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Abstract In this study, three-dimensional (3D) nanohy-

brids with excellent properties were prepared by the simple

combination of 1D carbon nanotubes (CNTs) and 2D

MgAl-layered double hydroxides (LDHs). An optically

active amino acid containing poly(amide-imide) was pre-

pared by direct polycondensation reaction of N-trimellity-

limido-L-alanine and 4,40-diaminodiphenyl methane under

green condition in molten tetra-n-butylammonium bro-

mide. PAI/LDH-CNT nanocomposites containing 2, 4, and

8 wt% LDH-CNT were prepared via a simple and an

effective ultrasonic method. The presence of CNT in the

interlayer space of LDH was confirmed by thermogravi-

metry analysis, Fourier transformed infrared spectroscopy,

and X-ray diffraction techniques. The homogeneous dis-

persion of nanofillers in the PAI matrix was observed by

field emission scanning electron microscopy and trans-

mission electron microscopy. The obtained results revealed

the coexistence of exfoliated and intercalated modified

LDH-CNT in the polymer matrix.

Introduction

The field of nanotechnology has grown over the last

20 years, and polymer nanocomposites (PNCs) as a subset

of it has attracted considerable attention [1]. PNCs are

formed by embedding nanofillers in a thermoplast or

thermoset polymer matrix. These materials exhibit excel-

lent electrical, optical, and mechanical properties [2–4].

Discovery of carbon nanotubes (CNTs) in 1991 as one-

dimensional (1D) nanomaterials represents a significant

group of nanomaterials with attractive electronic, struc-

tural, and chemical properties [5]. CNTs are considered to

be ideal filler in high-performance polymer composites due

to their unique properties such as good elasticity, large

specific surface, and high stability [6, 7]. They can be used

in catalyst supports, gene delivery, probes, composite

reinforcements, solar cells, displays, hydrogen storage

materials, nano-reactors, etc. [8–10].

Another promising class of nanomaterials refers to the

layered double hydroxides (LDHs) with the general for-

mula of [M1-x
2? Mx

3? (OH)2] [Anx/n
- �yH2O] (An- = OH-,

CO3
2-, NO3

-). A is the interlayer anion, and MII and MIII

are the metal cations. They are composed of brucite

(Mg(OH)2)-like lamellae structures with positive charge

that M2? cations octahedrally coordinated by hydroxyls in

which some trivalent cations isomorphously replace some

of the divalent ones. The excess positive charges on the

LDH surface are counterbalanced by An- anions located in

the interlayer spacing or at the edges of the lamellar

[11–15]. These materials have shown a great potential in a

wide range of applications such as biosensors, catalysts, ion

exchangers, ceramic precursors, organic–inorganic NCs,

etc. [16, 17].

As mentioned above, LDHs and CNTs have excellent

features, but their intrinsic shortages have limited their
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applications. For example, LDHs have low electrical con-

ductivity, though they are with high chemical reactivity.

For CNTs with high electrical conductivity, their chemical

inertness, low solubility, and dispersivity in most solvents

hinder the electrochemical performance. Thus, the combi-

nation of nanocarbons and LDHs for the preparation of

homogeneous nanohybrid materials is an effective strategy

to integrate their distinguishing properties [18–21]. Nano-

hybrids of LDH-CNT have interesting features. For

example, Garcia-Gallastegui et al. [19] found that when the

LDH materials were supported on CNTs, the stability and

the CO2 sorption capacity of the LDHs were increased

significantly. Also, Qiu and coworkers [22] exhibited

higher specific capacitance, better rate ability, and cycling

stability as pseudocapacitor electrodes for Ni Co Al-LDH-

CNT.

Poly(amide-imides) (PAIs) are one of the most suc-

cessful classes of high-performance polymers. These

macromolecules possess good thermal stability, excellent

impact, and chemical resistance as well as solvent resis-

tance. The incorporation of amino acids in the side chain of

the synthetic polymers can lead to the optically active

polymers with increased solubility, biocompatibility, and

biodegradability [23–25].

