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Nanosized ZnS has been synthesized in the interlayer galler-
ies of Mg-Al layered double hydroxides (LDHs) by a process
involving ion exchange of a Mg,Al-NO3; LDH precursor with
a zinc—citrate complex {Na,[Zn(CgH,07)]-3 H,O} followed by
reaction between the intercalated [Zn(C¢H,4O5)]?>" anions and
H,S. The materials have been characterized by elemental
analysis, powder X-ray diffraction (XRD), transmission elec-
tron microscopy, FTIR spectroscopy, MAS 3C NMR spec-
troscopy, and UV/Vis diffuse reflectance spectroscopy, and
structural models have been proposed. The XRD diffraction
patterns indicate that the layered structure is maintained and
that the basal spacing in the intercalated materials depends
on the orientation of the citrate moiety. The results confirm
that cubic ZnS (sphalerite) is formed in the interlamellar do-
main rather than on the external surfaces and is co-interca-
lated with citrate dianions. The growth of ZnS particles is
constrained by the layers of the LDH resulting in a large blue

shift in the bandgap compared with the bulk material. The
thermal decomposition process of the hybrid material has
been characterized by in situ high-temperature powder XRD
and thermogravimetry-differential thermal analysis (TG/
DTA) coupled with mass spectrometry. The thermal stability
of the zinc-citrate complex anions intercalated in LDHs is
lower than that in the sodium salt. Thermal treatment below
270 °C leads to a reorientation of the citrate anions in the
interlayer galleries associated with a significant interlayer
contraction. No obvious changes in the XRD peaks corre-
sponding to ZnS are apparent below 400 °C, indicating that
sintering to form larger particles is successfully inhibited by
the layered host; at higher temperatures the ZnS is oxidized
with evolution of SO,.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

In recent years, semiconductor nanocrystals have at-
tracted considerable attention because of their size- and
shape-dependent optical and electronic properties as well as
their potential for applications in nanodevices. ZnS is one
of the most important II-VI semiconductors and has po-
tential applications in numerous areas including optoelec-
tronics,[!l photocatalysis,!” and thin-film electroluminescent
devices.’] There have been many reports of attempts to con-
trol the size and morphology of ZnS including solvothermal
routes,[ thermal evaporation,® reverse micelle templates,©
as well as intercalation in zeolites,”] and mesoporous silica
MCM-41.8-19 Layered compounds have also been shown
to be potential hosts: by virtue of confining the growth of
nanoparticles inside the interlamellar galleries, the reaction
zone is spatially constrained by the layers,'!~13] giving rise
to conditions similar to those in two-dimensional nanoreac-
tors such as Langmuir-Blodgett (LB) films and self-as-
sembled monolayers.['*!31 One great advantage of such
methods compared with lithographic fabrication is that reg-
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ular nanoscale arrays of materials can be obtained with
drastically reduced production costs.['®-17]

Layered double hydroxides (LDHs) are a family of lam-
ellar solids that can be represented by the general formula
M, M (OH),]** A" ,,,»mH,0. The structure of this
class of compound, based on the stacking of positively
charged layers with hydrated anions in the interlamellar do-
mains, allows relatively high mobility of these anions.['8! Tt
is possible to modulate their properties by changing the na-
ture of the M and M™ cations, their molar ratio, and/or
the size of the A" anion.['>2% One of the most important
properties of such compounds is their high anion-exchange
capacities. The lamellar structure and the anion-exchange
properties of LDHs make them attractive for technological
applications such as ion-exchangers, adsorbents, pharma-
ceutical stabilizers, and precursors of new catalytic materi-
als.?1-23 There have been many examples of LDHs contain-
ing intercalated metal complex anions such as permanga-
nate,’*?3! and coordination complexes.?®3% In the case of
metal oxide species, Suib et al.[>#l have reported that manga-
nese oxide species (MnQO,) can be prepared in LDH inter-
layer galleries by ion exchange followed by in situ post-
treatment, whilst Lukashin et al.’! have reported the syn-
thesis of iron oxide nanoparticles with different morpho-
logies and composition using an LDH as the template.
However, synthesis of semiconductor nanoparticles using
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LDHs as the host structure has not been extensively
studied. Sato et al.'213] have reported that extremely small
particles of CdS and CdS-ZnS mixtures less than 0.4 nm in
thickness could be prepared by liquid-liquid reactions in
the interlayers of LDH and their photocatalytic properties
in respect of hydrogen evolution from Na,S, Na,SOs;, and/
or 2-aminoethanol under irradiation by visible light have
been studied. The interlayer distance of their proposed
[CA(EDTA)]* -intercalated LDH precursor is only
0.762 nm however, which is substantially lower than that
subsequently reported for [Ni(EDTA)]*>-intercalated
LDHs.?%32] Therefore, the [CA(EDTA)]?>~ anions in the pre-
cursor, and hence presumably also the resulting CdS in the
product, are located on the external surfaces of the LDH
rather than in the interlayer galleries.

In this work, we report the synthesis of cubic ZnS (sphal-
erite) nanoparticles by gas—solid reaction in the confined
interlayer gallery space of LDHs and the characterization
of the resulting hybrid materials. An anionic zinc citrate
complex {[Zn(Cit)]>"} [Cit = C¢H,O,*] is first intercalated
into the LDH by ion exchange with a Mg,Al-NO; LDH
precursor, giving a material we denote LDH-Zn(Cit). Sub-
sequent reaction with H»S at atmospheric pressure affords
a material, denoted LDH-ZnS-H,Cit, containing ZnS
nanoparticles in the interlayer galleries of the LDH. Subse-
quent treatment of LDH-ZnS-H,Cit with aqueous sodium
carbonate solution gives a material, denoted LDH-COs-
ZnS, containing interlayer carbonate anions and ZnS on the
external surfaces of the crystallites. This method provides a
simple approach for the synthesis of semiconductor par-
ticles in layered double hydroxide materials.

