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a b s t r a c t

Intercalated compound of pyridine into layered MnPS3 has been synthesized and characterized by X-
ray powder diffraction (XRD), Infrared (IR) and Scanning Electron Microscopy connected with chemical
analysis (SEM-EDEX). It is found that leaving the intercalated compound in open atmosphere for a number
eywords:
anomaterial
yridine
ntercalation
-ray diffraction

of days influences the existing phase and the arranged orientation of the pyridine in the interlayer gap
(6.4 Å) of the MnPS3 lattice. The estimated crystallite size varied with leaving the intercalated sample
in open atmosphere and reached a lowest value of about 26 nm. Three phases coexisted together as
confirmed by XRD: the 0 0 1′ phase (with lattice spacing 9.6 Å); the 0 0 1′ ′ phase (with lattice spacing of
10.7 Å); and other phase with lattice spacing of 7.3 Å. The phase transformation occurs between the two
phases of lattice spacing 10.7 Å and 9.6 Å. Before and after intercalation, the MnPS3 exhibits paramagnetic

ratur
rystal structure behaviour at room tempe

. Introduction

MPX3 materials (M is a transition elements such as Fe, Mn
nd X = S, Se) with their interesting layered structure have been
eeply investigated over the past 20 years. A wide range of guests
as known to be intercalated into the MPS3, such as inorganic,

rganic cations, organometallic molecules and biomolecules [1–4].
hese materials offer different applications, such as rechargeable
atteries, catalysts, ferroelectric, non-linear optical and magnetic
aterials [5–8]. The properties of the layered materials are affected,

or example, there is a tangible change in conductivity, optical
roperties, magnetic properties and superconductivity. This may
e ascribed to a simple charge transfer model in which electrons
re transferred from the guest species to the host lattice [9–12].
ifferent mechanisms of intercalation process were proposed. For
xample, pyridine intercalated in layered materials such as, TaS2,
tc., could not be explained on the basis of the charge transfer
odel, since the orientation of pyridine molecules in their Van der
aals gap disallows and direct interaction between the nitrogen

one pair and the host lattice [13,14]. The intercalation of pyri-

inium ions led to the suggestion of different mechanisms [15].
ifferent phases were resulted due to the intercalation of MnPS3
ith pyridinium ions [16]. The appearance of these phases depends

n a number of factors, such as, guest position in the interlayer of

∗ Corresponding author. Fax: +0020233370931.
E-mail address: ael meligi10@hotmail.com (A.A. El-Meligi).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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© 2009 Elsevier B.V. All rights reserved.

the host, solvents, stirring period, temperature during intercalation
and the temperature during XRD measurements [17,18].

This work aims to study the intercalation of pyridine into layered
materials of MnPS3 under specific conditions. The effects of leaving
the intercalated compound in open atmosphere on crystal size and
phase transformation were investigated. Moreover, to the best of
our knowledge; it is the first time to estimate the crystal size during
phase transformation in open atmosphere.

2. Experiments

2.1. Synthesis of pure MnPS3

Stoichiometric amounts of high-purity elements (≥99.9%), Mn,
P, and S, are mixed to have homogeneous mixture. The reaction of
the elements was carried out in an evacuated silica tube at 650 ◦C
for 1 week. These conditions were applied to produce pure mate-
rial of MnPS3 [16]. The green powder was taken of the sealed silica
tube and grinded. The material was indexed and refined as a mon-
oclinic unit cell and space group C2/m with lattice parameters are,
a = 6.08 Å, b = 10.53 Å, c = 6.8, and ˇ = 107.2165◦ in agreement with
literature [19,20,16]. The lattice parameters were computed by a
least-square refinement of the observed reflections.
2.2. Intercalation under specific conditions

The intercalation was carried out by stirring the mixture of 0.15 g
of MnPS3 and 5 ml of pyridine in presence of solvents: distilled

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ael_meligi10@hotmail.com
dx.doi.org/10.1016/j.jallcom.2009.08.106
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ater and concentrated hydrochloric acid (HCl) for 4 h at 60 ◦C. Fast
tream of nitrogen was bubbled during intercalation. The mixture
as stirred by magnetic stirrer at speed 5 (5 × 1000 rpm) till the

olution was completely evaporated. After stopping the intercala-
ion process, the powders were filtered off, and washed with water,
hen dried.