The key issue for the successful application of LDHs

lies in their ability to anion exchange with a suitable guest

molecule, inorganic and organic ions [26, 27]. Anion

exchange can be used for the removing of pesticides and

other hazardous molecules from water, or it can resolve the

incompatibility between the organophilic polymer and the

hydrophilic LDHs [28, 29]. Thus CNT anions can be

intercalated into the interlayer of LDHs, thereby making

the synergic effect. This effect can be seen mostly in the

polymer-based NCs. The 1D CNTs are one of the inter-

esting nanoscale fillers for the fabrication of the PNCs,

giving them better mechanical, electrical, and thermal

properties. LDHs as 2D nanostructured materials have also

been extensively used as nanofillers for the reinforcement

of polymer composites, but due to the strong van der Waals

interaction between the nanomaterials, they are prone to

aggregation. Therefore, by modifying LDHs with CNTs,

the hydrophilic nature of LDHs changes to the hydrophobic

one, so it can be dispersed in the polymer matrix. On the

other hand, 3D hierarchical NCs can be synthesized by the

combination of 1D nanotubes and 2D lamellar flakes,

making high-performance polymer composites [18, 29].

In this study, the surface modification of LDH was

accomplished by CNT anions under sonication process.

Then, the LDH-CNT was employed as 3D nanohybrids in

the PAI matrix for the synthesis of NCs with different

percentages of the 3D nanofiller. Furthermore, thermal

stability and surface morphology of the synthesized mate-

rials were investigated by different techniques.

Experimental

Materials

Aluminum nitrate nonahydrate, Al(NO3)3�9H2O, and

magnesium nitrate hexahydrate, Mg(NO3)2�6H2O, L-ala-

nine amino acid, and trimellitic anhydride (TMA) were

purchased from Merck Chemical Co. (Germany), and they

were used without further purification. Acid functionalized

multi-walled carbon nanotube (MWCNT-COOH) was

purchased from nanosabz Co. (Tehran, Iran). The other

solvents and materials were used as obtained without fur-

ther purification.

Characterization

X-ray diffraction analysis (XRD) was carried out using a

Philips Xpert MPD X-ray diffractometer with Cu Ka
radiation (k = 1.51418 Å) generated at a voltage of 40 kV.

Thermogravimetric analyses (TGA) of the samples were

carried out in an argon atmosphere at the heating rate of

20 �C/min from room temperature to 800 �C using the

STA503 TA instrument.

Morphologies of the as-obtained products were observed

using a field emission scanning electron microscope [(FE-

SEM), Hitachi, S-4160] and a transmission electron

microscope [(TEM), Philips CM 120, Netherlands)].

Fourier transform infrared spectroscopy (FT-IR) was

accomplished on Jasco-680 (Japan) spectrophotometer in

the range of 400–4000 cm-1.

MISONIX ultrasonic liquid processor, XL-2000 series

with a wave of frequency 2.25 9 104 Hz and power of

100 W, was employed for the preparation of the NCs.

Synthesis of polymer

Optically active PAI containing amino acid was prepared

by the direct polycondensation reaction of N-trimellity-

limido-L-alanine and 4,4’-diaminodiphenyl methane under

green condition in molten tetra-n-butylammonium bromide

according to our previous work [30].

Synthesis of LDH-CO3
2-

A mixed solution of Mg(NO3)2. 6H2O and Al(NO3)3. 9H2O

with 2:1 molar ratio was slowly added into a solution

containing NaOH (0.08 g) and Na2CO3 (0.16 g), and the

pH of resulting suspension was maintained at 8–9 by the

continuous addition of a 1 M NaOH, and the mixed solu-

tion was sonicated for 1 h. The obtained precipitates were

filtrated using Whatman filter paper and washed by

deionized water several times; then, the remaining powder

was dried at 60 �C for 24 h.
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Intercalation of CNTs into LDH Flakes

LDH-CNT hybrid was prepared via ultrasonic irradiation as

a simple, green, and fast method. Firstly, Mg(NO3)2. 6H2O

(2.8 mmol) and Al(NO3)3. 9H2O (1.4 mmol) were dissolved

in 100 mL of deionized water (solution a). CNT was dis-

persed in an aqueous solution containing 9.9 mmol NaOH

and 2.5 mmol Na2CO3 (solution b). Subsequently, solution b

was added to the solution a, and stirred for 2 h at 60 �C.