Results and Discussion

The preparation of LDH-ZnS-H,Cit involves four steps:
preparation of Na,[Zn(Cit)]-3 H,O, synthesis of an LDH-
nitrate precursor, intercalation of [Zn(Cit)]*>" by anion ex-
change, and, finally, reaction between [Zn(Cit)]> and H,S
in the interlayer galleries. The coordination chemistry of cit-
rate is rather complex and a variety of mononuclear and
polynuclear complexes have been structurally charac-
terized.[33-37] Generally, trianionic HCit*>" is the predomi-
nant form above pH 5.8, but it is possible to remove the
proton from the hydroxy group to give a tetra-anionic Cit*
species at higher pH; the pH required is lowered consider-
ably when the citrate is coordinated to a transition-metal
cation. On the basis of elemental analysis (see Exp. Sect.),
FTIR spectroscopy, and solid-state NMR spectroscopy (see
below), it can be concluded that the tetra-anionic species
was present in the zinc complex prepared under the reaction
conditions employed in our work. Citrate coordination pre-
sumably involves the alkoxy group, the central carboxylate
group, and one terminal carboxylate group with the octahe-
dral coordination shell around zinc being completed by
three water molecules. This is consistent with the results
from both solution and structural studies of related com-
plexes.38-3]
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Elemental Analysis

Elemental compositions of the precursors and interca-
lated materials are given in the Experimental Section. The
Mg/Al molar ratio in LDH-Zn(Cit) (2.00) and LDH-ZnS-
H,Cit (2.02) is essentially the same as that in the LDH-NOj
precursor (2.03); the value is slightly lower in LDH-HCit
(1.87), suggesting that part of the magnesium is leached
from the layers during the synthesis of the LDH-HC:it. This
is commonly observed during ion-exchange reactions with
LDHs.2%21 Elemental analysis confirms that the nitrate
anion in the LDH-NO; precursor is completely displaced
during the exchange reactions with [Zn(Cit)]* or [HCit]*",
as no detectable amounts of nitrogen are present in either
material. The data also suggest that the stoichiometry of
the zinc citrate complex is unchanged after intercalation,
although a small amount of carbonate anion is co-interca-
lated along with [Zn(Cit)]*>". The analytical data for LDH-
Zn(Cit) are consistent with the formula [MgggoAlg 33-
(OH),][Zn(CgH407)10.16(CO3)0.01°0.58 H,O. In the case of
the [HCit]* intercalate, the data suggest a stoichiometry
[Mgo.65Alo.35(OH),](CsHs507)0.11(CO3)0.01°0.57 H,O.

When solid LDH-Zn(Cit) is reacted with gaseous H,S
for 5 min, 20 min, and 1 h, the measured S/Zn molar ratio
is 0.34, 0.55, and 0.70 respectively. The deviation of the
S/Zn ratio from 1:1 implies that the reaction between Zn>*
and H,S is not fully complete. However, when the reaction
time was extended to 8 h, the observed S/Zn molar ratio in
the resulting sample (LDH-ZnS-H,Cit) was 0.96, close to
the ideal value of unity. The analytical data for LDH-ZnS-
H,Cit are consistent with the formula [Mgg Al 33-
(OH),][ZnS]o.16(CsH607)0.16(CO3)0.010.70 H,O.

X-ray Diffraction

The XRD patterns of the LDH materials are shown in
Figure 1. The patterns are typical of lamellar materials,
with a basal reflection and associated harmonics at low an-
gle 20 and weaker nonbasal reflections at a higher angle.
The reflections for LDHs are generally indexed in a three-
layer 3R polytype with rhombohedral symmetry (space
group R3m), based on the structure of the mineral hydrotal-
cite.l*%] In this case, the unit cell c-parameter corresponds
to three times the basal spacing d(003) and the value of the
unit cell a-parameter is calculated from the position of the
d(110) reflection near 60° 26. The values of the cell param-
eters and basal spacing (d,,s) in the LDH materials are
compared in Table 1. The XRD pattern of LDH-NO;
shows a basal reflection at 0.867 nm, which is similar to
that reported in the literaturel*#?! for LDHs with Mg/Al
of about 2. Intercalation of HCit>" leads to an increase in
basal spacing to 1.15 nm, which is also comparable to the
values in the literature.*3! The values of the basal spacing
in LDH-Zn(Cit) and LDH-ZnS-H,Cit are very similar to
each other (1.21-1.22 nm) and slightly larger than that in
LDH-HCit, which may indicate a different orientation of
the citrate moiety within the interlayer galleries. The values
of the unit cell a-parameter are very similar for LDH-NOs3,
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LDH-Zn(Cit), LDH-ZnS-H,Cit, and LDH-CO5-ZnS, with
a slightly smaller value being observed for LDH-HCit. The
value of a corresponds to the average distance between
metal ions in the layers and as the Shannon crystal radius
of AIP* is smaller than that of Mg?*, a decrease in Mg/Al
ratio should lead to a lower value of «; the XRD data are
therefore consistent with the analytical data described
above.

* ZnS
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Figure 1. Powder X-ray diffraction patterns of (a) LDH-NOs, (b)
LDH-HCit, (¢) LDH-Zn(Cit), (d) LDH-ZnS-H,Cit, and () LDH-
CO3-ZI1S.

Table 1. Values of unit cell parameters a and ¢ and basal spacing
d(003) for the LDH materials.

