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Carbonate intercalated Zn-Fe layered double hydroxide (LDH) with Zn2+/Fe3+

molar ratios 2, 3 and 4 were synthesized by coprecipitation in order to study
the photoluminescent (PL) properties of their colloids with various wt.% of
LDH in formamide. These synthesized LDHs were characterized by various
techniques including x-ray diffraction analysis (XRD), Fourier-transform in-
frared spectroscopy (FTIR), field emission scanning electron mMicroscopy
(FE-SEM), energy-dispersive x-ray spectroscopy (EDS), high-resolution
transmission electron microscopy (HR-TEM), and photoluminescence spec-
troscopy (PL). The rhombohedral phase and crystallite size of Zn-Fe LDH were
confirmed by XRD. Crystallite size plays an important role in the PL mech-
anism. HR-TEM showed hexagonal nanosheets with 5–6 nm average particle
size. To investigate the PL mechanism of pristine LDH and their colloids,
these prepared Zn-Fe LDHs were exfoliated in formamide by varying their
Zn2+/Fe3+ molar ratios (2,3, 4) and LDH concentration (0.2 wt.%, 0.4 wt.%,
0.6 wt.%, 0.8 wt.% of LDH). Results revealed that surface charge density and
surface defects are the main reasons for PL generation in LDH colloids.

Key words: LDH (layered double hydroxide), photoluminescence,
colloids, coprecipitation, exfoliation

INTRODUCTION

LDHs (layered double hydroxides) comprise a
class of useful multi-functional materials that
attracts much research. LDHs were first used
mostly in the water purification field, but later on
showed promising applications in catalysis, biotech-
nology, nanotechnology, and sensors.1–7 The ability
to incorporate various compositional metal ions to
suit the required applications is the most advanta-
geous feature of LDH materials. The use of various
intercalating anions in LDH also gives a promising
path for future research.

The general formula of LDH is

MII1�xMIIIx � OHð Þ2

� �xþ
An�

x=n � yH2O
h ix�

, where

M(II) and M(III) are divalent and trivalent metal
cations (these can also be monovalent or higher
valence cations such as Sn4+, Zr4+, Li+, Ti4+ ) and
An� is an n-valent intercalating anion. LDHs have a
layered structure that offers a range of variations in
exchangeable anions, cations, and their molar
ratios.8 The use of low-toxic, biocompatible Fe3+,
Mg2+, Al3+, Zn2+ cations in the cationic sheets of
LDH, for example, allows using these solids as
carriers for bioactive species. LDHs have been used
in fields of biomedicine,9 environmental applica-
tions,10 drug storage,11 etc. A large number of
investigations on the intercalation of bioactive
species in LDH for amino acids and drugs have
been carried out in many research papers and
reviews.12–20 These materials also provide choices
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in their synthesis procedures according to the
application.

Morphologies and various hierarchial architec-
tures are based on sophisticated synthesis with
careful optimization of reaction conditions. Hence
the synthesis method defines the features of a
developed LDH.21 There are several routes of
synthesis for LDHs; the most commonly used are
coprecipitation, ion exchange route, and reconstruc-
tion route. Coprecipitation is most frequently used
as the direct synthesis route of LDH. In the
coprecipitation condensation of hexa-aqua metal
complexes is followed by the formation of a
brucite-like structure.10 There are two modes of
operation in the coprecipitation method used for the
synthesis of LDHs: variable pH and constant pH.
The latter is used the most because it provides the
minimal formation of undesired metal hydroxide
radicals.22 Particle size, crystallinity, surface area,
and pore diameter parameters depend on the syn-
thesis procedure. These are directly related to the
various applications of LDHs. The coprecipitation
method at constant pH is in good agreement with
these parameters as compared to the variable pH
method.23 One of the major benefits of coprecipita-
tion is it can be applied to large scale production of
LDHs.