Then, the resulting black suspension was sonicated for 1 h.

The solid was recovered and washed with deionized water

and finally dried under vacuum at 60 �C for 12 h.

Preparation of PAI/LDH-CNT NCs

The PAI-based NCs were synthesized as follows: 0.1 g

of the PAI was dispersed in 10 mL of absolute etha-

nol, and a uniform colloidal dispersion was obtained

after sonication for 15 min at room temperature. Then,

the suspension was mixed with the different amounts

of LDH-CNT (2, 4, and 8 wt%) to produce polymer-

based NCs followed by sonication for 1 h at room

temperature. The solvent was removed and the

obtained solid was dried in vacuum at 80 �C for 24 h

(Fig. 1).

Fig. 1 Synthesis of PAI/LDH-

CNT NCs
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Results and discussion

The reaction pathways for the synthesis of LDH-CNT are

shown in Fig. 2. The preparation of LDH-CNT hybrids was

assisted by the ultrasound, a feasibility way because of its

effect on the dispersion of the LDH-CNTs as filler and

activation of their surface. This facilitated the interaction

between the polymer and the filler. Sonication not only

accelerated the crystal formation, but also represented

higher yields in the surface functionalization.

FT-IR analysis

FT-IR spectra of MWCNT-COOH, LDH-CO3
2- and LDH-

CNT are shown in Fig. 3. The broad bands in the

3300–3600 cm-1 regions and 1636 cm-1 corresponding to

the O–H stretching vibrations of water molecules and the

hydrogen bonding among the hydroxyl groups were present

in all the samples. For MWCNT-COOH, the weak

absorption bands around 1710 and 1164 cm-1 can be

attributed to the vibrations of C=O and C–O functional

groups and a strong and broad absorption band at

3438 cm-1 is attributed to the O–H stretching band of

carboxylic acid on the surface of CNTs. The band observed

near 1580 cm-1 showed the presence of the cylinder like

carbon structure (rolled graphene sheet). For LDH and

LDH-CNT nanohybrids, the peaks at about 1373 and

777 cm-1 could be ascribed to the t3 vibration and the

bending modes of the interlayer CO3
2- anion. Also,

stretching and bending modes of the hydrotalcite-like lat-

tice could be detected by the metal–oxygen (M–O) and

found to be below 800 cm-1 [22, 31].

Mg (NO3)2. 6 H2O
Al (NO3)3. 9 H2O CNT-COOH

NaOH
Na2CO3

Ultrasonic irradiation
1 h

CO3
2- H2O

LDH

+ + +

+ + +

Fig. 2 Preparation of LDH-CNT hybrid

Fig. 3 FT-IR spectra of (a) MWCNT-COOH, (b) LDH-CO3
2-, and

(c) LDH-CNT

Fig. 4 FT-IR spectra of (a) LDH-CNT, (b) pure PAI (c) PAI/CNT-

LDH NC 2 wt%, (d) PAI/CNT-LDH NC 4 wt%, and (e) PAI/CNT-

LDH NC 8 wt%
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Figure 4 shows FT-IR spectra of the NCs with different

amounts of LDH-CNT. Compared with the pure PAI, a

new broad absorption band around 400–800 cm-1 could

be found in the FT-IR spectra of the NCs. This was

related to the presence of LDH-CNT nanohybrides. The

difference between the structure of the LDH and inter-

calated CNT was not observed exactly through the

changes in the FT-IR spectra. Therefore, to obtain more

informations about the composition of the obtained

nanohybrids, their structure was further examined by

XRD measurements.