.3. Characterization techniques

X-ray diffraction (XRD) patterns were recorded on a Philips
iffractometer equipped with Cu k� (� = 1.5418 Å) radiation. Ele-
ental analysis was determined. The indexing and refinement
ere performed using Topaz Program. The structure was built by
sing the Atoms Program-Version 5.1. Magnetic measurements
ere conducted using a vibrating sample magnetometer (VSM)

n an applied field of 1000 Oe at room temperature using PMC
icroMag 3900 Model-having a 1 T magnet. The magnetic mea-

urements were performed by filling capsules with certain amount
f dried oxide powder. Scanning electron microscopy observations
ith chemical analysis (SEM-EDEX) were performed to identify

hanges in the surface topography and to determine the chemi-
al composition in the compounds. The images were performed
sing ZEISS-ESEM-Hi-Vac mode, the acceleration voltage is 10 kV.

nfrared spectra (IR) were recorded using PerkinElmer 1600 FTIR.
he IR spectra of the pure and intercalated MnPS3 with pyri-
ine were obtained by mixing about 0.2 mg of the samples with
.2 g of KBr, and then pellets of the mixture were made under
acuum.

. Results and discussion

.1. X-ray powder diffraction

X-ray powder diffraction (XRD) pattern was recorded after stop-
ing experiment and washing the sample with distilled water
hen dried. The intercalated compound has a general formula,

n1−xPS3(G)2x·(H2O)y, where MnPS3 is the host and G is the guest
pecies (organic or inorganic compound) [13–15]. The 0 0 l phase
ith the lattice spacing of 6.47 Å is the pristine MnPS3. It is found

hat three phases appear, as in Fig. 1. The predominant one is
he 0 0 1′ phase with lattice spacing of 9.6 Å (2� = 9.225◦), indicat-
ng the parallel orientation of the pyridine molecular ring to the

nPS3 layer [16,21]. The 0 0 1′ ′ phase with lattice spacing of 10.7 Å

ndicates that the pyridine molecular rings are not parallel or per-
endicular to the MnPS3 layer [18]. The remaining phase has a

attice spacing of 7.3 Å (denoted as d7 phase). This phase almost
oexists with 0 0 l′ ′ phase and disappears with it. It was mentioned
hat the molecules inserted in the interlayer gap could be parallel,

ig. 1. XRD pattern of pyridine intercalated into MnPS3 layers
Mn1−xPS3[pyr2x(H2O)y] measured after stopping and washing with distilled
ater. Three phases are presented 0 0 1′ ′ (1), 0 0 1′ (2) and d7 (3).
Fig. 2. XRD pattern of pyridine intercalated into MnPS3 layers
[Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 1) for 3 h in
open air at RT. Three phases are still observed. Phase transformation of 0 0 1′ phase
to 0 0 1′ ′ phase.

perpendicular and in between these positions [16]. The intercalated
phases can be readily indexed in a trigonal unit cell, as indicated
in the case of pyridinium ion intercalated with MnPS3 [16]. Based
on such indexing, the c-axis is extended with the d-spacing expan-
sion. With respect to 0 0 1 phase of MnPS3, 0 0 1′ ′ phase expands
d-spacing by 4.2 Å and c-axis by 32.68 Å and 0 0 1′ phase expands
d-spacing by 3.3 Å and c-axis by 29 Å. The presence of HCl as an
aggressive solvent has no effect on the crystallinity of the MnPS3.
This is an agreement with the results of 4-picoline inserted into
the interlayer of MnPS3 in the presence of HCl [17]. There was no
deformation or amorphization of the material.

