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ABSTRACT: Molecular iodine was intercalated from non-
aqueous solution into microsized ZnAl-layered double
hydroxide (LDH) in the iodide form, generating the I3

−/I−

redox couple into the interlayer region. Chloroform, ethanol,
acetonitrile, or diethyl ether were used as solvents to dissolve
the molecular iodine. The intercalation compounds were
characterized by thermogravimetric analysis, X-ray powder
diffraction, UV−vis spectroscopy, and scanning and trans-
mission electron microscopy. The stability of iodine−solvent adducts and the iodine concentration affected the LDH iodine
loading, and samples with I2/I

− molar ratio ranging from 0.14 to 0.82 were prepared. Nanosized, well dispersible LDH,
synthesized by the urea method in water−ethylene glycol media, were also prepared and successfully functionalized with the I3−/
I− redox couple applying the conditions optimized for the micrometric systems.

■ INTRODUCTION
The great challenge of this century is the finding of sustainable
energy sources that can replace fossil fuels. Solar energy is one
of the most promising renewable sources, and many chemical
and physical methods are currently used for its harvesting. One
of the most promising light to electricity conversion methods
involves the use of the so-called “dye sensitized solar cells”
(DSC),1 due to their potential advantages of high efficiency
energy conversion and low production cost. The working
principle of a DSC device is based on ultrafast electron
injection from a photoexcited dye into the conduction band of
TiO2 semiconductor and subsequent dye regeneration and hole
transportation to the counter electrode.2 Dye regeneration is
attained by exploiting redox mediators like I3

−/I− redox couple
contained in liquid phase electrolyte. Unfortunately, the liquid
electrolyte presents several technological problems such as
solvent evaporation, leakage of volatile solvent, and environ-
mental toxicity. In the recent literature different studies have
been devoted to the substitution of liquid electrolytes with
organic hole transporting materials3 and solvent-free polymer
electrolytes incorporating triiodide/iodide as a redox couple.4

Some papers in the literature also proposed the use of solid-
state electrolytes (i.e., CuI, CuBr, CuSCN, CuI/molten salts
composite materials).5 Nevertheless, the use of these materials
presented some disadvantages such as low light-to-electricity
conversion efficiency due to low ionic conductivity and poor
electrolyte/photoelectrode interfacial contact.6 To limit this

problem, attention was focused on quasi-solid-state electrolytes
prepared by incorporating inorganic additives (i.e., natural
clays, silica particles, etc.) to classical solvent or ionic liquids
aiming to reduce solvent evaporation and improve electrode−
electrolyte interfacial contact.7

The use of gels or quasi-solid electrolytes may largely
simplify the DSC design and produce a significant improve-
ment in energy-conversion efficiency and long-term stability.8

In this connection, the development of suitable low dimen-
sional inorganic compounds able to host the I3

−/I− couple and
to form dispersed systems is of great interest.
Among 2D compounds, layered double hydroxides (LDH)

are promising materials in a wide range of application because
of their broad possibility of manipulation to obtain functional
materials. As a matter of fact, in these last two decades there has
been a rapid growth in the number of scientific papers and
industrial patents on LDH. In detail, LDH is represented by the
general formula [M(II)1−xM(III)x(OH)2][Ax/n·mH2O], where
M(III) cations are typically Al, Cr, Fe, or Ga and M(II) can be
Mg, Zn, Ni, Co, or Cu. A is an exchangeable anion of ionic
valence n, and x is the M(III)/(M(II) + M(III)) molar ratio.
The x value generally ranges between 0.2 to 0.4 and determines
the positive layer charge density and the ion exchange capacity
(IEC) of the material.9 The insertion, via ion exchange
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reactions, of selected inorganic or organic anions allows
materials to be obtained for new stimulating applications in
the fields of polymeric nanocomposites,10 heterogeneous
catalysis,11 and photochemistry12 and recently in field of
photocatalysis.13 Moreover, new strategies have been achieved
to exfoliate LDH in two-dimensional nanosheets in order to
obtain ordered thin films14 especially for optical devices.15 New
materials can be designed and developed by the insertion of
neutral molecules between the LDH sheets. Rare examples of
intercalation reactions have been reported and concern the
insertion of long-chain alkanols into the interlayer regions of
LDH containing surfactants16 or alkoxides.17

