch, are the characteristic vibrations of sulfonate 
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R-SO3
- 
from

 
sulfonic acid.

13
 The intercalation of PSS

-
 into the interlayer space is 

confirmed by the presence of two absorptions at 1040 and 1196 cm
-1

, even at a ratio of 

LDH:PSSS=4:1. With an increasing concentration of PSSS, the interlayer carbonate 

anion was gradually replaced by PSS
-
. The gradual reduction of the carbonate absorption 

in the IR from LDH/PSSS=4:1 to 1:1 is consistent with this hypothesis. No carbonate 

absorption peak was detected in the IR spectra of LDH/PSSS=1:2 which may indicate the 

complete replacement of carbonate ions by PSS
-
.  

 

Figure 23. IR spectra of LDH/PSSS intercalation compounds with different weight 

ratios of PSSS. 

Figure 24 shows the IR spectra of different weight ratios of LDH/PAAS intercalation 

compounds. The RCO2
- 
characteristic IR absorptions in the intercalation compounds are 

at 1455(symmetric RCO2
- 
stretch) and 1566 cm

-1
(asymmetric RCO2

- 
stretch ).

14 
In the IR 

spectra of the LDH/PAAS intercalation compounds, the presence of the two absorption 
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peaks appeared at LDH/PAAS=2:1 and maximize at the ratio of 1:2.This is different from 

the LDH/PSSS intercalation compounds, which show sign of PSS
-
 starting from 

LDH:PSSS=4:1 owing to the weak polyelectrolyte effect of PAAS. There is a strong 

carbonate absorption peak at 1370 cm
-1

 in the LDH/PAAS=4:1 IR spectra, which 

indicates that the dominant interlayer ion in the LDH is still carbonate. This is consistent 

with the XRD patterns, which indicate no intercalation phase (Figure 22). With an 

increasing concentration of PAAS, the carbonate absorption intensity decreased and at 

LDH:PAAS=1:2, the carbonate absorption peak completely disappeared in the IR spectra. 

The IR spectra agree very well with the XRD patterns, both of which show that at 

LDH:PAAS=1:1 and 1:2, the polyelectrolyte is the dominant interlayer anion.  

 

Figure 24. IR spectra of LDH/PAAS intercalation compounds with different weight 

ratios of PAAS. 
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TGA analysis 

All samples were tested in the solid phase including the two polyelectrolytes. The two 

pure polyelectrolytes solution were dried in oven at 100 °C for a day. The solid 

intercalation compounds were ground into powders using a mortar and pestle. 

Figure 25 shows the TGA analysis of carbonate LDH, LDH/PSSS intercalation 

compounds and PSSS. In the thermagram of the carbonate LDH, two transitions of 

weight loss are present. The first transition at ca. 70- 200 °C corresponds to 13.1% 

weight loss and the second one at ca. 200-330 °C corresponds to 7.7% weight loss. The 

two stages of weight loss can be attributed to the loss of surface water and interlayer 

water.
8
 The third stage at ca. 330- 520 °C corresponds to 16.3% weight loss, which was 

caused by the decomposition of carbonate and the dehydroxylation of the layers.
8
   

In the thermo gram of the intercalation compound from LDH/PSSS=4:1, two 

transitions of weight loss are presented. The first transition is at ca. 70- 430 °C, owing to 

the elimination of absorbed surface water and interlayer water, which correspond to 17.8 % 

weight loss. The second stage is between ca. 430- 590 °C, which can be attributed to the 

dehydroxylation of the layers, loss of CO2 from residue carbonate anions, and partial 

decomposition of the polyelectrolyte.
5
 Moreover, the PSSS IR spectra shows that the 

polyelectrolyte starts to decompose at ca.420 °C (Figure 26). The increased polymeric 

decomposition starting temperature of the intercalation compounds compared to neat 

PSSS indicated that the intercalated polymers were protected by the layers. 
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Figure 25. TGA profile of LDH/PSSS intercalation compounds with different weight 

ratios of PSSS.  

Figure 26. Derivative TGA profile of LDH/PSSS intercalation compounds with 

different weight ratios of PSSS. 
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The thermogravimetric analysis traces for the pristine LDH, LDH/PAAS intercalation 

compounds, and PAAS are shown in Figure 27. The pure PAAS shows two stages of 

weight loss corresponding to the decarboxylation
15

 of the PAAS at ca.370 -390 °C and 

the decomposition of PAAS chain
15

 at ca. 390-530 °C. Similar to the LDH/PSSS 

intercalation compounds, as shown in Figure 28, all of the intercalation compounds 

exhibit a higher polymer decomposition starting temperature. This can again be attributed 

to the protection effect of LDH layers, and suggests the successful intercalation of 

polymers in the LDH layers.
16

 

 

Figure 27. TGA profile of LDH/PAAS intercalation compounds with different 

weight ratios of PAAS. 
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Figure 28. Derivative TGA profile of LDH/PAAS intercalation compounds with 

different weight ratios of PAAS. 