3.2. Phases transformation in open atmosphere

From the XRD results, it can be seen clearly the phase transfor-
mation between 0 0 1′ ′ phase and 0 0 1′ phase. This transformation
occurs due to leaving the intercalated compound in open atmo-
sphere at room temperature without any other external effect. It
was observed that phase transformation occurred from 0 0 1′ phase
to 0 0 1′ ′ phase after leaving the sample in open atmosphere for 3 h
(Figs. 1 and 2). As shown in Fig. 3, the 00l′ phase disappears and
0 0 1′ ′ phase is intensified and a complete intercalate is obtained
that only contains the 0 0 1′ ′ phase after 1 day in open atmosphere at
RT. The 0 0 1′ ′ phase starts to transform into 0 0 1′ phase, as observed

in Fig. 4. The XRD pattern was recorded for 36 days in order to fol-
low the phase transformation of 0 0 1′ ′ phase into 0 0 1′ phase. After
26 and 30 days in open atmosphere, it is clear that the 0 0 1′ ′ phase
transforms into 0 0 1′ phase and the 0 0 1′ is intensified in the XRD
pattern, as shown in Figs. 5 and 6. It is worth to notice that, the

Fig. 3. XRD pattern of pyridine intercalated into MnPS3 layers
[Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 2) one day in
open air at RT. Complete phase transformation of 0 0 1′ phase to 0 0 1′ ′ phase.
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Fig. 4. XRD pattern of pyridine intercalated into MnPS3 layers
[Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 3) for two day
in open air at RT. Phase transformation starts of 0 0 1′ ′ phase to 0 0 1′ phase.

F
[
i

d
i
t
o
p
p
t
t
l
w
p

F
[
o
p

ig. 5. XRD pattern of pyridine intercalated into MnPS3 layers
Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 4) of for 26 day
n open air at RT. Phase transformation continues of 0 0 1′ ′ phase to 0 0 1′ phase.

7 phase starts to appear with phase transformation of 0 0 1′ phase
nto 0 0 1′ ′ phase. This means that the d7 phase may be related to
he 0 0 1′ ′ phase (as shown in Figs. 2–4, 7, 5 and 6). Moreover, it is
bserved that after the 0 0 1′ ′ phase becomes predominant, the d7
hase is not affected through 24 days (Figs. 4, 7, 5). It can be pro-
osed that the d7 phase is formed following two considerations: (i)

he lattice spacing of MnPS3 is slightly expanded by about 0.9 Å due
o the few molecules of pyridine which are inserted into the inter-
ayer gap and (ii) the presence of H2O vapor, which is evaporated

hen left in open air and during XRD measurements. A complete
hase transformation to 0 0 1′ phase was observed after 36 days in

ig. 6. XRD pattern of pyridine intercalated into MnPS3 layers
Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 5) for 30 day in
pen air at RT. Phase transformation continues of 0 0 1′ ′ to 0 0 1′ and the 0 0 1′ phase
redominated.
Fig. 7. XRD pattern of pyridine intercalated into MnPS3 layers
[Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 6) for 24 day in
open air at RT. Phase transformation continues of 0 0 1′ ′ to 0 0 1′ .

open atmosphere, as can be seen in Fig. 8. The mechanism of phase
transformation to 0 0 1′ phase of pyridine intercalated into inter-
layer gap of MnPS3 is similar to that of pyridinium ion inserted into
MnPS3 [16]. It could be confirmed that the 0 0 1′ phase is the most
stable intercalated phase of the MnPS3 compound with pyridine
and its derivatives.

3.3. Crystallite size estimation

The crystallite size (CS) and lattice strains (LS) of the 0 0 1′ ′

phase, 0 0 1′ phase and d7 phase, were estimated from peak pro-
file refinements of the XRD patterns, which are recorded during
phase’s transformation in open atmosphere at room temperature.
It is worthy to notice that the crystallite size varies during phase
transformation, especially, 0 0 1′ ′ phase into 0 0 1′ phase, as shown
in Table 1. As observed, the crystallite size of the pure MnPS3 is
about 889 nm. This big crystal size might be due to the fact that
after fabrication, the MnPS3 was left inside the sealed tube for
about 3 years where crystallites growth might occur. Moreover,
the evacuated environment (vacuum) might help in the crystal-
lite size growth. Complete phase transformation into 0 0 1′ ′ phase
after leaving the sample for one day in open atmosphere leads to a
tremendous decrease in the crystallite size to about 80 nm. The CS
is significantly reduced when both phases (0 0 1′ ′ and 0 0 1′) coex-
ist together with nearly similar ratio, as highlighted in Table 1.
The largest crystallite size was estimated for 0 0 1′ phase, about