An exciting challenge is to exploit the excellent intercalation
properties of LDH materials immobilizing into the interlayer
region the I3

−/I− redox couple, in different molar ratios, to
obtain a quasi-solid electrolyte for DSC devices. A number of
detailed studies on the preparation and characterization of
iodide and, in general, of halides containing LDH have been
conducted,18 while to the best of our knowledge, only two
works report on the intercalation of triiodide. Mohanambe and
Vasudevan19 aimed to extend the host−guest LDH chemistry
to the inclusion of inorganic nonpolar molecules as molecular
iodine by intercalation of carboxymethyl-β-cyclodextrins
(CDs), which retained their accessible cavities and ability to
complex iodine molecules. Recently, Ma et al.20 used an
innovative redox intercalation reaction to prepare non-Al3+-
based LDH having iodide and triiodide as counterions. In
particular, CoFe-LDH was synthesized contacting brucite-like
Co(II)1−xFex(II)(OH)2 with a solution of iodine in chloroform.
The iodine acted as oxidizing agent of Fe2+ to Fe3+, generating
an excess of positive charges on the lamellae, and the
electroneutrality of the solid was maintained by iodide
intercalation. Intercalation of triiodide was also observed
using concentrated iodine solutions.
The present work reports a study on the intercalation of the

triiodide/iodide redox couple in the interlayer region of micro-
and nanosized LDH. The ion-exchange between ZnAl-LDH
interlayer anions with triiodide anions and the intercalation of
I2 from nonaqueous solution into ZnAl-LDH in the iodide form
have been investigated. It has been found that the solvent
nature and the iodine concentration play a key role to obtain
materials with tunable triiodide/iodide molar ratio. Well
dispersible I3

−/I− containing LDH having nanometric
dimensions was prepared, modifying the synthesis procedure
and using water and ethylene glycol as solvent.21 As an
unexpected and very interesting result, this method yielded,
directly from the synthesis, nanometric LDH compounds in
anionic forms different from carbonate, depending on the metal
salt used for its synthesis.

■ EXPERIMENTAL SECTION
Materials. All the chemicals used in this work were C. Erba RP-

ACS products.
Synthesis of Microsized ZnAl-I2. The LDH [Zn0.61Al0.39(OH)2]-

(CO3)0.195·0.5H2O (hereafter ZnAl-CO3) was synthesized using the
urea method.17 The chloride form (hereafter named ZnAl−Cl) with
formula [Zn0.61Al0.39(OH)2](Cl)0.39·0.6H2O was obtained by titrating
the carbonate form, dispersed in a 0.1 M NaCl solution, with a 0.1 M
HCl by means of a Radiometer automatic titrator operating at pH stat
mode and pH value of 5. The ZnAl-Cl was equilibrated with a 1 M
potassium iodide solution (1 g LDH/35 mL KI) under magnetic
stirring for 1 day, using CO2-free and deionized water and working
under nitrogen atmosphere. The resulting compound, with formula
[Zn0.61Al0.39(OH)2](Cl)0.17I0.22·0.34H2O (hereafter named ZnAl-I),

was washed two times with deionized water and dried at room
temperature.

ZnAl-I was equilibrated with 0.1 and 0.5 M of I2 solution in different
organic solvents: ethanol, diethyl ether, chloroform, or acetonitrile (1 g
LDH/13 mL I2 solution), under magnetic stirring for 3 days. The
obtained solids were recovered by centrifugation, washed with the
solvent used for the intercalation, and dried at room temperature. The
obtained materials with maximum I2 content (using 0.5 M solutions)
were labeled as ZnAl-I2solv, where solv indicates the solvent used for
the intercalation: cf (chloroform), et (ethanol), ac (acetonitrile), or de
(diethylether).