Sample a [nm] ¢ [nm] d(003) [nm]
LDH-NO; 0.303 2.601 0.867
LDH-Zn(Cit) 0.304 3.651 1.217
LDH-ZnS-H,Cit 0.304 3.633 1.211
LDH-HCit 0.301 3.441 1.147
LDH-CO;-ZnS 0.303 2.235 0.745

Figure 1 shows the XRD patterns of the LDH-Zn(Cit)
precursor and the materials obtained after exposure to H,S
for 8 hours. Although the positions of the (00/) (I = 3, 6, 9)
reflections of LDH-Zn(Cit) and LDH-ZnS-H,Cit are al-
most identical, as noted above, there is a significant varia-
tion in the relative intensities of the peaks, suggesting that
structural changes have occurred within the interlayer gal-
leries. When the interlayer anions in LDHs do not contain
any atoms with large scattering power, intensities of the
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basal (00/) reflections are mainly governed by the X-ray in-
tensity scattered by metal cations in the host layers and the
intensities generally decrease as / increases, as is observed
in Figure 1 for LDH-NO3;, LDH-HCit, and LDH-COs-
ZnS. If the interlayer contains a transition-metal complex
anion as the guest, the intensity of the (006) reflection is
generally greater than that of (003), which has been attrib-
uted to an increased electron density at the midpoint of
the interlayers, where the metal is presumed to be located.
Reported examples include chromate or vanadate anions in-
tercalated in [Mg-Al] LDHs,[*+4] [MOx,]> (M = Co, Cu)
and [MOx;]*>" (M = Cr, Mn, Ga) (Ox = oxalato) anions in
[Zn-Al] and [Mg-Al] LDHSs,?®33 and hexachloro/hydro-
xoplatinum(IV) anions in [Zn-Al], [Mg-Al], and [Cu-Al]
LDHs.® It has been reported that 1,1’-ferrocenedicarb-
oxylate and ferrocenecarboxylate anions can be intercalated
in [Zn-Al] LDHs giving materials with basal spacings of
1.55 and 2.00 nm respectively.*”! On the basis of modeling
studies, these values were interpreted in terms of a mono-
layer and bilayer of guest species respectively. In the former
case, the iron atom is located at the midpoint of the inter-
layer galleries and, consistent with this picture, the intensity
of the (0006) reflection is larger than that of (003) and (009).
In the bilayer arrangement, alternate iron atoms are shifted
along the ¢ axis above and below the midpoint of the inter-
layer galleries, and in this case the intensity of the (009)
reflection is larger than that of (006). In the case of LDH-
Zn(Cit) (Figure 1, ¢), the intensity of the (009) reflection is
also greater than that of (006), suggesting a similar dis-
placement of the zinc atoms along the ¢ axis. On treatment
with H,S, the intensity of the (006) reflection increases, with
a concomitant decrease in the relative intensity of the (009)
reflection. This indicates that reaction with H,S involves a
change in the one-dimensional electron density distribution
alone the ¢ axis, which can be ascribed to the migration of
the zinc atoms to the midpoint of the interlayer galleries
and incorporation of sulfur.

In the case of LDH-ZnS-H,Cit, a weak broad diffraction
peak centered around 260 = 28° is apparent, which corre-
sponds to the (111) lattice planes of cubic ZnS (sphalerite,
JCPDS Card 5-566). The broadness of the peak is indicative
of very small nanoparticles; using the Scherrer formula,*®!
an average particle diameter of about 2.0£0.2 nm in the
direction perpendicular to the (111) lattice planes can be
estimated.

It is well known that LDHs have a very strong affinity
for carbonate anions. After treatment of LDH-ZnS-H,Cit
with an aqueous solution of sodium carbonate, the resulting
solid has a basal spacing of 0.745 nm, which agrees with
that reported in the literature for Mg,Al-CO; LDH. 114
This indicates that the citrate ions have been displaced by
carbonate from the interlayer galleries. Furthermore, the
XRD pattern of the resulting material LDH-CO5-ZnS (Fig-
ure 1, e) shows a series of strong and sharp diffraction
peaks corresponding to cubic ZnS. This indicates the ZnS
nanoparticles have also been liberated from the interlayer
galleries by treatment with carbonate anions and, free of
the constraint imposed by the layers, grow into larger crys-
3187
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tallites on the external surfaces of the LDH. An average
particle diameter of about 6.0 nm can be estimated accord-
ing to the Scherrer formula.[*8]

Transmission Electron Microscopy

The transmission electron microscopy (TEM) images of
LDH-ZnS-H,Cit and LDH-CO3-ZnS are shown in Fig-
ure 2. The diameter and shape of the LDH-CO3-ZnS par-
ticles are essentially identical to those of the LDH-ZnS-
H,Cit, which indicates that the extraction of ZnS from the
interlamellar galleries does not lead to the destruction of
the lamellar structure (see parts a and b in Figure 2). Even
at higher magnification (Figure 2, c), there is no obvious
indication of the presence of ZnS nanoparticles on the ex-
ternal surfaces of LDH-ZnS-H,Cit. It is difficult to confirm
directly the presence of ZnS in the galleries of the LDHs
by the TEM method however; this is probably a result of
the weak contrast between the LDH frameworks and the
nanosized ZnS, as is the case for ZnS and Fe,O; inside
mesoporous hosts.®3% In the case of LDH-CO53-ZnS how-
ever, as shown in Figure 2 (d), many ZnS crystallites of
about 6.0 nm are observed on the external surfaces. The
particle sizes are in agreement with those estimated from
the XRD data. The above results show that the small ZnS
nanoparticles can only grow in the two-dimensional gallery
spaces, where they experience the confinement effect of the
layers.

Figure 2. Transmission electron microscopy images of (a) LDH-
ZnS-H,Cit, (b) LDH-COs-ZnS at low magnification, (¢) LDH-
ZnS-H,Cit, and (d) LDH-COs-ZnS at high magnification.

FTIR Spectroscopy

FTIR spectroscopy is very helpful in the study of LDHs,
especially those containing interlayer organic anions (or
anions with organic moieties), as it is very sensitive to the
symmetry of the organic anion and to the interactions of
the anion with its environment such as hydrogen bonding
and coordinate bonding.[?3:39:45-51.321 The FTIR spectra of
3188
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the Na,[Zn(Cit)]-3H,0 and Mg,Al-NO; LDH precursors
together with those of LDH-Zn(Cit) and LDH-ZnS-H,Cit
are illustrated in Figure 3. For the LDH nitrate precursor
(Figure 3, a), the intense and broad absorption band cen-
tered at 3445 cm™! corresponds to the stretching vibrations
of the hydroxy groups of both the layer hydroxide moieties
and interlayer water. The broadening of this band is due to
hydrogen-bond formation.[>3! The band close to 1640 cm™!
corresponds to the deformation mode (6H,O) of water
molecules. The absorption peaks at 1384 and 839 cm™! are
usually assigned to the vy and v, vibration modes, respec-
tively, of NO;  with D;, symmetry>#® whilst bands
around 447 and 675 cm™! are due to Al-O and Mg—O lattice
vibrations respectively.>’l The slight broadening of the
1384 cm™! peak and the relatively low wavenumber for the
v, mode (at 827 cm™') are indicative of an interaction of
NO;~ anions with their surroundings,® namely with in-
tercalated water, hydroxy groups, and metal cations in the
brucite-type layers.