XRD analysis

The XRD patterns of the LDH-CO3
2-, LDH-CNT hybrid,

and MWCNT-COOH are presented in Fig. 5. According to

Bragg equation, the gallery spacing between LDH platelets

related to the peak of (003) plane with the characteristic

peak at 2h = 11.84o was around 0.756 nm (Fig. 5a). Other

peaks at relatively high 2h value were indexed to non-basal

(006), (009), (110), and (113) reflections [32]. For the

MWCNT-COOH, the peaks at 2h = 26� and 43� could be

attributed to the interlayer spacing d(002) and d(101)

reflection of the CNT (Fig. 5c). In the XRD pattern of the

LDH-CNT, the main diffraction peaks of both LDH-

CO3
2-and MWCNT-COOH were observed (Fig. 5b).

Compared with that of the pristine LDH-CO3
2-, the

intensity of the LDH-CNT nanohybrid diffraction peaks

became relatively high, implying the high crystallinity of

the nanohybrid materials.

The XRD patterns of the pure PAI and the composites of

PAI with different amounts of the LDH-CNT nanohybrids

(2 and 8 wt%) are shown in Fig. 6. In the XRD pattern of

the neat PAI, no sharp diffraction peaks were observed,

indicating that this polymer was amorphous. For NC

materials, the disappearance of diffraction peaks corre-

sponding to the LDH was observed. In these samples, only

a small peak with low intensity at around 2h = 26� was

detected. This was attributed to the diffraction of the CNT

in the hybrids. The disappearance of LDH peaks in these

materials may be a result of a partial exfoliated structure in

which the gallery height of intercalated layers was large

enough, and the layer correlation was not detected by

XRD. A complete characterization of composite mor-

phology requires other microscopy investigations such as

FE-SEM and TEM.

Surface morphology analysis

One of the most important factors for producing technically

interesting LDH-CNT/NCs is the complete and homoge-

neous dispersion of nanofillers into the polymer matrix.

TEM and FE-SEM images were examined to observe the

dispersion of the CNT-clay hybrid filler in the synthesized

composites. A representative FE-SEM image of LDH-

CNT, along with an image of MWCNT-COOH and LDH-

CO3
2- is shown in Fig. 7. As can be seen, LDH-CO3

2-

was a layered, plate-like particle, and MWCNT-COOH had

a cylinder shape. In comparison with these two images,

LDH-CNT hybrid showed the presence of CNTs among the

LDH structure (Fig. 7a–f).

Fig. 5 XRD patterns of (a) MWCNT-COOH, (b) LDH-CNT, and

(c) LDH-CO3
2-

Fig. 6 XRD patterns of pure PAI and PAI/CNT-LDH NCs (2 and

8 wt%)
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The surface morphologies of the neat PAI and the PAI/

LDH-CNT NCs were also investigated by FE-SEM tech-

nique as shown in Fig. 8. It is very interesting to note that

Fig. 8a, b showed the heart-like shape morphology for the

pure PAI. According to the FE-SEM images of the NCs,

the images of both LDH nanosheets and CNT were clearly

observed in these images. Moreover, LDH-CNT nanohy-

brids were well dispersed and embedded in the PAI matrix

without showing any noticeable aggregation (Fig. 8c–h).

The structure details of the MWCNT-COOH, LDH-

CO3
2-, and LDH-CNT samples were characterized by

TEM. It can be evidently observed from Fig. 9 that the

surface combination with LDH did not change the mor-

phology and structure of CNTs. Obviously, it can be

understood from Fig. 9 that most LDHs were adjacent to

the surface of CNTs, thereby suggesting the affinity

between LDH nanocrystallites and CNTs matrix

(Fig. 9c, d).

The TEM images of the PAI/LDH-CNT NCs are

shown in Fig. 10. Figure 10a shows that CNTs and

LDHs are complicated together with a close distance

(form a). It can be seen in some areas of Fig. 10b that

LDH plates had a chain-like shape and these chains

located between two cylinder CNTs (form b). Form

(c) shows the presence of LDHs on the surface of CNTs

(Fig. 10c).