SEM analysis 

The control carbonate LDH synthesized under the same condition and the 

polyelectrolyte/LDH intercalation compounds were examined by the scanning electron 

microscope to examine the morphology of the samples. Figure 29 presents the typical 

LDH hexagonal layered morphology with SEM. The thickness of the LDH flakes is 

between 50-150 nm and the diameter is about 1-5 μm. Some of these platelets are 

aggregated into LDH piles. 
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Figure 29. SEM images of the hydrothermally synthesized pristine LDH.  

In contrast, the LDH/PSSS intercalation compounds show different microstructure 

from the pristine LDH (Figure 30). The intercalation compound LDH/PSSS=4:1 

exhibited a rosette morphology. There is still platelet structure remaining that indicates 

the co-existence of the carbonate LDH and the intercalation compound. The 

LDH/PSSS=2:1 sample shows a similar morphology and a higher concentration of 

packed structure. With a further increased concentration of PSSS, the 

LDH/PSSS=1:1sample showed few signs of platelet structure but more rosette-like 

structures and aggregates. As the PSSS concentration reached LDH/PSSS=1:2, only large 

aggregates can be observed which shows a thickness of dozens of microns (not shown in 

the image). 
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   Figure 30. SEM images of LDH/PSSS intercalation compounds with different 

weight ratios of PSSS. 

Similar to LDH/PSSS intercalation compounds, the SEM images (Figure 31) of 

LDH/PAAS=4:1 and 2:1 intercalation compounds showed the co-existence of a rosette 

like and platelet structure. However, the LDH/PAAS=1:1 intercalation compound 

showed a spherical structure along with large aggregates (not shown in the image). The 

SEM image of LDH/PAAS=1:2 shows only large aggregates with thickness of dozens of 

microns.  

The SEM images show the effect of the presence of polyelectrolyte on the 

morphology of the formed layered compounds.  
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       Figure 31. SEM images of LDH/PAAS intercalation compounds with different 

weight ratio of PAAS. 

4. Conclusions  

In this study, LDH and two LDH/polyelectrolyte intercalation compounds were 

prepared via an in situ hydrothermal method. The XRD and FT-IR data confirmed the 

successful intercalation. The thermal stability of the two polyelectrolytes was improved 

after intercalation, which is confirmed by the TGA. Moreover, the SEM images show that 

the presence of the polyelectrolytes had a significant effect on the morphology of the 

formed layered compounds.  

In conclusion, the results show that the new in situ hydrothermal method is effective 

for the direct synthesis of LDH/polymer intercalation compounds.
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CHAPTER IV 

SUMMARY AND FUTURE WORK 

In this study, two methods were developed to tailor the growth of layered double 

hydroxides (LDHs) in the third dimension( Z direction): direct synthesis of single layer 

LDH nanosheets and LDH/polyelectrolyte layered intercalation compounds.  

The synthesized LDH nanosheets exhibit apparent Tyndall effect in suspension. 

They were characterized by XRD and TEM. The characterization results we obtained so 

far have suggested that we have obtained very thin LDH nanosheets. However, further 

characterization, such as AFM and cryo-TEM must be conducted to verify that exact 

thickness of the nanosheets.  

Meanwhile, LDH/polyelectrolyte layered intercalation compounds were 

synthesized through a new in situ intercalation method. To the best of our knowledge, 

this is the first report on in situ intercalation of LDHs in the presence of CO2. Previous in 

situ intercalation methods were not successful in the presence of CO2 using a titration 

method. The new method has been proved to be effective based on the XRD and FT-IR 

characterization of the synthesized intercalation compounds. Moreover, the SEM images 

confirmed the guidance effect of polyelectrolytes on the Z- direction growth of LDHs. 
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The above two related methods, one is based on inhibiting the growth of LDHs in 

the Z- direction, the other concentrates on improving the third dimension growth with the 

guidance of layer growth coordinators, have been proved to be effective as we expected.

Future work will focus on the further characterization of the as synthesized LDH 

nanosheets to confirm the layer thickness and their application in the fabrication of nano-

structured materials. The hydrolysis of formamide in relationship to the aging chemistry 

will be confirmed. The study of macromolecular, inorganic, as well as other organic 

inhibitors/coordinators, which might function more effectively than 

formamide/polyelectrolytes, respectively is planned. In addition, the mechanism of the Z-

direction growth of layered materials has not been fully defined, thus further more in-

depth investigations are needed. Finally, the methods developed here will build a good 

foundation for tailoring the growth of 3-D materials with more sophisticated structures.  
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