Transmittance (a.u.)

4000 3000 2000 1000

Wavenumber ( cm™ l)

Figure 3. FTIR spectra of (a) LDH-NO;, (b) Na,[Zn(Cit)]-3 H,O,
(c) LDH-Zn(Cit), and (d) LDH-ZnS-H,Cit.

The FTIR spectra of the Na,[Zn(Cit)]-3 H,O precursor
(Figure 3, b) exhibits strong characteristic absorptions of
the carboxylate group of the citrate ligands in the asymmet-
ric and symmetric vibration regions. Specifically, v,,(COO)
vibrations appear at 1604 (shoulder) and 1576 cm™! and
v(COQ) vibrations are observed at 1436 (shoulder) and
1393 cm™!. These assignments are in good agreement with
those in K4[MoO;(Cit)]-3 H,0,1*! which has been structur-
ally characterized and shown to have the same citrate coor-
dination geometry about the metal as that proposed above
for Na,[Zn(Cit)]:3H,0O. The asymmetric v,(COO) and
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symmetric vs(COO) stretching modes in the complexes are
shifted to lower frequencies compared to those of free cit-
rate, denoting the changes in the environment of the ligand
upon complexation to metals. The wavenumber difference
Av = v, — v, gives information about the coordination envi-
ronment of the carboxylate group.’-3 The value of Av for
Na,[Zn(Cit)]-:3H,0 is 183 cm !, indicating that the carbox-
ylate groups are either free or coordinated to the metal in
a monodentate fashion, rather than in bridging or bidentate
modes. This is consistent with the structure proposed above
for Na,[Zn(Cit)]-3 H,O.

After exchange of Mg,AIl-NO; LDH with Na,[Zn(Cit)]-
3H,0, the v; vibration of NO;s~ disappears, and the asym-
metric v,4(COO) and symmetric v,(COQ) stretching modes
of the carboxylate groups, at 1582 and 1399 cm™' respec-
tively, appear (Figure 3, ¢). The value of Av for LDH-
Zn(Cit) (189 cm™) is similar to that in Na,[Zn(Cit)]-3 H>O,
indicating that the coordination mode of the carboxylate
groups is unchanged after intercalation. The slight differ-
ence in the value of Av may be a reflection of the different
intermolecular hydrogen-bonding environments experi-
enced by the anion in the sodium salt and in the interlayer
galleries of the LDH.53-57

After LDH-Zn(Cit) is exposed to H,S, the IR spectrum
of the resulting material shows a number of changes. The
asymmetric v,{(COQO) stretching mode shows a shift to
1596 cm™!, comparable to the value for LDH-HCit
(1593 cm™!, spectrum not shown). Furthermore, the band
at 643 cm™' (see inset of part ¢ in Figure 3) due to the Zn—
O vibration mode?>#7! is no longer detected, and an ad-
ditional IR absorption band at around 1710 cm™', assigned
to the free COOH vibration mode,?*>%3 appears (see part
d in Figure 3, inset), suggesting that (at least) one of the
carboxylate groups has been protonated. In K4[(MoO»,),-
O(HCit),]-4H,0O, where the central carboxylate group is
protonated, the free COOH vibration mode is observed*”!
at around 1715 cm !, These data all indicate that reaction
of intercalated [Zn(Cit)]> with H,S leads to cleavage of the
Zn—-0 coordinate bonds in the complex, consistent with the
formation of ZnS in the interlayers, according to Equa-
tions (1) and (2).

H>S (gas) + H,O (interlayer water) — H;0" + HS™ (1)

[Zn(Cit)> + HS + H;0* — ZnS + H,Cit> + H,0 )

Solid-State NMR Spectroscopy

Figure 4 shows the solid-state MAS '*C NMR spectra
of Na,[Zn(CsH40,)]:3H,0, LDH-Zn(Cit), and LDH-ZnS-
H,Cit. In the spectrum of Na,[Zn(CsH40,)]:3H,0 there
are resonances at 0 = 184.4 and 181.4 due to the carboxyl
groups, and in addition there are two signals of lower fre-
quency at 0 = 76.3 due to the alkoxy carbon and at 6 = 47.9
due to the methylene carbons. The close correspondence
between the MAS 3C NMR spectra of Na,[Zn(C¢H,O-)]:
3H,O and LDH-Zn(Cit) indicates that the coordination
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mode of [Zn(C¢H,0,)]* is preserved in LDH-Zn(Cit). In
comparison with LDH-Zn(Cit), the corresponding '3C
NMR resonances for LDH-ZnS-H,Cit are all shifted to
high field. In particular, the a-carboxyl carbon and B-car-
boxyl carbon signals show large shifts of Ao 7.0 and
6.7 ppm, which is a clear indication®®! of the loss of coordi-
nation of carboxyl groups to the zinc(II) cation. MAS '3C
NMR spectroscopy is unable to confirm whether the cen-
tral C-O group of the citrate anion is coordinated to the
zinc cation as an alcohol or alkoxide group however. Zhou
et al.B’% have reported the solid-state NMR spectra of struc-
turally characterized oxomolybdenum(VI) citrate com-
plexes, concluding that the coordination of a deprotonated
alkoxide group to molybdenum is characterized by a down-
field shift in the '*C resonance to 82-84 ppm compared
with that for KH;Cit ions (0 =74 ppm). It has been reported
howeverl®®61l that the solid-state NMR spectrum of a struc-
turally characterized gallium citrate complex with a depro-
tonated alkoxide group coordinated to gallium has a peak
at & = 76 ppm. This latter value is very close to those re-
ported for the chemical shifts (73-75 ppm) of a C-OH
group in citrate coordinated to cadmium in the solid-state
NMR spectra of structurally characterized CdY com-
plexes.[®2 The small difference in chemical shift Ad between
LDH-Zn(Cit) (0 = 76.6 ppm) and LDH-ZnS-H,Cit (6 =
74.6 ppm) is consistent with the presence of coordinated cit-
rate in the former and free citrate in the latter, although
whether the coordination mode in the former involves (C—
O-Zn) or [C-O(H)-Zn] linkages cannot be determined. It
is noteworthy that the '*C NMR spectrum of LDH-ZnS-
H,Cit is similar to that of the free anion KH;Cit {'3C
NMR (D,0): 6 = 177.6 [(CO,)y], 174.0 [(CO,)g], 73.6
(=CO0), 43.0 (=CH,)},B*1 which is consistent with the IR
data.

