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 A facile green synthesis of LDH nanosheets using sugar molecules
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Abstract: The exfoliation of LDH materials is highly favorable for the formation of single-layer layered
double  hydroxides  (LDH)  nanosheets  due  to  their  unique  chemical,  thermal,  optics,  and  biological
properties.  The  green  method  for  the  exfoliation  of  layered  double  hydroxides  (LDH)  offers  several
advantages compared to conventional methods because it is considered safe, cost-effective,  and eco-
friendly. This report focuses on the exfoliation of layered double hydroxides (LDH) using sugar molecules
as a green exfoliating agent without having to first pre-intercalate the layered material. The exfoliation of
LDH is confirmed by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission
electron  microscopy  (TEM),  thermogravimetric  (TGA),  differential  scanning  calorimetry  (DSC),  and
Brunauer-Emmett-Teller  (BET)  analyses.  We also  examined  the  crystalline  phase  of  LDH  in  different
stages of liquid exfoliation; suspension, semi-dry suspension, and dried solid samples using XRD. XRD
data  shows  one  broad  peak  for  all  the  LDH  exfoliated  samples  at  2θ  =  23.9°,22.4°,  and  22.3°
respectively, which correspond to the characteristic (006) basal reflection of LDH single layers. These
single peaks indicate the formation of LDH nanosheets. The higher intensity peak at the region 1000-1020
cm-1 for LDH exfoliated samples indicates the successful exfoliation of sugar molecules in the interlayer of
LDH. In BET, the wide hysteresis loop for the exfoliated LDHs proved the successful exfoliation of sugar
molecules into LDH layers. TEM images show ultrathin sheets of LDH and spherical-like particles. This
work shows that LDH nanosheets can be obtained by using green biomolecules through simple synthetic
methods.
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1. INTRODUCTION

Layered  double  hydroxide  (LDH)  is  a  two-
dimensional (2D) layered material that belongs to
the hydrotalcite-like (HT) compound group. LDH is
represented  by  the  formula  [M1–x

2+ Mx
3+

(OH)2]x+·[Ax/n]n−·mH2O, where  M2+ and  M3+ are
divalent and trivalent cations and An- are inorganic
or organic anions (1). The exchangeable interlayer
anions, An− in  the  layered  structure  render  the
compounds such a unique material for intercalation
chemistry  (2).  When  these  layers  are  exfoliated,
nanosheets  of  LDH  can  be  obtained,  which  are
typically in the nanometer range (3). Over the past
few  decades,  research  into  the  exfoliation
chemistry of  LDH has seen a sharp increase (3).