440 nm. This may be due to crystallites agglomeration during phase
transformation of 0 0 1′ ′ phase into 0 0 1′ phase, in which the posi-
tion of the intercalated pyridine would be oriented parallel to the
MnPS3 layers [16,17]. The lowest crystallite size was estimated

Fig. 8. XRD pattern of pyridine intercalated into MnPS3 layers
[Mn1−xPS3[pyr2x(H2O)y] measured after leaving sample (Fig. 7) of for 36 day
in open air at RT. Complete phase transformation of 0 0 1′ ′ phase to 0 0 1′ phase.
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Table 1
Estimated crystallite size of during phases transformation in open air.

Time in open air Pure MnPS3 (d-spacing = 6.4 Å) d10 (d-spacing = 10.84 Å) d9 (d-spacing = 9.7 Å) d7 (d-spacing = 7.34 Å)

CS (nm) LS (%) CS (nm) LS (%) CS (nm) LS (%) CS (nm) LS (%)

0 889 0.155 – – – – – –
1/2 h – – 85 1.089 121 0.718 27 1.568
3 h – – 30 2.137 24 2.221 27 1.585
1 day – – 80 1.054 – – 34 1.289
2 days – – 105 0.883 – – 32 1.368
7 days – – 103 0.886 443 0.343 38 1.204
9 days – – 100 0.900 285 0.438 43 1.099
17 days – – 103 0.882 199 0.535 41 1.142
21 days – – 91.5 0.956 190 0.551 43 1.095
24 days – – 39 1.722 38 1.613 29 1.47
26 days – – 33 1.99 42 1.491 25 1.648
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30 days – – 26
36 days – – –

.B. CS is the crystallite size and LS is the lattice strain.

or the d7 phase within the range of 25 up to 43 nm. Gener-
lly, the crystallite size growth within the nanosize range can be
egarded as the coalescence of small neighboring crystallites due
o atomic diffusion or discrete orientation attachment and crys-
allographically oriented crystallites [22]. In this work, there is
rientation of the intercalated guest in the interlayer gap of the
nPS3. Also, the crystallites size variation due to leaving in open

tmosphere is similar to the case of the nanocrystallite anatase in
hich the oriented attachment controlled the crystallites growth

23]. Lattice strain (LS) is greatly affected by the variation of CS. As

resented in Table 1, the increase the CS is followed by a decrease
f LS and vice versa. Schematic model have been proposed to
resent phases transformation in open atmosphere, as shown in
ig. 9.

ig. 9. Proposed schematic intercalation mechanism of pyridine into MnPS3 layers. It is
hase to 0 0 1′ ′ phase, then to 0 0 1′ phase due to leaving sample in open air at RT.
.375 51 1.286 – –
85 0.905 – –

3.4. Proposed intercalation mechanism

The intercalated molecules of pyridine have three positions,
perpendicular, inclined (not parallel or perpendicular) and par-
allel to the MnPS3 layers. This proposition is based on a similar
suggested model for pyridinium ion inserted into the interlayer
gap of MnPS3 [16]. The pyridinium ions could be in one of these
positions. As mentioned, the intercalates have a general formula,
Mn1−xPS3(G)2x·(H2O)y, where G is the guest ionic species [24–27].
The charge balance of these compounds has been maintained by

the loss of one M2+ ion from the intralayer region for every two
guest ions (G+) that are inserted and located in the interlayer space.
Therefore, it is proposed that pyridine as a guest (G) could be ion-
ized to be G+. Based on the chemistry of the intercalation, pyridine

based on the results of the XRD Figs. 1–8. There is a phase transformation of 0 0 1′
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ig. 10. Magnetization of pure MnPS3.under the effect of applied magnetic field.