(CO,p “co

*

200 180 160 140 120 100 80 60 40
3 (ppm)

Figure 4. Solid-state '*C MAS NMR spectra of (a) Na,[Zn(Cit)]:
3H,0, (b) LDH-Zn(Cit), and (c) LDH-ZnS-H,Cit; spinning side-
bands are indicated with an asterisk. a, central carboxylate; B, ter-
minal carboxylate.
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Optical Properties of the ZnS Nanoparticles

UV/Vis diffuse reflectance spectroscopy was used to in-
vestigate the optical properties of the ZnS nanoparticles. As
shown in Figure 5, the LDH-Zn(Cit) precursor has negligi-
ble absorption above 250 nm, whereas, in contrast, both
LDH-ZnS-H,Cit and LDH-COs-ZnS have significant ab-
sorption in the range 250-350 nm, consistent with the pres-
ence of ZnS. In comparison with that of bulk ZnS, the ab-
sorption onset of LDH-ZnS-H,Cit shows a blue shift of
about 50 nm, whereas the absorption edge of LDH-COs-
ZnS shows a smaller blue-shift of about 25 nm. The blue
shift in UV/Vis spectra, indicating an increase in the
bandgap of the material, is associated with a decrease in
the particle size, characteristic of the so-called quantum size
effects.[®3] The smaller blue shift of LDH-CO5-ZnS relative
to that of LDH-ZnS-H,Cit implies that the former contains
larger ZnS particles,!'*** which is consistent with the XRD
data discussed above. The absorption onset for the ZnS
nanoparticles is followed by a peak generally referred to as
the excitonic peak. The excitonic peak position of the as-
prepared ZnS particles in LDH-ZnS-H,Cit is at 276 nm,
corresponding to a bandgap of 4.52 ¢V, which is some
0.87 eV higher than that in bulk ZnS (3.65 ¢V).[%! The dia-
meter of the ZnS particles in LDH-ZnS-H-Cit, as calcu-
lated by the Wang equation,[*3 is about 2.0 nm, which is
comparable to the value estimated from XRD (2.0£0.2 nm)
as noted above.

307nm
276nm

C

Absorbance (a.u.)

0.0+

200 300 400 500
Wavelength (nm)

Figure 5. UV absorption spectra of (a) LDH-Zn(Cit), (b) LDH-
ZnS-H,Cit, (c) LDH-CO5-ZnS, and (d) bulk ZnS (with particles
diameter above 1 mm).

The presence of the shoulder (307 nm) on the long wave-
length side of the excitonic peak in LDH-ZnS-H,Cit may
be an indication of an anisotropic disk or plate-like mor-
phology of the ZnS particles induced by their confinement
in the interlayer galleries. Li et al.[®! have prepared ZnS/
octylamine hybrid nanosheets that show two such absorp-
tion features, and a similar phenomenon has been observed
for CdS nanoparticles in LB films.'*! Alternatively, a high
wavelength shoulder may be caused by a large concentra-
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tion of defect sites (vacancies and interstitial anions).[67-68]
Li et al.l®! reported that ZnS nanoparticles with <3 nm
average diameter have two absorption features, concluding
that the weak shoulder that appeared at 320 nm was caused
by sulfur vacancy defects. Similar features have been ob-
served and discussed in the literature for ZnS nanopar-
ticles.’%7!1 The spectra of our ZnS nanoparticles thus sug-
gest that the organic component present in the sample may
interact with the ZnS particles. The interface induced by
the interaction between the ZnS clusters and the organic
component in LDH-ZnS-H,Cit may possess a large number
of sulfur vacancy defects, which is consistent with the re-
sults of chemical analysis of the S/Zn ratio. Therefore, the
optical properties of our ZnS nanoparticles may be simi-
larly influenced by the presence of sulfur vacancy defects.

Structural Model of the Intercalated Materials

All of the experimental results given above indicate that
the [Zn(Cit)]>" anion is intercalated in the interlayer galler-
ies and that ZnS nanoparticles are synthesized in situ by
reaction with H,S. If the thickness of the LDH layer (7 yyer
= 0.21 nm) and the hydrogen-bonding space between the
layers and anions (2L = 0.27 nm) are subtracted!’?! from
the observed basal spacing of LDH-Zn(Cit) (see Table 1),
the gallery height is calculated to be 0.74 nm. As the esti-
mated length!”3! of the [Zn(Cit)]>" anion (with three H,O
molecules) is about 0.79 nm, its long axis is probably ori-
ented perpendicular to the layers (Figure 6, a) with the pen-
dant carboxylate group of adjacent anions hydrogen-
bonded to opposite layers. This locates the Zn atoms away
from the center of the interlayer galleries, consistent with
the relative intensities of the XRD reflections discussed

Figure 6. Schematic illustration of the structures of (a) LDH-
Zn(Cit) and (b) LDH-ZnS-H,Cit.
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above [1(009) > [(006)]. On reaction with H,S, a change in
the one-dimensional electron-density distribution alone the
¢ axis occurs, consistent with the formation of ZnS nano-
particles in the center of the interlayer galleries, along with
co-intercalated H,Cit> anions, as shown schematically in
part b of Figure 6.