The exfoliation of LDH is the process of breaking
apart  the  LDH  multilayers  into  single  layers
consisting  of  nanosheets  (4,  5).  The  LDH
nanosheets display unique mechanical, optical, and
biological  properties  compared  to  their  bulky
counterparts. Interestingly, liquid-phase exfoliation
is  one  of  the  promising  routes  for  exfoliating
layered materials (3). This top-down approach has
several advantages since they are easy to operate,
versatile,  and easily  scalable  (3).  Several  reports
have dealt with the exfoliation of LDH in different
solvents.  However,  using  organic  solvents  as
exfoliating solvents can be harmful as it is likely to
harm the  health  of  humans,  animals,  and plants
(6).  Adachi-Pagano  et  al.(2000)  reported  the
exfoliation  of  ZnAl-LDH  in  organic  solvent  using
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dodecyl sulfate (DDS) and butanol (7). Hibino and
Jones  et  al.(2001)  employed  glycinate-containing
MgAl-LDH in formamide at room temperature (5).
Jobbagy  and  Regazzoni  et  al.(2004)  studied  the
exfoliation  of  Mg-Al-DDS in  toluene  and  CCl4  (8).
Previously researchers used organic solvents which
are more toxic therefore, it is essential to use less
toxic  and  more  sustainable  solvents  to  minimize
the impact on the environment and human health.
In this work, we demonstrate the green synthesis
of  LDH  nanosheets  using  sugar  molecules  to
exfoliate LDH without having to first pre-intercalate
the  layered  material  in  dimethyl  sulphoxide
(DMSO).  DMSO  is  a  highly  potential  solvent  for
exfoliation due to its higher dielectric constant and
low  toxicity  profile.  DMSO  is  also  miscible  with
water  and  most  organic  liquids  (9).  Sugar
molecules  are  readily  available,  renewable,  and
non-toxic  carbohydrates  (10).  It  contains  a  large
number  of  hydroxyl  groups  which  may  greatly
facilitate the exfoliation of layered materials (11).
When  sugar  molecules  are  intercalated  between
LDH  layers,  the  functional  groups  of  the  sugars
may  influence  the  hydrogen  bonds  between  the
hydroxyl groups of intercalated molecules and the
hydroxyl groups of basal layers of LDH. This may
further  lead to  breaking the layers  apart  (11).  It
has  been  previously  reported  that  sugar  crystals
are  used  to  exfoliate  boron  nitride  lamellae  in
water due to covalent interactions (12). Chen and
co-workers investigated the interactions of natural
sugars with inorganic layered nanomaterials, using
natural  sugar  as  a  green  exfoliating  agent  to
exfoliate  transition-metal  dichalcogenides  (TMDs)
(11). Furthermore, the reports on structural studies
have been reported by Joensen et al. on XRD study
on  single-layer  and  restacked  MoS2 (13).  The
structural  studies  of  a  single  layer  of  MoS2 in
aqueous suspension show that a single layer differs
from a bulk single crystal. When single-layer MoS2
suspension  dries  up,  a  new  phase  is  obtained,
whereas  in  dry  restacked  MoS2,  bulk  Mo-Mo
distance starts to reappear. Sasaki et al. reported a
stable colloidal suspension of an exfoliated titanate
and  the  ensuing  reassembling  process  (14).  The
layered  protonic  titanate  was  successfully
exfoliated  into  single-layer  nanosheets  and  the
delaminated  nanosheets  were  restacked  upon
drying;  this  reassembling  process  revealed  the
macromolecule aspects for the obtained individual
nanosheets. XRD data showed that the amorphous
halo  changed  into  well  well-order  crystalline
pattern  upon  drying.  However,  to  our  best
knowledge,  only  limited  studies  have  been
reported  on  the  structural  information  of  the
layered material in different sample phases using
the X-ray diffraction  (XRD)  technique.  This  study
demonstrates  for  the  first  time  the  crystalline
phase  of  LDH  in  different  stages  of  liquid
exfoliation;  suspension,  semi-dry  suspension,  and
dried solid samples. 

2. EXPERIMENTAL SECTION

2.1. Reagents

Magnesium  nitrate  hexahydrate  [Mg(NO3)2.6H2O]
and aluminium nitrate nanohydrate [Al(NO3)3.9H2O]
were  purchased  from  Sigma-Aldrich.  Sodium
hydroxide (NaOH) and dimethyl sulfoxide (DMSO)
were purchased from Merck. Sucrose, glucose, and
lactose were purchased from R&M Chemicals Sdn.
Bhd.,  Malaysia.  All  chemicals  were  used  as
received without purification.

2.2. Preparation of Mg-Al LDH 
30  mmol  magnesium  nitrate  hexahydrate
[Mg(NO3)2.6H2O]  and  15  mmol  aluminium nitrate
nanohydrate  [Al(NO3)3.9H2O]  were  weighed
separately in an analytical weighing balance. 50 ml
of  a  solution  containing  30  mmol  magnesium
nitrate hexahydrate and 15 mmol aluminum nitrate
nanohydrate (Mg: Al = 2:1) were put together in a
beaker. 

