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Improving Photoluminescence Emissions and
Photostability of Dye/MgAl-Layered Double Hydroxide

Nanohybrids

Zolfaghar Rezvani,*™ Leila Jafari Foruzin,”’ and Kamellia Nejati™

The purpose of this study was the preparation of layered
double hydroxide (LDH) -based nanohybrids with improved
photoluminescence emission and high photostability. The anion
exchange-based microwave method was applied for the
intercalation of mordant orange 1 into MgAI-LDH. The prepared
organic-inorganic nanohybrid was confirmed by X-ray diffrac-
tion, thermal gravimetric analysis (TGA), inductively coupled
plasma spectrometry (ICP), and infrared spectra (FT-IR). Also, the
morphology of the obtained sample was investigated using the
field emission-scanning electron microscopy (FE-SEM) method.

Introduction

The layered double hydroxides (LDHs) have several advantages
such as unique structure, large intercalated anions within
interlayer spaces, and uniform distribution of metals in the
layered structure which make the LDHs significant layered
materials.! LDHs contain the general formula as follows: M3*,
[M*T, (OH),I** [A,]"".nH,0, where trivalent metal cations
(M3*) can be metals such as Fe**, AP*, Mn**, or Cr’7, e.g. and
divalent metal cations (M**) was Zn**, Mg®", Co** or Mg*™.

The interlayered anion was shown with A"", which can be
an organic or inorganic anion.” Also, at the interlayer of LDHs,
the water molecules create hydrogen bonds with hydroxyl
groups that surround octahedrally the metal centers. The x was
equated with the molar ratio of M**/(M** 4+ M3+ ! The positive
charge, which was created using the substitution of some M**
by M** was balanced using intercalated anions.” The LDHs can
be prepared using the co-precipitation method,® hydrothermal
method,” ultrasonic-assisted method” or microwave-assisted
method. Among several anions which were applied as the
interlayer molecules, dye anions are considered exciting guest
species due to their host-guest interaction may provide unique
physicochemical and photoluminescence properties.” Lately,
different intercalated methods such as ion exchange,® co-
precipitation,"” hydrothermal,"" and microwave? have been
studied and applied to the synthesis of LDH nano-hybrids.
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In the MgAI-LDH interlayer space, a tilted orientation and
bilayer arrangement were predicted for the mordant orange 1
anions. Compared with the pure mordant orange 1, the MgAl-
LDH/mordant orange 1-MA (prepared using the microwave-
based anion exchange method) has improved photolumines-
cence emission with high Photostability. These findings supply
a new approach for designing photoluminescence materials
that potentially apply to optical devices with high Photo-
stability.

These methods are broadly applied to the preparation of
different nanohybrids based on organic/LDH, such as
Tartrazine,"™ Allura Red AC™ Direct yellow 50, Acid Red
27,%% Cyanine dye™ and Orange G.'” Among the mentioned
methods, the co-precipitation and anion exchange methods
were applied widely for the intercalation of anions. However,
one of the disadvantages of these methods is that it takes a
long time to perform the reaction. Also, generally, the LDHs as
the precursor for the anion exchange method were prepared
using the co-precipitation method, which necessitated a long
time of 12-18 h for the synthesis of LDH at the first step."® In
addition, the direct intercalation of dye into the interlayer space
of LDHs using anion exchange or co-precipitation method can
be a problem due to the uncontrollable intercalation of dye or
attaching of anion to the surface of the LDHs at high
concentrations of dye, which can be quenched physical proper-
ties such as photoluminescence emissions."” To overcome the
problems of aggregation, the researchers used the co-intercala-
tion method and adding the surfactant during the preparation
process.”” Surfactants such as sodium fluorescein or alkyl were
used to modify physicochemical properties at LDH nanohybrids
using co-intercalation and anion exchange methods.?" This
method can reduce the fluorescence quenching by decreasing
the aggregation of anions at the interlayer of LDHs. Never-
theless, decreasing the aggregation at the intercalated process
is challenging for researchers.

Recently, intercalation using microwave- assistant method
has received more attention.” The advantage of this process is
decreasing the time of reaction. Intercalation using microwave-
assistant method can be used as a method to control the dye
molecules inside the LDH layers and improve the fluorescence
properties of the nanohybrid. Our research group intercalated
the mordent orange into ZnAl-LDH®*? but at the photo-
luminescence devices, Photostability of prepared nanohybrids is

© 2023 Wiley-VCH GmbH
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a key point for increased efficiency of the device. On the other
hand, the Photostability of azoic dyes such as mordant orange
1 is very poor under UV light. So, the use of transition metals
which increase the Photostability is very important. At ZnAl-
LDH nanohybrids due to present Zn, the band gap energy was
decreased,” so, these nanohybrids can be degraded by the
intercalated azoic dye. At ZnAI-LDH nanohybrids suffers from
poor Photostability compared with MgAI-LDH.