As discussed above, on the basis of XRD and UV/Vis
spectroscopic data, the estimated diameter of the ZnS par-
ticles is about 2.0 nm. As the gallery height in LDH-ZnS-
H,Cit is only 0.73 nm, this implies that the particles have a
disc- or plate-like morphology. A similar observation has
been reported in the literaturel!13-38.74731 for semiconduc-
tor nanoparticles formed in the layers within LB films,
where the particles adopt a disc-like morphology as result
of the constraints imposed by the two-dimensional nanore-
actors.

Thermal Behavior of the Materials

In Situ Variable Temperature XRD Study of LDH-Zn(Cit)
and LDH-Zns-H,Cit

The in situ variable temperature powder X-ray diffrac-
tion patterns of LDH-Zn(Cit) and LDH-ZnS-H,Cit in the
temperature range 30-900 °C are shown in Figure 7 and
Figure 8 respectively. In each case, as the temperature is in-
creased above ambient, the basal reflections move to higher
angles, indicating a contraction in interlayer spacing. The
magnitudes of the contraction observed on heating the two
samples are very different however. The value of the basal
spacing of LDH-Zn(Cit) decreases from 1.217 nm at 30 °C
to 1.148nm at 240°C. The observed contraction of
0.069 nm can be interpreted in terms of the destruction of
the hydrogen-bonding space as a result of removal of inter-
layer water molecules and the loss of coordinated water
molecules from the complex anion (TG measurements on
the Na,[Zn(CsH40,)]:3H,O precursor show that it be-
comes completely dehydrated below 150 °C). It is worth
mentioning that the inversion of intensity between the (006)
peak and (009) peak in LDH-Zn(Cit) disappears on heating
from 30 °C to 150 °C. This probably results from a disorder
in the arrangement of the guests associated with the loss of
water molecules from the hydrogen-bonded framework in
the interlayer galleries, as water molecules play an impor-
tant role in preserving interlayer order.”®#1 On further
heating above 270 °C, the layer structure collapses com-
pletely, indicative of decomposition of the [Zn(Cit)]*~ com-
plex and dehydroxylation of the layers. At 400 °C, reflec-
tions characteristic of a cubic MgO-like phase begin to ap-
pear as a result of decomposition of the layers and at
900 °C reflections from a MgAl,O, spinel phase and MgO
are present, as is generally observed for calcined [Mg-Al]
LDHs.[#9-761 Tn addition, peaks that can be assigned to ZnO
(JCPDS Card 01-1136), resulting from the decomposition
of [Zn(Cit)]*", can be observed.

In comparison with LDH-Zn(Cit), the value of the basal
spacing of LDH-ZnS-H,Cit shows a much larger contrac-
tion of about 0.25 nm on heating from ambient temperature

Eur. J. Inorg. Chem. 2006, 3185-3196
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Figure 7. In situ powder X-ray diffraction patterns of LDH-Zn(Cit)
in the temperature range 30-900 °C.
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Figure 8. In situ powder X-ray diffraction patterns of LDH-ZnS-
H,Cit in the temperature range 30-900 °C.
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to 240 °C, as shown in Figure 8. At 240 °C, evolution of
CO, is not observed in the MS curve for LDH-ZnS-H,Cit
(see below), implying that decomposition of the intercalated
citrate anions does not occur at this temperature. The sig-
nificant decrease in basal spacing therefore probably results
from a reorientation of the free citrate anions from being
essentially perpendicular to the layers to being parallel to
the layers; a similar phenomenon has been observed for tar-
trate anions intercalated in LDHs.”’1 At 900 °C, peaks at-
tributed to MgO, MgAl,0O,, and ZnO appear, as for LDH-
Zn(Cit).

It is noteworthy that the width of the broad diffraction
peak centered around 20 = 28° corresponding to ZnS is
essentially unchanged on heating from 30 to 240 °C, im-
plying that there is no growth in particle size with increas-
ing temperature. This provides further evidence that the
ZnS nanoparticles are formed in the interlayer galleries
rather on the external surfaces of the LDH, as in the latter
case considerable sintering would be expected.l®] At 400 °C,
the broad diffraction peak of ZnS is no longer observed,
which is in agreement with the evolution of SO, observed
in the MS data for LDH-ZnS-H,Cit at a similar tempera-
ture (see below).

TGIDTA Analysis Coupled with Mass Spectrometry

The results of the thermal analysis of the materials are
presented in Figure 9, Figure 10, and Figure 11. Generally,
four steps are observed in the thermal evolution of LDHs:
desorption of physically adsorbed water, removal of the
interlayer structural water, dehydroxylation of the brucite-
like sheets, and the decomposition of the interlayer anions,
although the first two steps may overlap in the temperature
range 30-200 °C and the latter two steps may also overlap
at higher temperatures.

For the complex Na,[Zn(C¢H407)]:3 H,O (Figure 9), the
thermal decomposition clearly consists of three distinct
steps. The first one (30-300 °C, 14.8% mass loss) corre-
sponds to the removal of coordinated water. The sharp
mass loss observed in the range 300-400 °C (21.1% mass
loss) is due to combustion of the organic ligand, with a
corresponding sharp endothermic peak (7, = 377 °C) in
the DTA curve (Figure 9, a). There is a third sharp mass
loss step in the range 400-600 °C (10.1% mass loss), with a
corresponding strong endothermic peak (73, = 524 °C) in
the DTA curve. Mass spectrometric analysis (Figure 9, b)
shows that the first endothermic peak is associated with
evolution of both water and carbon dioxide (m/e 44, CO,"),
whilst the second endothermic process involves liberation
of CO, alone. On this basis Na,[Zn(CsH407)]:3H,O de-
composes on heating in air by three steps, as in Equa-
tions (3), (4), and (5).

Naz[ZH(C6H4O7)]’3 HQO g Na2Zn(C6H4O7) +3 HzO (3)

NaZZn(C6H4O7) +9 Oz —> N3.2CO3 + ZI]CO3 +2 Hzo +4 COZ
)

ZnCO; — ZnO + CO, (5)
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Figure 9. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of Na,[Zn(Cit)]-3 H,O.