2.3. Synthesis and exfoliation of Mg-Al LDH
Mg-Al  LDH  was  prepared  by  following  an
established  method  (Co-precipitation)  (15).  The
prepared  Mg-Al LDH  solution was added dropwise
to 30 ml of distilled water mixed with 70 ml DMSO
solution  containing  1g  of  sucrose  under  stirring
conditions. Throughout the mixing of the metal salt
solutions, the pH of the reaction mixture was kept
at 9 using 1 M of NaOH solution. The reaction was
carried  out  under  the  nitrogen  gas  purge.  The
slurry  product  obtained  was  centrifuged  for  3
minutes  at  3500  rpm in  3  cycles.  The  resulting
product was kept in a freezer dryer for 24 hours
and the samples were mashed into a powder form
for  further  characterization.  The  same  procedure
was repeated for 1g glucose and 1g lactose. 

2.4. Characterizations
X-ray diffraction  patterns  of  synthesized  samples
were recorded on a Bruker-D8 diffractometer using
Cu-Kα  radiation.  The  Fourier  transform  infrared
spectra  were  recorded  on  an  FTIR  spectrometer
(Perkin  Elmer,  System  2000)  while  the
morphologies of LDH samples were analyzed using
transmission  electron  microscopy  (FEI  Tecnai  G2
F20).  Thermal  analysis  of  samples  was  recorded
using  the  Perkin  Elmer  SDTA  6000
Thermogravimetric  analyzer  and  differential
scanning calorimetry measurements were obtained
using  the  Perkin  Elmer  DSC  instrument.  The
surface  area  was  measured  using  a  Brunauer
Emmett-Teller  instrument  (Micromeritic  ASAP
2020).  A  graph  of  the  cumulative  particle  size
distribution  of  exfoliated  LDH  was  plotted  to
determine the median diameter of the particle.

3. RESULTS AND DISCUSSION

3.1. XRD
Figure 1 shows the typical X-ray diffraction (XRD)
patterns of the synthesized LDH and its exfoliated
diffraction patterns. Figure 1a shows the first basal
reflection  for  pristine  LDH  at  2θ  =  10.3°
corresponding to the basal spacing of d003 = 8.6 Å.
(16). The d-spacing of pristine LDH calculated from
the (003) peak was 8.6 Å, which well matched with
that of  previously reported NO3

- intercalated LDH
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(17). Other basal reflections are observed at 2θ =
20.2° corresponding to the basal spacing of d006 =
4.4 Å and 2θ = 29.6° corresponding to the basal
spacing of d006 = 3.0 Å (16). Figure 1b shows the
XRD pattern for LDH exfoliated with sucrose. The
diffraction pattern exhibits  a sharp peak at 2θ =
20.8°, corresponding to the basal spacing of d006 =
4.3 Å (17). The basal spacing of d006 is observed in
Figure 1c (LDH exfoliated with glucose) and Figure
1d  (LDH  exfoliated  with  lactose).  These  basal
spacings of d006 in all the exfoliated samples may
indicate  the  formation  of  single-layer  LDH
nanosheets  (18).  For  comparison,  Figure  1e
exhibits the stacked spectrum of LDH pristine and
each  LDH  exfoliated  with  sucrose,  glucose,  and
lactose,  where  the  latter  patterns  indicate  the
formation  of  single-layer  nanosheets.  Figure  1f

shows  the  XRD patterns  for  suspension  samples
(a)–(c).  In  all  samples,  single  sharp  peaks  are
observed  at  2θ  =  23.9°,22.4°,  and  22.3°
respectively,  which  correspond  to  the
characteristic (006) basal reflection of LDH single
layers  (18). Figure 1g shows the XRD patterns for
semi-dry  samples  (a)–(c).  Similarly,  sharp  peaks
are observed at 2θ = 20.4°, 21.4°, and 20.1° at the
basal  reflection  (006)  indicating  the formation  of
single-layer LDH.  The 2θ values  for  the semi-dry
samples differ from the suspension samples due to
the  different  hydration  states  and  drying
techniques  (14).  A  broad  peak  is  observed  for
suspension  samples,  maybe  due  to  water
molecules,  whereas  for  semi-dry  samples,  the
shape of the water peak is narrower (14). 

 a)                                                          b)

         
 c)                                                             d)

            
      

  Figure 1: XRD pattern of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose
d) LDH exfoliated with lactose.
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Figure 1e: Stacked XRD patterns of i) LDH pristine ii) LDH exfoliated with sucrose iii) LDH exfoliated with

glucose iv) LDH exfoliated with lactose.