This research aims to prepare a nanohybrid with improved
photoluminescence (PL) properties with high Photostability
using a microwave-based anion exchange method as a safe and
green method to reduce the reaction time and increased the
Photostability at photoluminescence materials. The prepared
nanohybrids were characterized by XRD, FT-IR, TGA, CHN, ICP,
and FE-SEM techniques. The resulting nanohybrids have
improved PL emission with high Photostability compared with
the pure dye and MgAI-LDH/dye synthesized using the co-
precipitation-based anion exchange method (MgAI-LDH/dye-
MA). The prepared nanohybrids possess advantages over pure
dye at photoluminescence devices.

Results and Discussion

The X-ray diffraction (XRD) patterns of prepared materials are
presented in Figure 1, as shown in Figure 1(a), the XRD pattern
of the MgAI-LDH phase was characteristic of an LDH structure,
which was indexed R3m space group at rhombohedral
symmetry with a hexagonal system.”” The space of interlayer at
LDHs was related to the position of (003) planes (first peak).

The position of (003) diffraction peak at pure MgAI-LDH at
20 about 10.4° can achieve an interlayer spacing of LDH layers

©
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Figure 1. XRD patterns of (a) MgAI-LDH (b) MgAI-LDH/dye-MA, and (c) MgAl-
LDH/dye-A.
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of about 85A. After intercalation of anionic dye into the
interlayers of MgAI-LDH, the (003) peak was shifted to 3.3°, and
the basal space was estimated at 26.7 A. These results show
that after intercalation, the distance of interlayers at LDHs was
increased, due to the intercalation of mordant orange 1 dye
(Figure 1(b)). Also, about MgAI-LDH/dye-A which the dye anion
was intercalated using a co-precipitation-based anion exchange
method, the distance of interlayers was calculated at about
245 A (20=3.6°) but anions which adsorbed on the LDH
appeared as an impurity as shown at Figure 1(c).

The lattice parameters of “c” and “a” were calculated as
follows:

€ =3 dyos ()

a=2dp, (2)

The lattice parameters of “a” and “c” for MgAI-LDH were
calculated at about 3.0 A and 25.5 A, respectively. The lattice
parameter of “a” for MgAI-LDH/dye-MA was estimated at 3.1 A
which was similar to the MgAI-LDH. The obtained data confirm
that the cationic order at LDHs before and after intercalation of
dye was not changed. However, the calculated “c” for MgAl-
LDH/dye-MA was estimated at 80.1 A. Also, at the XRD pattern
of the MgAI-LDH/dye-MA (Figure 1(b)), the XRD pattern has a
single LDH phase. Besides, the increase in the interlayer space
appeared by shifting the position of (003) peak toward low 26.
The calculated value for the distance of the interlayer was
estimated from dy;, which is the sum of the thickness of the
layer and gallery height. Based on that, the thickness of the
MgAI-LDH layer was calculated at 4.8 A,**' so for MgAl-LDH/dye-
MA, the gallery height is about 21.9 A. The length of the dye
anion was calculated at about 12.68 A (scheme 1) and this value
is smaller than the value of gallery height. Also, the twice dye
length is higher than that of the gallery height. So, as shown in
Scheme 2, the azoic dye anions intercalated into LDH interlayer
as a bilayer.”

Scheme 1. 3D structure of mordant orange 1.

© 2023 Wiley-VCH GmbH
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Scheme 2. Structural model of MgAIl-LDH/dye-MA.

By applying the Debye-Scherrer equation (Eq. (3)) on the
XRD patterns, the average crystallite size (D) of the MgAI-LDH,
MgAI-LDH/dye-MA, and MgAI-LDH/dye-A can be calculated as:

D=09A/B cos O 3)

where D is the crystallite size (in nm), “ A " is the wavelength of
the X-ray used (in nm), “ B " is the full width at half maximum
(FWHM-in radian), and “ 0 " is the Bragg diffraction angle.”” The
average crystallite size, D, is calculated as: 12.3, 8.4, and 14.4 nm
for MgAI-LDH, MgAI-LDH/dye-MA, and MgAI-LDH/dye-A, respec-
tively.

Figure 2(a, b, and ¢) present FT-IR spectra of mordant
orange 1(dye), MgAI-LDH, and MgAI-LDH/dye-MA nanoparticles.