ould convert to pyridinium (pyH+) and vice versa. The pyH+ is
robably formed by the reaction: pyridine + H3O+ ↔ pyH+ + OH−

13,28]. It was stated ammonia intercalating into TaS2 could be oxi-
ized into ammonium ions solvated by neutral molecules, as well;
he pyridine intercalated into TaS2 has shown the same behaviour
29,30]. EDEX analysis of intercalates reveals that there is always
significant loss of Mn2+ cations accompanying the intercalation
rocess, which will be shown vide infra. Also, elemental analysis
f intercalates has shown a significant loss of Mn2+ cations due
o intercalation [13,16,17]. Accordingly, the guest species must be
rotonated to balance electrical charges of the layered material.
he presence of concentrated hydrochloric acid (HCl) is the proton
ource. Therefore, the intercalation mechanism is based on an ion
xchange rather than on an electron transfer. Silipigni et al. [19]
roved by using the XPS measurements that binding energy posi-
ion values obtained in the case of K2xMn1−xPS3 for the Mn 2p and
p, S 2p and 2s and P 2p and 2s core levels are very similar to those
educed for MnPS3. This result is in agreement with the intercala-
ion by substitution, which is based on an ion transfer rather than
n an electron transfer as indeed happens in the intercalation by
eduction [20].

.5. VSM measurements
Curves of magnetization versus the applied magnetic field were
lotted (M–H loop) for the pure MnPS3 before and after inter-
alation with pyridine. The M–H loop indicates that MnPS3 is
aramagnetic. The value of the saturation magnetization (Ms) of
nPS3 per gram is 456 memu/g, as shown in Fig. 10. As mentioned,

ig. 12. SEM for MnPS3 made at 650 ◦C under slow heating rate (0.1 ◦C/m) for 6 days: (a)
f the MnPS3 layers. It has the same layer structure before and after intercalation.
Fig. 11. Magnetization of intercalate compound of pyridine and MnPS3

[Mn1−xPS3[pyr2x(H2O)y].

MPS3 phases containing some paramagnetic M2+ ions and the para-
magnetic properties of MnPS3 could be affected by experimental
conditions [18]. After intercalation, the M–H curve confirms that
the intercalated compound remains paramagnetic, as observed in
Figs. 10 and 11. However, the phase transformation has affected
the value of Ms. Transformation of 0 0 1′ ′ phase to 0 0 1′ phase
decreases the Ms value to 209 memu/g with respect to the Ms
of pure MnPS3. Moreover, transformation of 0 0 1′ phase to 0 0 1′ ′

phase (Fig. 2) increases the Ms to a value to 292 memu/g. The pres-
ence of 0 0 1′ ′ phase and 0 0 1′ phase together in the XRD pattern
leads to a decrease of Ms value to 257 memu/g. The paramagnetic
behaviour of intercalated compound may be due to the existence
of much more intralayered Mn2+ vacancies of the host layer [4]. In
fact, magnetic properties of materials are generally influenced by
many factors, such as crystallite size, crystal structure, particles sur-
face disorder, morphologies, etc. [31]. The variation of the magnetic
properties may be due the effect of magnetic anisotropy [32]. The
magnetic anisotropy simply means that the magnetic properties
depend on the direction (hkl planes) in which they are measured.