The thermal decomposition of LDH-Zn(Cit) is charac-
terized by three mass loss steps (Figure 10, a). The re-
duction in mass between 30 and 200 °C (T, = 120 °C, 9.9%
mass loss) is due to loss of surface adsorbed and interlayer
water resulting in the decrease in interlayer spacing ob-
served in Figure 7. The latter two mass loss steps overlap
to some extent (total weight loss of 37.7%) and are ac-
companied by exothermic peaks in the DTA at 319 and
417 °C (Figure 10, a). These two exothermic peaks occur
some 58 and 107 °C below the temperatures of the corre-
sponding DTA peaks for Na,[Zn(C¢H,07)]:3H,0. Typi-
cally, the thermal stability of a complex anion intercalated
in LDHs is higher than that of the precursor salt.[*!1 How-
ever, the opposite has been reported in the literature,’87%)
as is the case here. Although intercalation of the anion gives
rise to a hydrogen-bonding interaction between the pendant
terminal COO~ group of the citrate ligand and the layer
hydroxy groups, the strongly hydrogen-bonded network of
hydrated cations and anions in the precursor salt, clearly
demonstrated in the single-crystal structure of Cu,-
(Cs¢H40,):3H,0,33 is lost on intercalation and this may be
the origin of the greater thermal stability of the precursor
salt. The MS trace (Figure 10, b) shows that both water and
carbon dioxide are evolved simultaneously over the entire
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Figure 10. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of LDH-Zn(Cit).

decomposition range, rather than in discrete steps as seen
for Na,[Zn(CcH407)]:3 H,O (Figure 9, b).

The TG trace for LDH-ZnS-H,Cit (Figure 11, a) shows
also three mass loss events. The first step, corresponding to
the removal of surface adsorbed and interlayer water, ex-
tends from room temperature to approximately 240 °C (T,
= 113 °C, 10.8% mass loss). The second step (240-540 °C,
25.9% mass loss), with two corresponding exothermic max-
ima at 332 and 440 °C in the DTA curve, can be assigned
to partial decomposition of the citrate ligands and the dehy-
droxylation of the hydroxide layers. The MS trace (Fig-
ure 11, b) shows evolution of both carbon dioxide and
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Figure 11. TG/DTA curve (a) and coupled with mass spectrometry
curve (b) of LDH-ZnS-H,Cit.

water during this process. During the final step (540-950 °C
16.2% mass loss), a gradual weight loss is observed and the
MS trace shows that both SO, (m/e 64, SO,") and CO, are
evolved. The former presumably arises from oxidation of
ZnS according to Equation (5) [see Equation (6)]

27ZnS + 3 O, — 2 Zn0O + 2 SO, (6)

and is consistent with the absence of the peak assigned to
ZnS from the X-ray diffraction patterns recorded above
400 °C. The CO, arises from oxidation of residual organic
material and as all organic material is lost below 550 °C

Table 2. Results and interpretation of thermogravimetric measurements on precursors and products.

Sample Temperature range [°C]  Observed step Experimental mass loss [%)] Calculated® mass loss [%0]
Na,[Zn(Cit)] 30-300 dehydration 14.8 15.2

300-600 ligand decomposition 31.2 31.8
LDH-Zn(Cit) 30-200 dehydration 9.9 9.7

200-700 dehydroxylation + anion  37.7 38.9

decomposition

LDH-ZnS-H,Cit 30-240 dehydration 10.8 9.2

240-950 dehydroxylation + anion  42.1 429

decomposition

[a] Mass losses are calculated based on the stoichiometries Na,[Zn(C¢H407)]:3H,O for Na,[Zn(Cit)], [Mgge7Aly33(OH),][Zn-
(C6H4O7)]0_16(C03)0_01'0.58 Hzo for LDH-ZH(Clt) and [Mg0_67A10_33(OH)2][ZHS]Q_16(C6H607)0'16(CO3)O_01'0.70 H20 for LDH-ZHS-HzCIt
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on heating LDH-Zn(Cit), this may indicate that complete
combustion of intercalated citrate in LDH-ZnS-H,Cit is
hindered by the presence of co-intercalated ZnS.

The mass losses expected for materials with stoichiomet-
ries proposed on the basis of chemical analysis and TGA
results are listed in Table 2 and correspond closely to the
experimental values.

Conclusions

Cubic sphalerite ZnS nanoparticles can be synthesized
by an in situ reaction between a pre-intercalated [Zn-
(Cit)]* anion and H,S in the interlayer galleries of an
LDH. The LDH precursor is obtained by an ion-exchange
reaction of Na,[Zn(CsH407)]:3H,0 and a nitrate-contain-
ing LDH. The synthesis of the ZnS nanoparticles, involving
a gas—solid reaction between the LDH and H,S, provides a
simple approach for the synthesis of such semiconductors
in layered hosts. Structural data show that [Zn(Cit)]>
anions are accommodated vertically in the interlayer region
as a monolayer with the zinc center in adjacent anions lo-
cated alternately above and below the midpoint of the inter-
layer galleries. Reaction with H,S leads to the formation
of co-intercalated ZnS in the interlayer galleries and citrate
dianions. The ZnS nanoparticles grow only gradually in the
two-dimensional gallery spaces because of the confinement
effect of the layers. The material exhibits an excitonic peak
at 276 nm corresponding to a bandgap of 4.52 eV, which is
some 0.87 eV higher than that in the bulk. The diameter of
the ZnS particles (= 2 nm), as estimated from XRD and
UV/Vis spectroscopic data, is larger than the gallery height
of the LDH (0.73 nm), demonstrating that the ZnS nano-
particles have a disc- or plate-like morphology.

Experimental Section

Synthesis: In order to prevent contamination by carbonate ions
arising from atmospheric CO,, all procedures were carried out un-
der constant nitrogen flow using freshly decarbonated, deionized
water.