Synthesis of Nanosized ZnAl-I2. Nanosized LDH containing
chloride anions (hereafter named n-ZnAl-Cl) in the interlayer region
have been synthesized adapting the urea method.17 A total of 500 mL
of 1 M solution of Zn(II) and Al(III) having molar fraction Al(III)/
(Al(III) + Zn(II)) equal to 0.30 was prepared dissolving 85.5 g (350
mmol) of ZnCl2·6H2O and 36 g (150 mmol) of AlCl3·6H2O in a
water−ethylene glycol 1:2 (v/v) mixture. A total of 36 g (600 mmol)
of solid urea were then added to this solution so that the urea/Al
molar ratio was 4. The clear solutions were heated, under stirring, at
reflux temperature for 6 h. The gelatinous materials obtained were
recovered by centrifugation and washed two times with water. Finally,
the materials were stored as colloidal dispersions in 300 mL of water
and ethylene glycol [1:2 (v/v)]. In order to determine the solid
amount per volume unit, a known volume of dispersion was washed
two times with distilled water to remove the ethylene glycol and dried
in an oven at 80 °C. The dispersion contained 165 mg of n-ZnAl/mL
of dispersion.

A total of 6 mL of n-ZnAl-Cl dispersion was washed two times with
deionized water and exchanged with iodide using the conditions
described for the microsized LDH. The obtained n-ZnAl-I was then
contacted with 10 mL of 0.5 M I2 solution in acetonitrile in order to
generate triiodide in the interlayer region.

Characterization. The Zn and Al content of the solid was
determined by Inductively Coupled Plasma-Optical Emission Spec-
trometer (ICP-OES) Varian 700-ES series after dissolving the samples
in concentrated HNO3 and properly diluting them.

Iodide content was determined by ion-chromatography (IC):
complete I− and I3

− deintercalation was achieved by equilibrating
∼100 mg of sample in 20 mL of 1 M Na2CO3 solution for 12 h. The
surnatant solution was then analyzed with a Dionex 2000 ion
chromatographer.

The X-ray powder diffraction (XRPD) patterns were taken with a
Philips X’PERT PRO MPD diffractometer operating at 40 kV and 40
mA, step size 0.0170 2θ degrees, and step scan 20 s, using the Cu Kα
radiation and an X’Celerator detector.

Rietveld refinement of ZnAl-I was performed using the GSAS
program.22

Water and carbonate content of the solids were determined by
coupled thermogravimetric (TG) and differential thermal (DTA)
analyses performed with a Netzsch STA 449C apparatus, in air flow
and heating rate of 10 °C/min. This technique allowed chloride,
iodide, and triiodide content to also be checked.

Diffuse reflectance UV−vis (DR UV−vis) spectra were recorded
using a Perkin-Elmer Lambda 900 spectrometer. Measurements on
powder samples were collected by using a diffuse reflectance sphere
accessory. Before the analysis, the samples were dispersed in
anhydrous BaSO4 (10 wt %).

The morphology of the LDH particles was investigated with a
Philips 208 transmission electron microscope (TEM). A small drop of
the dispersion of LDH in ethanol was deposited on a copper grid
precoated with a Formvar film and then evaporated in air at room
temperature.

Fourier transform infrared spectra (FT-IR) of different samples,
dispersed in KBr pellets, were recorded at rt using a Bruker Tensor 27
spectrometer. Typically, each spectrum was obtained averaging over 50
scans at a resolution of 2 cm−1.

Scanning electron microscope (SEM) images were acquired by a
LEO 1450 VP; the samples were coated with a thin gold layer to
ensure surface conductivity.
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■ RESULTS AND DISCUSSION
For reader convenience, it seems useful to briefly recall the
main structural features of layered double hydroxides. Figure 1

shows the sequence of four layers of the ZnAl-LDH. Each layer
arises from the packing of layers built up of M(OH)6 (M =
Zn2+, Al3+) octahedral units with shared edges. In an ideal
arrangement, Al(OH)6 octahedral units are 33% of the total,
and the Zn/Al atomic ratio is 2. The Al cations bear net
positive charges balanced by anions located in the interlayer
region.
The aim of this work is to insert the triiodide/iodide couple,

in different molar ratios, in the constrained environment of the
interlayer region of LDH to provide new redox properties. Two
methods were tested; the first involved an ion-exchange of
LDH interlayer anions with triiodide anions present in solution,
while the other one consisted in an intercalation reaction of I2
into LDH previously exchanged with I− anions in order to form
triiodide species in situ. The former method was pursued by
contacting ZnAl-Cl samples with solutions of I3