Zn-Fe LDH has been synthesized by fixing the Zn/
Fe ratio while varying the intercalated anions such
as CO3

2�, NO3�, and Cl�.24 Carbonate is the most
common charge-balancing anion.25 Carbonate inter-
calated LDHs are more easily synthesized, but it is
difficult to exchange the carbonate for other anions
in neutral or slightly alkaline systems. This mate-
rial shows its most crystalline phase at divalent and
trivalent molar ratios.26,27 Carbonate intercalated
LDHs showed best photocatalytic activity under
visible light irradiation due to their high surface
area, larger pore volume, suitable band gap energy
and high adsorption ability.28,29 Intercalation of
CO3

� helps to improve photoluminescence intensity
by improving the crystallinity and morphology of
particles.30 It also increases the aggregation of
particles, which boosts photoluminescence
intensity.31

The high affinity of carbonate anions for LDH
layers opposes direct exfoliation or direct anion
exchange, hence delamination of LDH is quite
challenging. Exfoliation or delamination of LDHs
in N,N-dimethylformamide–ethanol was described
by Gordijo et al. 32 There are various applications of
these exfoliated LDHs as composite films with
anionic polymers,33 highly oriented thin films,34

nanocomposites with neutral synthetic organic
polymers,35–37 quantum dot composites 38 and
building blocks for the preparation of hollow
spheres.39 LDH nanosheets can also be obtained
through a reproducible path by exfoliating their
nitrates in formamide.40

Exchange of the interlayer anions by intercala-
tion or adsorption of the fluorescent ions on the

surface layers of the LDHs is the conventional
method to obtain their photoluminescent compos-
ites. The photoluminescence properties of colloids of
LDH have rarely been studied. This study aims to
shed light on the PL mechanisms in pristine Zn-Fe
LDH and its colloid, and also on the effect on PL of
Zn2+/Fe3+ molar ratio and the concentration of
LDHs in their colloids.

MATERIALS AND METHODS

Zinc nitrate hexahydrate (Zn(NO3)2Æ6H2O), ferric
nitrate (Fe(NO3)2Æ9H2O), sodium hydroxide
(NaOH), sodium carbonate (Na2CO3) and for-
mamide (CH3NO) of AR grade were purchased from
Merck and used without further purification.

Synthesis of Zn-Fe LDH

Zn-Fe LDHs with different Zn2+/Fe3+ ratios were
synthesized by a simple & cost-effective coprecipi-
tation method. A homogeneously stirred solution of
NaOH and Na2CO3 was added dropwise to solution
of Zn(NO3)2Æ6H2O and Fe(NO3)2Æ9H2O until pH
reached 10; the solution appeared reddish-brown
in color. The precipitate was washed with double
distilled water and dried at 85�C for 24 h. The
resultant product was crushed to a fine powder for
further investigation. The same procedure was
followed for all samples with Zn2+/Fe3+ in 2:1, 3:1
and 4:1 proportions. These samples were labeled as
ZF2, ZF3, and ZF4.

Synthesis of Zn-Fe LDH Colloids

Colloids of Zn-Fe LDHs were prepared by delam-
inating 0.2, 0.4, 0.6 and 0.8 wt.% of Zn-Fe LDH in
100 ml formamide. Exfoliation was achieved by
stirring the mixture for 72 h in an airtight container
at room temperature, resulting in translucent sus-
pension. The exfoliation of LDH is illustrated in
Fig. 1.

Fig. 1. Exfoliation of LDH in formamide.

Thite and Giripunje1602



CHARACTERIZATIONS

The XRD pattern of Zn-Fe LDH recorded by x-ray
diffractometer with Cu Ka radiation
(k = 0.154059 nm) at a scan rate of 2�/min was used
to determine crystallite size. The diffraction pattern
was recorded with a step size of 0.03. A Fourier
transform infrared (FTIR) spectrum of the solid
materials was obtained using a Shimadzu IR Pres-
tige-21 FTIR spectrometer in the range 4000–
400 cm�1. The elemental composition of the pre-
pared sample was studied by energy dispersive
spectroscopy (EDS) on a JEOL microscope (JSM-
7610F). Particle size determination and lattice
fringe observation were performed by a high-reso-
lution transmission electron microscope (HR-TEM,
300 kV). The photoluminescence of colloids was
studied using an F-4600 FL spectrophotometer at
325 nm excitation wavelength.