ChemistrySelect 2023, 8, 202300629 (3 of 7)
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Figure 2. FT-IR spectra (a) MgAI-LDH, (b) dye, and (c) MgAI-LDH/dye-MA.

As shown in Figure 2(a), the broadband at 3550 cm™' can be
associated with O—H stretching vibration of layers, and H,O at
interlayer space. The v; stretching vibration of intercalated NO;
appeared at 1375cm™'. Also, a weak peak was observed at
824 cm™' that can be associated with the v, stretching mode of
nitrate anion.” These peaks disappeared after the intercalation
of dye in the interlayer of LDHs. These indicated the
intercalation of azoic dye into the LDH interlayer.” Also, the
bending vibration of M—OH was reported at 547 cm™', and the
M-O-M peak appeared at 422 cm™.B% In Figure 2(b), the
stretching vibration of H—C is observed at 2894 and 2922 cm™.
The characteristic peak of O—H appeared at 3400 cm™'. The
peaks at 1373 and 1598 cm™' were attributed to asymmetric
and symmetric vibrations of the COOH group.®" The stretching
vibration of aromatic C—C was reported at 1516 cm~".B? Also,
the C-O stretching vibration was reported at 1080 cm™'.
Besides, the peak corresponding to the NO, group appeared at
1342 cm "B After intercalation of anionic dye into MgAI-LDH
(Figure 2(c), the asymmetric and symmetric vibrations of the
COOH slightly shifted, and appeared at 1364 and 1591 cm™,
respectively due to hydrogen interaction between
COOH--H—O—M (the metal can be bivalent or trivalent).** Also,
at MgAI-LDH/dye-MA the intensity of the OH peak is higher
than that of MgAI-LDH. It can be attributed to the absorbed
H,O by KBr, and more hydrogen bonding interactions between
OH groups of layers and dye anion which is used to make KBr
tablets.

Figure 3(a) and (b) reported the morphology of MgAI-LDH
after and before the dye intercalation. Both the prepared LDHs
have plate-like morphology, and the thickness of LDHs at MgAl-
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hybrid has been prepared successfully. Besides, unlike the
plates of MgAI-LDH, at MgAI-LDH/dye-MA, the plates were
ordered and smooth. As reported in Figure 3(c), after intercala-
tion using a co-precipitation-based anion-exchange method,
the aggregation clearly can be seen, and the plates were
disordered.

The thermal gravimetric (TG) and derivative thermal gravi-
metric (DTG) analyses for the MgAI-LDH/dye-MA, pure dye, and
MgAI-LDH are shown in Figure 4(a), (b), and (c). As shown in
Figure 4(a), the four steps were exhibited for the thermal
behavior of MgAI-LDH/dye-MA. In the first step (50-215°C), the
physically adsorbed water was vaporized (5%). At the second
step, from 215-447°C, the partial dehydroxylation of the
nanohybrid occurred, and this value was estimated at 17%. The
decomposition was followed by the loss of organic materials at
the third step 447-597°C (14.6%). The more decomposition
process events (597-845°C) due to more dehydroxylation of
MgAI-LDH/dye-MA (25.9%). Also, the corresponding DTG peaks
for the first, second, third, and fourth steps appeared at 65, 410,
485, and 695 °C, respectively. As shown in Figure 4(b), under the
calcination process from 50-800°C, during the third step the
pure dye was degraded. In the range, of 50-375°C (first step),
the evaporation of adsorbed water and dehydroxylation
occurred (5.63%). In the second step, the decomposition of
organic materials from 375-540°C was reported (4.37%). In the
last step (540-800°C), the decomposition of remaining organic
materials and more dehydroxylation were seen (28.22%). The

ChemistrySelect 2023, 8, €202300629 (4 of 7)

Research Article Europe
ChemistrySelect doi.org/10.1002/slct.202300629 Societes publiahing
f o C
o X mg
100 - (a) 0.000
90 - - -0.001
80 4 - -0.002
Zg - - -0.003
1 - -0.004
ol 0.005
404 s
S0 200 350 500 650 800 °C
% mg/ °C
1004 ®1 0004
90 - - 0.000
30 - : -0.004
. - -0.008
- ) - -0.012
[ 200 nm 60 T T T T -
gy 50 200 350 500 650 800°C
Figure 3. FE-SEM graphs of (a) MgAI-LDH, (b) MgAI-LDH/dye-MA, and MgAl- % mg/ +C
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LDH and MgAI-LDH/dye-MA were estimated 20.9 and 26.7 nm, 0.003
respectively(by using Image J software). Besides, the intercala- 85 4 ’
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Figure 4. TGA and DTG curves of (a) MgAI-LDH/dye-MA (b) dye, and (c)
MgAI-LDH.