− in water or
organic solvents as acetonitrile, chloroform, and ethanol.
Despite several attempts and changing the I3

− concentration,
temperature, and reaction time, the direct I3

− ion-exchange
failed. The reasons for this were not deeply investigated; very
likely it depended on the low charge density and on the large
dimensions of the guest species that made the process
thermodynamically unfavorable. On the contrary, the latter
method gave satisfactory results. In the following the
experimental data obtained through the I2 intercalation in
micro- and in nanosized LDH in the iodide form will be
separately discussed.
Intercalation of the Triiodide/Iodide Redox Couple on

Micrometric LDH. The XRPD patterns of LDH in carbonate,
chloride, and iodide forms are compared in Figure 2. The first
intense 003 peaks, related to the LDH metal atomic planes,

indicate that the interlayer distances of ZnAl-CO3 (7.56 Å),
ZnAl-Cl (7.74 Å), and ZnAl-I (8.10 Å) increase in agreement
with the increased anion dimensions. It is noteworthy that the
relative intensity of the 006 reflection in the ZnAl-I pattern is
higher than in other anionic forms, and this is related to the
increase in electron density of the interlayer region, due to the
presence of heavy iodine atoms arranged halfway between
adjacent brucitic sheets.23,20

The composition of ZnAl-I indicates that a pure hydrotalcite
phase in iodide form was not obtained, very likely because LDH
has a poor affinity for I− ions that prevented the complete I−/
Cl− exchange. However, XRPD patterns showed the presence
of only one phase, suggesting that iodide and chloride ions
were randomly distributed in the interlayer region. The ZnAl-I
crystal structure was therefore refined using the Rietveld
method by placing Cl and I atoms in the same 18h
crystallographic site and setting their occupancy values in
order to fit the experimentally determined composition. The
agreement was good, confirming our assumptions. Figure 3

shows the Rietveld plot of the last refinement cycle, while Table
1 reports on the refined crystal data and refinement details.
(More details are given the Tables S1 and S2 of the Supporting
Information.)
The intercalation of molecular iodine into ZnAl-I was carried

out by contacting the ZnAl-I with 0.1 and 0.5 M I2 solutions,
using chloroform, ethanol, acetonitrile, and diethyl ether as
solvents. These solvents were selected because of their ability to

Figure 1. Schematic illustration of the LDH structure.

Figure 2. XRPD patterns of microsized ZnAl-CO3 (a); ZnAl-Cl (b);
and ZnAl-I (c).

Figure 3. Experimental (+), calculated (−), and difference (bottom)
profiles for [Zn0.61Al0.39(OH)2](Cl)0.17I0.22·0.34H2O.
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dissolve molecular iodine24 and to interact with the hydrophilic
LDH. The solids obtained turned their color from white to dark
brown, indicating the presence of iodine. UV−vis spectroscopy
(that will be discussed later on) showed that triiodide and
higher polyiodide forms were present in the interlayer region,
assessing that they were generated in situ by reaction of I2 with
the already intercalated iodide. However, for the sake of
simplicity, the global iodine content of these samples will be
considered in the following as I2. Figure 4 shows the XRPD

patterns of the samples obtained using 0.5 M I2 solutions. In
ZnAl-I2de, ZnAl-I2et, and ZnAl-I2cf, the relative intensity of the
006 peak, at 4.05 Å, is increased and becomes higher than the
003 reflection, according to the increase of electron density of
the interlayer region, due to iodine intercalation. This phase,
with an increased amount of iodine in the interlayer region but
the same interlayer distance, was indicated as phase a.