Figure 1f: X-ray diffraction pattern of suspension samples i) LDH exfoliated    
     with sucrose (co-precipitation) ii) LDH exfoliated with sucrose  

       (Reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).

Figure 1g: X-ray diffraction pattern of semi-dry samples i) LDH exfoliated with sucrose (co-precipitation)
ii) LDH exfoliated with sucrose

(Reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).

970



Abdul Latip AF et al. JOTCSA. 2024; 11(3): 967-980. RESEARCH ARTICLE

3.2. TGA
Figure 2 shows a thermogravimetric analysis of LDH pristine and LDH exfoliated with sucrose, glucose,
and lactose. Figure 2a exhibits four decomposition stages of mass loss for the LDH pristine sample. The
first mass loss of 10.9% at 210 ℃ was due to the loss of physically absorbed water (19). The second mass
loss of 8.1% at 365 ℃ was due to water loss in the LDH interlayer regions. The third mass loss of 9.9% at
521 ℃ was attributed to the decompositions of carbonate and the hydroxyl layers in between the LDH
layers. The final mass loss of 16.1% at 690℃ is due to the decomposition of the organic compound (19). A
similar pattern is observed in LDH exfoliated with sucrose (Figure 2b). Three thermal steps occurred at
42.6, 247, and 404 ℃, registering the corresponding mass losses of 34.0, 24.7, and 5.3% respectively.
The first mass loss is attributed to the loss of surface and interlayer water, whereas the second step might
be due to the dehydroxylation of brucite sheets. The final step can be assigned to the decomposition of
nitrate ions (20). Similarly, Figure 2c shows three thermal steps of mass losses which occurred at 39.6,
250.6, and 336.1 ℃, registering the corresponding mass losses of 53.1, 10.3, and 9.8% respectively. The
first mass loss is due to the loss of surface and interlayer water, while the second step is attributed to the
dehydroxylation  of  the  brucite  sheets.  The  final  mass  loss  is  due  to  the  decomposition  of  organic
compounds or the rest residues of LDH (21). The mass loss pattern is also observed in Figure 2d. The first
mass loss of 45.5% at 103.5 ℃ was due to the removal of weekly adsorbed water, followed by the second
one at 268 ℃ (correspondingly 15.6%); this is ascribed to dehydroxylation of the LDH lattices. The third
mass loss of 3.1% at 460 ℃ is due to the decomposition of nitrate ions (20). Figure 2e shows the stacked
spectrum of the TGA/DTG graph of LDH pristine, LDH exfoliated with sucrose, glucose, and lactose for
comparison. The first mass loss percentage for LDH pristine is less compared to exfoliated samples. This
might  be  due  to  more  water  loss  during  the  exfoliation  process.  In  conclusion,  the  TGA  data  have
significantly enhanced the thermal stability of exfoliated LDH compared to LDH pristine.

            a)                                                              b)

   
            

c)                                                                d)

         
Figure 2: TGA/DTG graph of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose

c) LDH exfoliated with lactose.
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 Figure 2e: Stack spectrum of TGA/DTG graph of i) LDH pristine ii) LDH 

exfoliated with sucrose iii) LDH exfoliated with glucose iv) LDH exfoliated with lactose.