RESULTS AND DISCUSSION

The XRD spectra of Zn-Fe-CO3 LDHs prepared
with Zn2+/Fe3+ molar ratios 2, 3 and 4 (ZF2, ZF3 and
ZF4) are shown in Fig. 2a. Typical peaks of the
layered structure consist of symmetric and sharp
peaks with high intensity at lower diffraction angles
and asymmetric and broad peaks at a higher
diffraction angle. These reflections correspond to
LDH characteristics planes (003), (006), (015) and
(012) at 11.98�, 23.63�, 38.89� & 46.28�, respec-
tively.41,42 The diffraction patterns indicate the
crystalline structure of prepared LDHs. The extra
peaks in the XRD spectra of ZF4 at 31.07, 68.06,
69.15�, corresponding to the (100), (112), (201)
planes, reveal the presence of ZnO. This may be
due to an increase in Zn content as compared to ZF2
and ZF3. The rhombohedral phase was confirmed
and matched with JCPDS file 03-0486. Crystallite
size was calculated by using Scherer’s formula
Eq. 1, and was found to be 11.37 nm for ZF4,
9.54 nm for ZF3, and for ZF2 it reduced to
8.86 nm. Also, when the molar ratio of Zn2+/Fe3+

increased to 4:1, extra ZnO was formed, due to an
increase in Zn2+ , whereas Fe3+ was constant for all
the LDH samples. Scherer’s formula is

Fig. 2. (a) XRD profile of the Zn-Fe LDHs (b) XRD profile of Zn-Fe LDH colloid.

Fig. 3. FTIR spectra of Zn-Fe LDH.

Fig. 4. EDS of Zn-Fe LDH.
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D ¼ kk=bcosh ð1Þ

where k is shape factor (0.9), k is the x-ray
wavelength used (Cu/Ka = 0.154 nm), b is the full
width at half-maximum of the diffraction peak and h
is the angle of diffraction. The average lattice
parameters were found to be a = b = 0.38 nm &
c = 2.46 nm. A centrifuged gel-like product of colloid
was collected to study using XRD. In XRD of Zn-Fe

Table I. Elemental composition of Zn-Fe LDH

Element Atomic %

Zn 28.79
Fe 4.89
O 17.81

Fig. 5. (a), (b) HR-TEM images (c) average particle size distribution (d) lattice fringe spacing (e) SAED pattern of Zn-Fe LDH.
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LDH colloids shown in Fig. 2b, the broad hump is
due to formamide and the absence of any sharp
peaks indicates that the LDH structure of Zn-Fe
LDH was broken due to exfoliation.

The FT-IR spectrum of Zn-Fe LDH is shown in
Fig. 3. The broad band between 3400 cm�1 &
3640 cm�1 arises due to the stretching of the OH
bond of H2O. A band at 1630 cm�1 belongs to the
H2O bending vibration of the interlayer water
molecules. A sharp band at 1355 cm�1 corresponds
to the carbonate ion stretching; the absorption band
below 1000 cm�1 corresponds to M–O vibration
modes of LDH.43 To determine the elemental com-
position, energy-dispersive x-ray spectrum was car-
ried out. EDS results shown in Fig. 4 provide atomic
wt.% elemental composition, which reveals that Zn
and Fe were unevenly present in synthesized LDH
as listed in Table I.

The sizes and shapes of Zn-Fe LDH nanoparticles
can be observed from the TEM images shown in
Fig. 5a, b. Particle size calculated by using a
particle size distribution histogram represented in
Fig. 5c was found to be 5–6 nm. Lattice fringe
spacing was measured at about 0.22 nm, represent-
ing the distance between two lattice planes, as
shown in Fig. 5d. The SAED pattern shown in
Fig. 5e represents diffraction rings containing con-
tinuous lattice fringes in different directions which
are indexed to (003), (006), and (012) planes.