Moreover, a new, intense diffraction peak at d = 4.22 Å that
was attributed to the formation of a ZnAl-I2 phase richer in
iodine, with an interlayer distance of about 8.44 Å, appeared in
all the patterns and was indicated as phase b. Phase a is
completely converted into phase b in the sample ZnAl-I2ac
(Figure 4d). In this phase, due to the small interlayer distance,
triiodide moieties should be intercalated with their main
molecular axis parallel to brucitic layers. As a support of this
hypothesis we have simulated the XRPD pattern (Figure 5) of

an LDH phase with composition similar to that experimentally
o b s e r v e d i n Z n A l - I 2 a c :
Zn0.61Al0.39(OH)2Cl0.17I0.22(I2)0.18·0.32H2O. It was assumed to
be isostructural to ZnAl-I and with the following unit cell: a =
3.807 Å, c = 25.32 Å, which is an interlayer distance of c/3 =
8.44 Å. In this simulation, performed with the Powdercell
program,25 the total iodine content was taken into account by
simply increasing the occupancy factor of the I atom in the
interlayer region. Although approximated, the simulation shows
that, due to the fact that the electron density of 003 metal
hydroxide planes is close to that of the 006 interlayer planes,
the former diffraction effect is virtually extinct, and only the 006
reflection at 4.22 Å is observed, as experimentally found.
The morphology of ZnAl-I2 samples was investigated by

SEM analysis (Figure S1 in Supporting Information). The
micrographs shows hexagonal platelets having a diameter of
about 10 μm.
The I2 content was determined by TG analysis according to

ref 26 and assuming that iodide and chloride contents remained
unchanged during the intercalation process. The thermal
behavior of ZnAl-I2solv samples was interpreted on the basis
of the TG curve of CsI3. This salt loses 1 mol of I2 in the 150−
350 °C range. As an example, Figure 6A reports on a
comparison between TG curves of ZnAl-I2ac and CsI3. Three
steps of endothermic weight losses (DTA not shown) are
evident in ZnAl-I2ac, and the TG curve can be discussed as
follows: (a) the first step, ranging from 80 to 180 °C, is due to
the loss of the hydration water; (b) the second region, until 300
°C, corresponds both to the weight loss due to the
dehydroxylation of the brucite layers and to the loss of iodine;
and (c) the last step from 400 to 500 °C is relative to the loss of
chloride and iodide anions as hydrogen chloride and iodide.
The TG curves of all samples intercalated with 0.5 M solutions
of I2 in different solvents are reported in Figure 6B. As a general
feature, all intercalated samples showed similar thermal

Table 1. Crystal Data and Refinement Details for ZnAl-I

empirical formula Zn0.61Al0.39(OH)2Cl0.17I0.22·0.34H2O

formula weight 124.51
crystal system trigonal
space group R3̅m
a, Å 3.0807(1)
b, Å 3.0807(1)
c, Å 24.3941(4)
α, deg 90
β, deg 90
γ, deg 120
V, Å3 200.50(1)
Z 3
calcd density, g cm−3 3.10
wavelength, Å 1.54056
pattern range, 2θ/deg 8.5−120
step scan increment, 2θ/deg 0.017
time per step, s 60
no. of data points 6559
no. of reflections 112
no. of parameters 42
Rp 0.046
Rwp 0.067
RF2 0.103
GOF 3.84

Figure 4. XRPD pattern of ZnAl-I2de (a), ZnAl-I2et (b), ZnAl-I2cf (c),
and ZnAl-I2ac (d). * phase a, ⧫ phase b (see text).

F i g u r e 5 . S i m u l a t e d X R P D p a t t e r n o f
Zn0.61Al0.39(OH)2Cl0.17I0.22(I2)0.18·0.32H2O.
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behavior. Nevertheless, significant variation of weight losses in

the 100−300 °C range are observed depending on the solvent

used for the intercalation (Figure S2 of Supporting

Information). However, FT-IR spectroscopic studies revealed

that the samples did not contain any trace of solvent different

from water, and therefore, the change in weight loss in that

temperature range was ascribed to different I2 contents.