3.3. DSC
Figure 3 shows differential scanning calorimetry (DSC) of LDH pristine and exfoliated LDH with sucrose,
glucose, and lactose. Figure 3a exhibits three peaks at temperatures 276, 308, and 341 ℃. These peaks
are due to the endothermic reaction caused by the melting process (22). The sharp endothermic peak at
308  ℃ might be due to an initial LDH de-hydroxylation of the metal hydroxide layers (23). Figure 3b
shows two peaks at 113 and 380 ℃. These peaks are due to the endothermic reaction caused by the loss
of adsorbed surface water (22). Figure 3c exhibits two peaks at 137 and 316 ℃. The peak at 137 ℃ was
due to an endothermic reaction caused by melting, while the peak at 316 ℃ was due to an exothermic
reaction caused by crystallization (22). In contrast, Figure 3d exhibits one sharp peak at 139 ℃ due to an
endothermic reaction caused by melting. Figure 3e compares the stacked spectrum of DSC spectra of
LDH pristine and exfoliated LDH with sucrose, glucose, and lactose. Exfoliated LDH samples show lower
endothermic temperatures compared to LDH pristine. This might be due to more surface and interlayer
water  loss  during  the  formation  of  LDH nanosheets.  The  DSC  data  have  significantly  enhanced  the
thermal stability of exfoliated LDH compared to LDH pristine.

 a)                                                             b)

  
c)                                            d)
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Figure 3: DSC graph of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose d)
LDH exfoliated with lactose.

Figure 3e: Stack DSC graph of i) LDH pristine ii) LDH exfoliated with
sucrose iii) LDH exfoliated with glucose iv) LDH exfoliated with lactose.

3.4. FTIR
Figures 4a, 4b, 4c, and 4d depict the FTIR spectra
spectrum of LDH pristine and LDH exfoliated with
glucose, lactose, and sucrose. Figures 4a, 4b, 4c,
and 4d show absorption peaks in region 3400 cm -1.
These  peaks  were  due  to  the  O-H  stretching  of
water  molecules  and  hydroxyl  groups  in  the
lamellar structure (24). Figures 4a, 4b, 4c, and 4d
also show absorption peaks at 1349, 1344, 1338,
and 1390 cm-1, respectively which are attributed to
the vibration  of  carbonate  species.  The bands  in
the region of 900-1000 cm-1 were ascribed to the
stretching of Al-O and Mg-O bonds (25). The band
that occurred around 1600 cm-1 was attributed to
O-H  of  interlayer  water  molecules,  while  the
absorption  band  of  nitrate  ions  was  observed  at
1390  cm-1.  The  absorption  peaks  at  the  region

1000-1020  cm-1 in  LDH  pristine  and  exfoliated
samples were due to C-H stretching (12). However,
the intensity peak at the region 1000-1020 cm-1 for
LDH  exfoliated  with  sugar  molecules  is  higher
compared to LDH pristine due to the C-H stretching
in sugar molecules which indicates the successful
exfoliation of sugar molecules in the interlayer of
LDH.  All  the bands that appeared in LDH pristine
also  appeared  in  exfoliated  LDHs.  This  may
indicate that LDH was successfully exfoliated into
single-layer structures. Figure 4e demonstrates the
stacked  spectrum of  LDH pristine  and  exfoliated
LDH, where it shows the important bands of LDH.
The bands present in LDH pristine in the region of
3400,  1600,  and  1300  cm-1 are  also  present  in
exfoliated LDHs.

a)                                                           b)

      
c)                                                             d)
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Figure 4: FTIR spectra of a) LDH pristine b) LDH exfoliated with sucrose c) LDH  exfoliated with glucose c)

LDH exfoliated with lactose.

Figure 4e: Stacked FTIR spectra of i) LDH pristine ii) Exfoliated LDH with
   sucrose iii) Exfoliated LDH with glucose iv) Exfoliated LDH with lactose