DTG peaks were reported at 330, 460, and 730°C for the first,
second, and third steps, respectively. In the case of MgAI-LDH,
as shown in Figure 4(c), the first thermal behavior occurred
from 50-200°C. This step is attributed to the vaporization of
the adsorbed and interlayer water molecules (3.75%). In the
next step (200-395°C), the dehydroxylation of LDH occurred
(8.75%).%” The thermal decomposition takes place by burning
organic molecules at 395-605°C (8.25%). At the fourth step,
from 605-830°C, the burning of remaining organic molecules
occurred (3.25%). As shown in Figure 4(c), the corresponding
DTG peaks were observed at 65, 350, 500, and 650°C for the
first, second, third, and fourth steps.

All weight losses at MgAI-LDH/dye-MA during thermal
treatment were reported at about 62.5%, and pure dye and
MgAI-LDH were degraded at about 38% and 23.5%. So, using
the difference between weight losses at MgAI-LDH/dye-MA,
and MgAI-LDH, we can estimate that weight loss contributed
from the dye intercalated in interlayers about 39%. This analysis
result was in agreement with ICP and CHN data as presented in
Table 1, which can be calculated from the molecular formula of
the composite.
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Sample

Mg (%) Al (%) C (%) H (%)

Table 1. Elemental chemical analyses for MgAl-LDH/dye-MA, and MgAI-LDH/dye-A nanohybrids.

N (%)

Composition

MgAI-LDH/dye-MA 19 7 33 4

6

[Mg;AI(OH)g](O,NC¢H,N,CsH3(OHCO,H), 5 - 0.8H,0

To study the optical properties of prepared MgAl-LDH/dye-
MA, its emission spectrum was reported. The result was
compared with MgAI-LDH/dye-A and pure dye photolumines-
cence (PL) curves, as shown in Figure 5. All three samples were
excited at the wavelength of about 416 nm. For the PL study,
0.001 gr of samples were dispersed in 10 mL water. The PL
curves were obtained at room temperature. The emission peaks
for MgAI-LDH/dye-A, MgAI-LDH/dye-MA, and pure dye ap-
peared at 587.5, 560, and 555 nm, respectively. The obtained
data demonstrate that the intensity of the fluorescence
emission at MgAI-LDH/dye-MA is significantly higher than that
of pure dye. Also, about MgAI-LDH/dye-MA, a small peak
appeared at 625 nm due to the transformation of energy from
mordant orange 1 to Mg.®® MgAI-LDH/dye-A shows negligible

- MgAl-LDH /dye-A
= MgAl-LDH/dye -MA
- dye

Aex =416 nm

450 500 550 600 650 700

PL Intensity (a. u.)

Wavelength number (nm)

Figure 5. Photoluminescence emission of MgAI-LDH/dye-MA, MgAI-LDH/
dye-A, and pure dye.

| & MzAl-LDH/dye-MA
| ® MgAl-LDH/dye-A

¢ 7nAl-LDH/dye-MA
e Dye
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-
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Figure 6. Photostability of Mordent orange dye, and dye/MgAI-LDH.
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emission, which emission has a red-shift in comparison with the
pure dye. This red shift and fluorescence quenching were due
to the aggregation of dye at the intercalation process.”” But at
MgAI-LDH/dye-MA the PL intensity is significantly higher than
that of pure dye. Also, about MgAI-LDH/dye-MA, the red-shift
was decreased that shows the aggregation was decreased.
These results confirm that the microwave-based anion ex-
change method can be a suitable method for improving
photoluminescence emission.

The Photostability is an important factor in the fluorescence
device. This is due to the limitation of detection which
consequently decreased the intensity of reversible fluorescence
under light. So, to study the optical stability of the prepared
nanohybrid, the PL emission intensity of the Mordent orange
dye, and MgAI-LDH/dye-MA, MgAI-LDH/dye-A have been inves-
tigated after exposure of the sample under the UV light. Also,
for comparison the Photostability of ZnAl-LDH/dye-MA which
was prepared under the same condition and microwave-based
anion exchange method,
([Zn;AI(OH)gl(O,NCgH,4N,C4H3(OHCO,H)o5-0.8H,0) was investi-
gated. The exciting wavelength for PL emission was 400 nm.
Figure 6 presents the fluorescence emission curve during dye
degradation times. The data confirm that during 300 min, when
the sample was exposed to UV irradiation due to early
degradation, the intensity of the PL emission in the pure
Mordent orang dye signally decreases. But at the MgAI-LDH/
dye-MA, slight degradation within the 200 min was reported,
then after 200 min the intensity of the PL emission remains
constant. Also, at MgAI-LDH/dye-A the Photostability is poor
than that MgAI-LDH/dye-MA. This can be attributed to the early
degradation of dye which is absorbed on the surface of LDH as
reported in Figure 1(c). Also, at ZnAl-LDH/dye-MA the Photo-
stability is very poor due to the low band gap energy of ZnAl-
LDH.23® Therefore, the Photostability was improved at the
intercalated MgAl- LDH/dye-MA sample and the intensity of
normalized fluorescence was higher compared with the pure
dye, MgAl- LDH/dye-A and ZnAIl-LDH/dye-MA.