Table 2 shows the composition of the materials obtained and
the percentage of iodine intercalated referring to the iodide
([I2/I

−] molar ratio).
It is evident that the solvent (L) plays a key role in the final

amount of the intercalated iodine. It can be justified on the
basis of solvent−iodine interactions. It is indeed known that
iodine forms adducts (L → I2) with solvents having electron
donor properties and that the stability of these adducts depends
on the electron donor strength of the solvent as a Lewis base.

The strength of the n-donor solvents, used in this work,
increases in the following order: chloroform ≪ ethanol <
acetonitrile < diethyl ether.27 During the intercalation process,
the solvation sphere of molecular iodine is modified, passing
from organic molecules to water. The enthalpy associated to
this process is positive, which is unfavorable to the molecular
iodine intercalation, and increases with the stability of the L →
I2 complex. The low iodine loading obtained from diethyl ether
and ethanol is in agreement with the above considerations. An
increase of iodine uptake was observed with chloroform, which
is a noncoordinating solvent.
The best results, in terms of iodine uptake percentage, were

obtained using acetonitrile as solvent, reaching 81.8%. This
behavior cannot be explained with the above considerations,
because acetonitrile is a good coordinating and very polar
solvent, and very likely, in this case a different intercalation
mechanism may take place. UV−vis spectra of the diluted
equilibrating solutions (10−6 M) were collected in order to
indentify the iodine species present in the different solvents
(Figure 7). UV−vis spectra of I2 in ethanol and diethyl ether

show two bands due to molecular I2 (centered at 446 and 465
nm for ethanol and diethyl ether, respectively) and to the L →
I2 charge transfer complex (centered at 230 and 250 nm for
ethanol and diethyl ether, respectively). In these solvents, both
free molecular and complexed iodine are present. On the
contrary, the UV−vis spectrum of I2 in chloroform shows only
the molecular iodine band centered at 510 nm, indicating that
all the iodine is free and available to the intercalation. Finally, in
the spectrum of I2 in acetonitrile the absorption bands
associated to iodine are not present, while there are two
bands at 292 and 362 nm, typical of triiodide, indicating the
presence of this anion in solution.28 Triiodide anions are
produced by a sequence of reactions in which a slow transition
of the outer complex (L→ I2) to the inner complex (L→ I+I−)
occurs. The inner complex produces iodide that can bind
molecular iodine, forming triiodide anions.29 These results
should be explained considering the ability of this solvent to
stabilize the ionic species due to its high dielectric constant.
From these considerations we may conclude that in

chloroform the intercalation reaction very likely mainly involves
molecular iodine, while in acetonitrile, besides the intercalation
of molecular iodine, the ion exchange of I3

− with I− occurs.
Considering the selectivity scale for the halides F− > Cl− > Br−

Figure 6. (A) TG curves of CsI3 (a) and ZnAl-I2ac (b); (B) TG curves
of ZnAl-I2solv samples.

Table 2. Composition of the ZnAl-I2solv Samplesa

[Zn0.61Al0.39(OH)2]
Cl0.17I0.22(I2)x·nH2O

sample x n I2/I
− molar ratio (%)

ZnAl-I2de 0.030 0.22 13.6
ZnAl-I2et 0.05 0.27 22.7
ZnAl-I2cf 0.10 0.47 45.5
ZnAl-I2ac 0.18 0.32 81.8

aThe iodine uptake percentage, calculated referring to the iodide, is
also reported.

Figure 7. UV−vis spectra of 10−6 M I2 solutions in the indicated
solvents.
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> I−,30 it is reasonable to assume that iodide is exchanged
preferentially over chloride. Chemical analysis indicated that
the chloride content of samples before and after the
intercalation reactions was the same, confirming this
assumption. Also, the I2 concentration in the equilibrating
solution strongly affects the amount of the intercalated iodine.
Intercalation reactions carried out with 0.1 M I2 solutions
generally led to a lower amount of intercalated iodine for all
solvents, as shown by comparing the data reported in Table 2
and Table S3 of Supporting Information.
DR-UV−vis reflectance spectra of intercalated samples are