Thermogravimetric analysis

The thermal degradation of the LDH-CNT as filler mate-

rials and PAI/LDH-CNT NCs with different percentages of

Fig. 7 FE-SEM images of LDH-CO3
2- (a, b), MWCNT-COOH (c, d) and CNT-LDH (e, f)
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filler was assessed using TGA analysis. TGA curves for

all the samples are shown in Fig. 11. It is obvious that the

CNTs showed excellent thermal stability and a small mass

loss in the temperature range of 25–550 �C, while LDH-

CO3
2- was the least stable compared with CNTs. There

were three thermal decomposition stages for LDH-CO3
2-:

(1) elimination of interlayer water molecules and water

physically absorbed at the surface from ambient temper-

ature to 139 �C, (2) the removal of water molecules by

de-hydroxylation process (390 �C), and the third weight

loss is corresponded to the removal of the interlayer

carbonate anion. Residual mass loss values at 800 �C for

Fig. 8 FE-SEM images of PAI (a, b), PAI/LDH-CNT NC 2 wt% (c, d), PAI/LDH-CNT NC 4 wt% (e, f), and PAI/LDH-CNT NC 8 wt% (g, h)
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LDH, MWCNT-COOH, and LDH-CNT were 53, 90, and

61 %, respectively. According to these results LDH-CNT

had a more residual weight percent value than LDH and a

less value than CNT-COOH.

The thermal stabilities of the pure PAI and NCs were

studied based on 5 and 10 % weight loss (T5, T10) of the

samples. T5 for PAI, PAI/LDH-CNT NC 2 wt%, and PAI/

LDH-CNT NC 4 wt% was 258, 238 and 274 �C, and T10

Fig. 9 TEM images of MWCNT-COOH (a), LDH-CO3
2- (b) and LDH-CNT hybrids (c, d) at different magnifications

Fig. 10 TEM images of PAI/LDH-CNT NC 4 wt% at different

magnifications. a CNTs and LDHs were complicated together with

close distance. b LDH plates have chain-like shape and this chain has

lain between two cylinder CNTs. c It shows the presence of LDHs on

the surface of CNTs
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was 285, 310, and 360 �C. As can be seen, T5 and T10 of

the composites were dramatically increased to about 16 and

75 �C, respectively, as compared with the neat PAI. The

increase in the thermal stability of PAI matrix after

incorporation of the LDH-CNT hybrid into the polymer

matrix could be attributed to the higher thermal conduc-

tivity of CNTs which facilitated heat dispersion within the

NCs, thereby avoiding the accumulation of heat at certain

points for degradation [33].

Conclusions

In conclusion, the combination of 1D CNTs with high

strength, thermal stability, and electrical conductivity fea-

tures with 2D anionic clays by high chemical reactivity was

done for the preparation of 3D hybrids. A simple and

effective procedure for the synthesis of PAI/LDH-CNT

NCs was developed via ultrasonic irradiation. Surface

morphology examinations suggested the affinity between

LDH nanocrystallites and CNTs. The significant improve-

ments in the thermal properties of the PAI/LDH-CNT NCs

were confirmed by TGA analysis and found to be due to the

reinforcement of nicely dispersed LDH-CNT nanofiller

throughout the polymer matrix in the presence of the strong

hydrogen interaction between functional groups in the

LDH-CNTs and amide and imides in the main chain of the

polymer matrix. Due to all these remarkable features, this

procedure can be considered to be a powerful and well-

designed accelerated protocol for the intercalation of LDHs

and the synthesis of the NCs. In this work, PAI selected as

the high-performance polymer not only had exceptional

high thermal stability, broad chemical resistance, and high

strength features, but also it contained amino acid in its

structure, resulting in high solubility, biocompatibility, and

biodegradability properties. Thus, the resulting extraordi-

nary properties from the combination of LDH and CNT, as

well as the mentioned PAI features, could be used in var-

ious areas such as energy storage, catalysis, environmental

protection, and drug delivery.
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