3.5. Stack FTIR of suspension exfoliated LDH with sucrose by co-precipitation, hydrothermal,
and reconstruction.
Figure  4f  depicts  the  FTIR  spectrum  of  suspension  LDH  exfoliated  with  sucrose.  Three  different
preparation  methods  were  employed  for  the  suspension  samples  below,  namely  co-precipitation,
reconstruction,  and hydrothermal. All  the suspension samples show absorption peaks in the region of
3400 cm-1. These peaks were due to the O-H stretching of water molecules and hydroxyl groups in the
lamellar  structure  (24).  Besides,  absorption  peaks  in  the  region  of  1600  cm -1 are  assigned  to  the
stretching of the O-H of interlayer water molecules. The bands in the 900-1000 cm -1 region were ascribed
to the stretching of Al-O and Mg-O bonds (24).
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Figure 4f: Stacked FTIR spectra of suspension samples i) LDH exfoliated
   with sucrose (co-precipitation) ii) LDH exfoliated with sucrose

      (reconstruction) iii) LDH exfoliated with sucrose (hydrothermal).

3.6.  Stack  FTIR  of  semi-dry  exfoliated  LDH
with  sucrose  by  co-precipitation,
hydrothermal, and reconstruction
Figure  4g  shows  FTIR  spectroscopy  analysis  of
semi-dry  exfoliated  LDH  with  sucrose.  Different
methods have been used for the semi-dry samples
below such as co-precipitation, reconstruction, and
hydrothermal.  All  the  suspension  samples  show
absorption  peaks in  the region 3400 cm-1.  These
peaks  are  due  to  the  O-H  stretching  of  water

molecules  and  hydroxyl  groups  in  the  lamellar
structure  (25).  Besides,  absorption  peaks  at  the
region 1600 cm-1  due to O-H of interlayer water
molecules. The bands in the 900-1000 cm-1 region
are  ascribed  to  the  stretching  of  Al-O  and Mg-O
bonds (24).  Absorption peaks at the region 1300
cm-1 due  to  the  vibration  of  nitrate  ions.  FTIR
makes it easy to determine the functional groups
and  possible  interactions  between  intercalated
anions and inorganic lamellae.

Figure 4g: Stacked FTIR spectra of semi-dry samples i) LDH exfoliated with
sucrose (co-precipitation) ii) LDH exfoliated with sucrose (reconstruction)

iii) LDH exfoliated with sucrose (hydrothermal).

3.7. BET
Figure 5 shows the nitrogen adsorption-desorption
isotherms of LDH pristine and LDH exfoliated with
sucrose, glucose, and lactose. Figure 5a shows the
LDH  pristine,  where  it  displays  type  IV  sorption
isotherms  with  a  H3  hysteresis  loop.  This  loop
belongs  to  mesoporous  materials,  composed  of
plate-like  substances  with  agglomerating  slit-
shaped  pores  (26).  Figures  5b,  5c,  and  5d  show
LDH exfoliated with sucrose, glucose, and lactose.

They display H2-type loops where the distributions
of pore size radius are wide (27). Compared to LDH
pristine, LDH exfoliated with sucrose, glucose, and
lactose shows a broad adsorption branch. This is
due  to  the  increase  in  basal  spacing  during  the
exchange  of  sugar  molecules  into  the  interlayer
LDH (27). The adsorption and desorption curves of
sucrose  do  not  overlap  in  low  relative  pressure,
indicating  that  sucrose  molecules  form  strong
chemical bonds with the adsorption sites, resulting
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in  a  slow  desorption  rate  and  incomplete
desorption (29).  The wide hysteresis  loop for the

exfoliated LDHs proved the successful  exfoliation
of sugar molecules into LDH layers.

a)                                                           b)

   
c)                                                            d)

      
Figure 5: BET graph of a) LDH pristine b) LDH exfoliated with sucrose c) LDH exfoliated with glucose d)

LDH exfoliated with lactose.