reported in Figure 8. Two intense bands at about 290 and 370

nm (Figure 8), corresponding respectively to the spin- and
symmetry-allowed σ → σ* and π → σ* transitions of the linear
I3
− species, have been detected for all samples thus indicating

that the intercalation procedure results in the formation of I3
−

species.24,31 Moreover, an evident shoulder at 230 nm, assigned
to I−, is especially observed for samples intercalated by using
ethanol, chloroform, and diethylether. The large absorption in
the 500−1000 nm range, having a maximum ranging from 600
to 750 nm, can be assigned to the formation of the pentaiodide
ions.19 From the obtained data it is also possible to observe that
the use of acetonitrile as solvent for intercalation (sample ZnAl-
I2ac) promotes the formation of a higher amount of polyiodide
species, which are probably stabilized by the host−guest
interactions. Recently, iodine was efficiently loaded in porous
organic cages via vapor sublimation.32 Also in this case, the host
structure was recognize to stabilize iodine as I5

−.
Intercalation of the Triiodide/Iodide Redox Couple on

Nanometric LDH. As underlined in the introduction, materials
containing the triiodide/iodide redox couple can be used to
produce gel- or quasi-solid electrolyte for DSC devices.
Especially for the preparation of quasi-solid electrolytes where
colloidal suspensions of solids in a proper solvent is used, the
morphology and particle size of suspended materials is of
fundamental importance. To this purpose, nanosized LDH was
prepared by properly modifying the urea method17 and used as
a matrix to intercalate the I3

−/I− redox couple.
Synthetic parameters as solvent, urea/Al(III) molar ratio, and

reaction time were finely adapted. In order to inhibit the crystal
growth, the reaction time was shortened to six hours, and a
mixture of water and ethylene glycol (1:2 v/v) was used as a
solvent. The choice of the solvent mixture was made on the
basis of literature data.20 By using these conditions, we found

that decreasing the urea/Al(III) molar ratio to 4 made it
possible to prepare LDH in anionic forms different from
carbonate, depending on the metal salts used for the synthesis.
In this case, LDH in chloride form was precipitated from a
solution containing zinc and aluminum chlorides. The
compound had the following formula: [Zn0.74Al0.26(OH)2]-
(Cl)0.26·0.5H2O (n-ZnAl-Cl). In our opinion, the possibility to
obtain LDH compounds in anionic form different from
carbonate directly from the synthesis is a relevant aspect that
deserves further attention and will be discussed elsewhere.
In order to avoid particle aggregations, the sample was

washed with CO2-free distilled water and stored as colloidal
dispersion in the same solvent used for the synthesis. The n-
ZnAl-Cl size was investigated by TEM, and a micrograph of the
LDH, reported in Figure 9, shows that the colloidal dispersion
is made of hexagonal platelets having diameter of about 40−50
nm.

After I− exchange, the compound with formula
[Zn0.74Al0.26(OH)2](Cl)0.08I0.18·0.43H2O (n-ZnAl-I) was ob-
tained. In Figure 10 the XRPD patterns of wet n-ZnAl

containing chloride and iodide anions are compared. The n-
ZnAl-I interlayer distance reaches the value of 9.05 Å,
attributable to a highly hydrated n-ZnAl-I.
Taking into account the results obtained with the micro-

metric LDH (vide supra), the immobilization of triiodide

Figure 8. DR-UV−vis spectra of ZnAl-I2solv samples.

Figure 9. TEM micrograph of n-ZnAl-Cl.

Figure 10. XRPD pattern of wet n-ZnAl-Cl (a), n-ZnAl-I (b).
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species on LDH has been performed using a 0.5 M I2 solution
in acetonitrile. The n-ZnAl-I2 sample obtained had formula
[Zn0.74Al0.26(OH)2](Cl)0.08I0.18(I2)0.11·0.57H2O with 61.1% of
loaded iodine. Figure 11 shows the XRPD pattern of the

recovered brown solid compared with the pristine n-ZnAl-I.
The simulated XRPD patterns of LDH phases having
composition similar to those experimentally observed for n-
ZnAl-I and n-ZnAl-I2 finely describe the experimental trends
(Figure 12). In this case, different from the micrometric LDH,