Conclusions

An ordered MgAI-LDH/dye-MA with high Photostability was
successfully synthesized by the microwave-based anion-ex-
change method. The reported data from thermal gravimetric
analysis (TGA), X-ray diffraction, and FT-IR spectroscopy show
that the mordant orange 1 dye successfully has been interca-
lated into the MgAI-LDH interlayer. The optical properties of
MgAI-LDH/dye-MA were investigated using PL spectra. The PL
emission results show improved photoluminescence emission.
In the MgAI-LDH/dye-MA, due to the decreased time of the
intercalation process, it can decrease the aggregation of dye

© 2023 Wiley-VCH GmbH
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compared with the co-precipitation-based anion exchange
method. Also, the Photostability of MgAl-LDH/dye-MA was
improved compared with pure dye, MgAIl-LDH/dye-A due to the
complete interaction of dye into the LDH interlayer. So, the
microwave-based anion-exchange method is an alternative
method compared to the co-precipitation-based anion-ex-
change method. The obtained results may present essential
information on how we can decrease the photoluminescence
quench phenomena during the intercalation process.

Experimental Section

General

X-ray diffraction (XRD) patterns of prepared materials were
obtained at diffraction angles 2-70° using a Bruker AXS model-D8
with Cu Ko radiation. To study the morphology of samples, field
emission-scanning electron microscopy (FE-SEM) was applied by
the TESCAN device — VEGA Il. Also, the average LDH thickness was
measured by Image J software. Fourier transform infrared (FT-IR)
spectrum was recorded by Perkin-Elmer spectrophotometer at
wavenumber from 400 to 3700 cm™', using a KBr disk. The
thermogravimetric analysis of prepared materials was investigated
by the Linseis STA PT-1000 instrument with a nitrogen atmosphere
and a heating rate of 10°C.min~". The PL emission was measured
using an FP-6200 spectrophotometer. The Shimadzu - ICPS-7500
was used for the study of inductively coupled plasma spectrometry
(ICP).

Preparation of MgAI-LDH

The MgAI-LDH was prepared using the co-precipitation method
under ultrasound waves. 0.002 M (0.042 g) of AI(NO,),.9H,0 solution
and 0.006 M (0.15 g) of Mg(NO,),.6H,0 solution were mixed and
placed in a round balloon of 100 mL. Then the solution was placed
in a water bath under an N, atmosphere and ultrasound waves
with an intensification frequency of about 40000 Hz. The ultrasonic
power was about 305 W. Then, under ultrasound waves, the pH of
the clear solution reached 10 using sodium hydroxide solution
0.1 M. The obtained colloid was kept under ultrasound waves for
70 min. The sample was centrifuged and washed with deionized
water several times and dried overnight under a vacuum to
produce MgAI-LDH-NO;.

Synthesis of MgAI-LDH/mordant orange 1 nanohybrid

The mordant orange 1 (azoic dye) was intercalated into MgAI-LDH
by the anion exchange technology. Firstly 0.002 M (0.057 g)
mordant orange 1 was dispersed in 100 mL water, and the pH of
the solution was adjusted to 10 by using sodium hydroxide solution
(1 M). In the next step, 2.0 g of dried MgAI-NO;-LDH, which was
freshly synthesized, was added to a dye solution under a nitrogen
atmosphere at 80°C. The mixture was transformed into a Teflon
vessel and was aged under microwave waves with a power MWI of
about 50 W at 80°C for 4 h. The resulting product MgAl- LDH/
mordant orange 1 was filtered and three times washed using pure
water. The obtained sample was named MgAI-LDH/dye-MA. Also,
the MgAI-LDH/dye nanohybrids were prepared using the co-
precipitation-based anion exchange method. The conditions of
preparation are similar, except that in the aging step, the sample is
stirred for 24 h at 80°C (instead of microwave waves). The obtained
powders were labeled as MgAI-LDH/dye-A.
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