3.8. TEM
The formation of the LDH nanosheet was observed
using  transmission  electron  microscopy  (TEM).
Figure 6a reveals that LDH exfoliated with sucrose
(co-precipitation  suspension)  has  dark,
agglomerated  spherical-like  particles  (30).  LDH
nanosheets  can  be  observed  in  Figure  6b  (co-
precipitation  semi-dry)  and  in  Figure  6c  (co-
precipitation  fully  dried)  with a thickness of  4.35
nm and 3.98 nm respectively (31). Figure 6d shows
agglomerated  dark  particles  for  LDH  exfoliated
with  sucrose  (reconstruction  suspension).  Both

Figure  6e  (reconstruction  semi-dry)  and  6f
(reconstruction  fully  dried)  show  spherical-like
particles. TEM image of exfoliated LDH nanosheets
can be observed with a  thickness  of  2.68 nm in
Figure  6g  (hydrothermal  suspension).  LDH
exfoliated  with  sucrose  (hydrothermal  semi-dry)
reveals  a  dark  spherical-like  particle  with  a
diameter  of  8.15  nm  in  Figure  6h  while  LDH
exfoliated with sucrose (hydrothermal  fully dried)
reveals a spherical-like particle with a diameter of
3.01 nm in Figure 6i.

                    
a))) b)))
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c) d)

e) f)

g) h)

i)

Figure 6: TEM images of exfoliated LDH with sucrose  a) Co-precipitation suspension  b) Co-precipitation
semi-dried c) Co-precipitation fully dried d) Reconstruction suspension  

   e) Reconstruction semi-dried  f) Reconstruction fully dried g) Hydrothermal suspension
h) Hydrothermal semi-dried i) Hydrothermal fully dried.
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4. CONCLUSION

The exfoliation  of  LDH has  emerged  as  a  highly
promising  and  rapidly  advancing  research  area,
primarily  due  to  its  extensive  applications  and
potential  in  the  field  of  material  sciences.  Sugar
molecules have demonstrated their potential as an
effective  exfoliating  agent  for  the  exfoliation  of
layered double hydroxides (LDH) without the need
for  pre-intercalation  of  the  layered  material.  The
exfoliation of LDH has been successfully confirmed
through  a  comprehensive  analysis  using  various
techniques  including  X-ray  diffraction  (XRD),
Fourier  transform  infrared  spectroscopy  (FTIR),
transmission  electron  microscopy  (TEM),
thermogravimetric  analysis  (TGA),  differential
scanning calorimetry analysis (DSC), and Brunauer-
Emmett-Teller  (BET)  analysis.  These  techniques
collectively  provide  strong  evidence  for  the
exfoliation of LDH. The presence of a singular peak
in  the  X-ray  diffraction  (XRD)  analysis  indicates
that  the  exfoliation  process  effectively  produced
individual  layers  of  LDH  nanosheets.  Besides,  a
study  is  conducted  on  the  crystalline  state  of
layered double hydroxide (LDH) at various phases
during  the  process  of  liquid  exfoliation.  This
investigation  encompassed  the  stages  of
suspension,  semi-dry  suspension,  and  dried  solid
samples.  The  X-ray  diffraction  (XRD)  study
indicates the presence of a distinct and prominent
peak,  suggesting  the  successful  development  of
single-layer nanosheets. Fourier transform Infrared
(FTIR)  analysis  also  provides  evidence  of  the
effective exfoliation of multilayer materials. All the
bands  observed  in  LDH  pristine  samples  were
likewise  observed  in  exfoliated  LDHs  and  the
intensity  of  the  peaks  for  the  exfoliated  LDH  is
higher compared to pristine LDH. In addition, the
thermal  stability  of  LDH  exfoliated  samples  is
greatly  enhanced  through  the  utilization  of  TGA
and  DSC  analysis.  The  mass  loss  percentage  of
exfoliated double hydroxide (LDH) is greater than
pristine LDH.  The broad hysteresis  loops  seen in
the  BET  analysis  of  exfoliated  LDHs  provide
evidence of the successful  incorporation of  sugar
molecules into the LDH layers. The application of
transmission  electron  microscopy  (TEM)  yielded
significant  findings  about  the  formation  of  LDH
nanosheets  and  pseudohexagonal  particles  in
exfoliated LDHs. In summary, there is a pressing
need  for  the  development  of  environmentally
friendly  techniques  for  the  exfoliation  of  layered
double hydroxides (LDHs).
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