Preparation of Na,|Zn(Cit)]':3H,0: A mixture of ZnO (391 g,
0.048 mol) and citric acid monohydrate, C4HgO;-H,O (H,4Cit)
(10.09 g, 0.048 mol), was stirred in water (100 mL) until the solids
had completely dissolved. The reaction mixture was subsequently
stirred overnight at 60 °C. Aqueous sodium hydroxide solution
(1.0 M) was added until the pH reached 8.5. After concentration
and slow evaporation, a white solid was obtained. The produced
solid was redissolved in a water/ethanol mixture, 8:1 (v/v), under
mild heating. The derived reaction mixture was allowed to slowly
evaporate at room temperature. A few days later, a white crystalline
material appeared at the bottom of the flask. The white crystals
were isolated by filtration and dried under vacuum.
Na,[Zn(CcsH,07)]:3H,0 (353.43): caled. C 20.37, H 2.83, H,O
15.28, Na 13.02, Zn 18.51; found C 20.58, H 2.56, H,O 14.87, Na
13.36, Zn 18.93 (% H,O was determined by thermogravimetry as
described below). ’*C MAS NMR: 6 = 47.9 (=CH,), 76.3 (=CO),
181.3 [(CO,)g], 184.4 [(CO,),] ppm.

LDH-Nitrate Precursor: Mg,Al-NO; LDH was prepared by a co-
precipitation method at controlled pH as described in the litera-
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ture.” The resulting white precipitate was collected by centrifuga-
tion, washed several times, and stored moist under nitrogen.
Mgy 67Aly 33(OH)5J(NO3)0 31(CO3)0 0-0.47HaO (87.32): caled. C
0.15, H 3.36, Al 10.24, H,O 8.66, Mg 18.39, N 4.99; found C 0.15,
H 3.25, A1 10.35, H,0O 9.68, Mg 18.70, N 5.18.

LDH-Zn(Cit): LDH-Zn(Cit) was prepared starting from the as-
synthesized LDH-nitrate without drying the solid. The wet LDH-
NO; (13.75 g, about 10.0 mmol of NO;") was suspended in a solu-
tion of Na,[Zn(Cit)]-3 H,O (14.14 g, 40.0 mmol) in water (100 mL).
The mixture was stirred at room temperature for § h in nitrogen.
The resulting product was separated by centrifugation, extensively
washed, and finally air-dried at 65°C. [Mg¢7Alg33(OH),]-
[Zn(CsH407)]0.16(CO3)0.01°0.58 H,O (109.81): caled. C 10.28, H
3.49, Al 8.16, H,O 9.76, Mg 14.60, Zn 9.23; found. C 10.44, H
3.47, Al 8.18, H,0 9.90, Mg 14.62, Zn 9.22. 13C MAS NMR: § =
47.1 (=CH,), 76.6 (=CO), 180.1 [(CO,)g], 184.9 [(CO,),] ppm. For
comparison purposes, the (C¢HsO,)3 -containing LDH (LDH-
HCit) was prepared by an analogous procedure. [MggsAlj 35-
(OH),](CsH507)0.11(CO3)0.01°0.57H,O (90.62): caled. C 8.86, H
4.07, Al 10.40, H,O 10.13, Mg 17.24; found C 8.81, H 3.94, Al
10.32, H,O 11.30, Mg 17.12.

LDH-ZnS-H,Cit: Powdered LDH-Zn(Cit) samples were treated
with gaseous H,S for 8 h. The sample is denoted LDH-ZnS-H,Cit.
[Mgg.67Al0.33(OH),][ZnS]o.16(CsHsO07)0.16(CO3)0.01°0.70 H,O
(117.06): caled. C 9.70, H 3.71, Al 7.63, H,O 9.65, Mg 13.70, S
4.19, Zn 8.72; found C 9.98, H 3.58, Al 7.26, H,O 10.79, Mg 13.07,
S 3.97, Zn 8.39. 3C MAS NMR: § = 44.3 (=CH,), 74.6 (=CO),
173.4 [(CO,)g], 177.9 [(CO,),] ppm.

LDH-CO3-ZnS: The reaction of LDH-ZnS-H,Cit with aqueous
Na,COj; solution was carried out at 60 °C with a tenfold excess of
CO5% /A" for 2 h. The resulting product was separated by centri-
fugation, extensively washed, and finally air-dried at 65 °C. The
sample is denoted LDH-CO3-ZnS.

Characterization: Elemental analyses for metals and sulfur were
performed by ICP emission spectroscopy using a Shimadzu ICPS-
7500 instrument. Carbon, hydrogen, and nitrogen analyses were
carried out using an Elementarvario elemental analysis instrument.

The in situ powder X-ray diffraction (in situ XRD) data were re-
corded with a Shimadzu XRD-6000 powder diffractometer in the
temperature range 30-900 °C in air, using Cu-K, radiation (1 =
0.154 nm) at 40 kV and 30 mA. The samples, as unoriented pow-
ders, were step-scanned in steps of 5°/min in the 26 range from 3
to 70° using a count time of 4 s per step. The rate of temperature
increase was 10 °C/min with a holding time of 5 min before each
measurement.

FTIR spectra of samples in KBr matrix were recorded with a
Bruker Vector 22 spectrophotometer in the range 4000-400 cm™!.
UV/Vis diffuse reflectance spectra were recorded at room tempera-
ture with a Shimadzu UV-2101PC instrument with BaSO,4 powder
as the reference.

13C solid-state magic-angle spinning nuclear magnetic resonance
(MAS NMR) spectra were recorded with a Bruker AV300 spec-
trometer operating at a frequency of 75.467 MHz for '3C at a spin-
ning rate of about 4500 Hz with a 5 s pulse delay.

TEM images were obtained with a JEOL 2010 FasTEM at an acce-
lerating voltage of 200 kV. Powder samples were ultrasonically dis-
persed in ethanol, and the suspension was deposited on a copper
grid coated with a holey carbon film.

Thermogravimetric analysis coupled to mass spectrometry was per-
formed using a Perkin—Elmer Diamond TG apparatus linked to a
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ThermoStar mass spectrometer by a quartz capillary transfer line
heated at 190 °C. The heating rate was 10 °C/min, with an air flow
rate of 200 cm®*/min. The TG apparatus was at atmospheric pres-
sure, and the mass spectrometer at a working pressure of
6% 10°¢ Torr. The mass of sample used was 10 mg in each case.
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