the lower molar fraction of aluminum and then the lower ion
exchange capacity generates an interlayer region with a lower
content of iodide and triiodide. For the n-ZnAl-I2 sample
(Figure 12b), the electron density of 003 metal hydroxide
planes is slightly larger than that of 006 interlayer planes; as a
consequence, the intensity of the former diffraction peak is
reduced. Moreover, the XRPD pattern of n-ZnAl-I2 (Figure 11)
shows a reflection at 8.84 Å attributable to 003 planes of the
intercalated triiodide.
The TEM images of the n-ZnAl-I2 sample (Figure 13) show

aggregates of particles with diameter of about 40−50 nm, but
some larger particles with diameter of about 300 nm are
present. Arrows in Figure 13 indicate that some plates are

starting to roll. Several authors proposed that the rolling of
these lamellar structures arises from a reduction of the
interactions between neighboring layers and interlayer anions,
which makes the layered structure unstable at the foreland of
hexagonal sheets. In order to maintain the charge balance, the
brucite sheets are forced to close onto themselves.33 This
indicates that the material undergoes a partial exfoliation when
intercalated with triiodide anions. The presence of a large
amount of weakly held species breaks the network of hydrogen
bonds, which prevents the LDH exfoliation, allowing the
solvent to diffuse between the layers.34

The DR-UV−vis spectrum of the n-ZnAl-I2 sample (see
Figure S3 in the Supporting Information) is characterized by
the presence absorptions typical of both I− and I3

− species,
together with an additional amount of I2 and polyiodide
species. These data indicated that the intercalation procedure
optimized for micrometric LDH samples is effective for the
introduction of I3

−/I− species in nanosized LDH samples.

■ CONCLUSIONS

LDH materials containing the triiodide/iodide redox couple
were obtained via intercalation of molecular iodine from
nonaqueous solution in ZnAl-I. The molecular iodine is able to
diffuse into the interlayer region of the LDH and to combine
with the iodide forming triiodide and polyiodide, as shown by
UV−vis spectra, collected on the dark brown colored products.
The iodine/iodide molar ratio in the solids was affected by both
I2 concentration and solvent nature of the equilibrating
solution. First, the increase of the I2 concentration led to an
increase in the amount of intercalated iodine in all solvents
used. Second, the stability of adducts that iodine form with n-

Figure 11. XRPD patterns of n-ZnAl-I (a) and n-ZnAl-I2 (b) dried at
room temperature.

Figure 12. Simulated XRPD pattern of [Zn0.74Al0.26(OH)2]-
(C l ) 0 . 0 8 I 0 . 1 8 ·0 . 4 3H 2O ( a ) and [Zn 0 . 7 4A l 0 . 2 6 (OH) 2 ] -
(Cl)0.08I0.18(I2)0.11·0.57H2O (b).

Figure 13. TEM micrographs of n-ZnAl-I2.
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donor solvents determined the amount of the intercalated
iodine. It was interesting to find that the iodine loading
increases as electron donor strength of the solvent decreases
(diethyl ether > acetonitrile > ethanol ≫ chloroform). An
anomalous behavior was observed in acetonitrile, a good
coordinating and very polar solvent, where the iodine uptake
reached 81.8%. In this case we have hypothesized that the
intercalation process can also occur with an alternative ion
exchange mechanism, thanks to the formation of triiodide
anions in solution. The intercalation of iodine from acetonitrile
was extended to well dispersible LDH having nanometric
dimensions, synthesized modifying the urea method used for
the preparation of micrometric LDH.
The intercalation of neutral inorganic molecules by LDH is a

rather rare phenomenon that deserves attention to develop new
materials with peculiar properties.
This paper has shown that LDH can be obtained with

controlled dimensions and easily functionalized by intercalating
large amounts of the I3

−/I− redox couple and therefore can be
useful for application in quasi-solid electrolyte DSC devices.
Furthermore the presence of polyiodide could favor the
Grotthuss mechanism of electron transfer and improve DSC
performances.
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