PHOTOLUMINESCENCE OF COLLOIDS
OF ZN-FE LDH

Zn-Fe LDH colloids were prepared by exfoliating
Zn-Fe LDH in formamide. The exfoliation process
promotes the molecular interaction of LDH with the
organic solvent formamide. This may be the effect of
hydrogen bonding between formamide and LDH
nanosheets.44 These increased molecular interac-
tions also increase surface defects, which facilitate
electron–hole recombination.45 In the case of pris-
tine LDH, uniform exfoliation results in a high
specific surface area, leading to increased surface
defects which act as traps required for PL genera-
tion. Emission spectra of powder Zn-Fe LDH and
colloid of Zn-Fe LDH excited at 325 nm are com-
pared in Fig. 6, which represents the different
shapes of emission peaks as the colloids contribute
larger Stokes shifts than solids.46 This points to a
different PL mechanism in pristine LDH than in its
colloid. Different shapes of emission spectra of
powdered samples and suspension were also
observed in the case of ZnO nanoparticles.47–49

The emission spectra of colloids of Zn-Fe LDH
with varying Zn/Fe molar ratios excited at 325 nm
are shown in Fig. 7, where colloids of ZF2, ZF3 and
ZF4 are labeled as ZF2L, ZF3L and ZF4L. Due to
compositional or lattice defects, an emission peak
appears at 441 nm for all colloid samples. Photolu-
minescent intensity of Zn-Fe LDH colloid decreases
with an increase in the Zn2+/Fe3+ molar ratio. This

may be due to an increase in the crystallite size of
Zn-Fe LDH with an increase in molar ratio; it leads
to a decrease in surface charge density which is an
important parameter for PL generation. Thus

Fig. 6. PL EM spectra of solid Zn-Fe LDH and its Colloid.

Fig. 7. PL EM of Zn-Fe LDH with different molar ratios.

Fig. 8. PL EM spectra of Zn-Fe LDH colloids.
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decrease in surface charge density in ZF3 and ZF4
decreases PL intensities of ZF3L and ZF4L.

Figure 8 represents emission spectra of colloids at
different wt.% of Zn-Fe LDH excited at 325 nm. It is
interesting to observe an increase in PL intensity
with an increase in LDH concentration, because
increased concentration increases exfoliated
nanosheets resulting in more traps or surface
defects, which contribute to increased electron–hole
recombination. The same shape of the emission
spectra suggests the same origin of the PL effect in
all colloids.

CONCLUSION

Zn-Fe LDHs with Zn2+/Fe3+ molar ratios 2, 3 and
4 were successfully synthesized at constant pH 10
by a simple coprecipitation method at room temper-
ature. XRD confirmed the crystallinity of Zn-Fe
LDH. EDX showed the presence of Zn and Fe
elements without any impurities. The average par-
ticle size calculated by using TEM micrographs was
found to be 5–6 nm. Hexagonal nanosheets were
also observed from TEM micrographs. These Zn-Fe
LDHs were used to study the photoluminescence of
their colloids with the organic solvent formamide.
Results reveal that the PL property of Zn-Fe LDH
depends on the Zn2+/Fe3 molar ratio and concentra-
tion in formamide. The study showed different PL
phenomenon in powdered Zn-Fe LDH and its col-
loids due to increased molecular interaction after
delamination in formamide. An increase in PL
emission intensities with a decrease in molar ratio
and an increased concentration of LDH in corre-
sponding colloids are due to increased surface
charge density and surface defects, respectively.
These results help us to understand optical proper-
ties, mainly photoluminescence, of pristine LDH
and colloids of LDH. This may become an impor-
tant contribution to applications that take advan-
tage of LDH colloid’s luminescent properties,
such as bioimaging, solid-state lighting, and
luminescent solar concentrators.
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