3.6. Structure morphology

Structure morphology of the MnPS3 is analyzed by scan-
ning electron microscopy (SEM) and the chemical composition

was determined by EDEX before and after intercalation process.
Fig. 12(a) represents the SEM images of the pure MnPS3 materials.
Fig. 12(b) shows the structure morphology of MnPS3 after inter-
calation with pyridine. The images show the layers piled up on

before intercalation and (b) after intercalation with pyridine. Arrow refers to flakes
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ig. 13. EDEX spectrum of the intercalated compound Mn1−x PS3 (C5H5N)2x (H2O)y .

ach other. This observation indicates that the layered structure of
nPS3 has not been affected by the intercalation process conditions

stirring, solvents, distilled water and HCl, and temperature). EDEX
nalysis indicates the presence of S, Mn, O, P, N, C, Cl, C, and Si ele-
ents in the intercalated compound Mn1−x PS3 (C5H5N)2x·(H2O)y,

s can be seen in Fig. 13. The silicon is supposed to be arising
rom the microscope slide; oxygen comes from the water dur-
ng experiment and from the water vapor in air; and chlorine (Cl)
omes from the hydrochloric acid (HCl) during intercalation pro-
ess in which conversion of pyridine into pyridinium is possible:
yridine + H3O+ ↔ pyH+ + OH− [13,28]. Accordingly, pyH+ can react
ith HCl to form pyridinium chloride (pyH+Cl−). Therefore, Cl is
etected by EDEX.

.7. Infrared (IR) measurements

The IR spectrum of pure MnPS3 shows the presence of the
tretching band at 570 cm−1 for �(PS3)2, as shown in Fig. 14. The
R measurements show an evidence of the presence of complete
ntercalation (Fig. 15). The spectrum of the intercalated materi-
ls show the splitting of �(PS3)2− asymmetric stretching band of
ure MnPS3 into two or three strong sharp absorption frequen-
ies in the range 550–620 cm−1 [18–20,33,34]. The IR spectrum are
dentical to that obtained for MnPS3 intercalated with pyH+ [14],

here the spectra show strong characteristic ring frequencies of
he pyH+ and with presence of bands that can be attributed to pyH+

r pyridine species. The pyH+ could convert into pyridine and vice
ersa [26,35]. Generally, the two or three absorptions of intercalates
ccurring at around 620–550 cm−1 originate from the splitting of

70 cm−1 of pure host (e.g. MnPS3), which reflects the presence
f intralayered Mn2+ ion vacancies [29,32]. Obviously, the inserted
ompound should be in the cationic form to compensate positive
harge of Mn2+ ions leaving from the intralayered centre and main-

Fig. 14. IR spectrum of pure MnPS3. [
Fig. 15. IR spectrum of the intercalate [Mn1−xPS3[pyr2x(H2O)y].

tain charge balance of the intercalate. The broad band at about
3420 cm−1 is for normal hydroxyl group stretch, which is mainly
from water [36]. The broadening is due to hydrogen bonding with
other hydroxyl groups. The IR spectrum shows evidence of pyridine
bands. As known, pyridine is an aromatic compound. The aromatic
C–H stretch appears at 3100–3000 cm−1 as shown in Fig. 15. There
are aromatic C–C stretch bands (for the carbon–carbon bonds in the
aromatic ring) at about 1500 cm−1. The C C, double bonds appear
as medium to strong absorptions in the region 1650–1450 cm−1, as
shown in Fig. 15. Two weak bands are caused by bending motions
involving carbon–hydrogen bonds. The bands for C–H bends appear
at approximately 1000 cm−1 for the in-plane bends and at about
675 cm−1 for the out-of-plane bend [37].

4. Conclusion

The intercalation of pyridine with semiconductor layered crys-
talline of MnPS3 under specific conditions reveals that:

1. Three crystalline phases appeared together as confirmed by XRD
analysis. This behaviour reflects the elasticity of interlayer gap
of MnPS3.

2. The most interesting feature is the phase transformation, which
occurs in open atmosphere at room temperature without any
other external factors. There was a complete phase transforma-
tion of the 0 0 1′ phase and 0 0 1′ ′ after one day. Then the 0 0 1′ ′

phase transformed into 0 0 1′ phase again.
3. The crystallite size of different phases was estimated from XRD.

It was observed that the phase transformation greatly affect the
crystallite size: the largest crystallite size up to 440 nm for 0 0 1′

phase and the smallest for d7 phase, whereas for the 0 0 1′ ′ phase
is in the range of 30–100 nm.

4. The magnetic properties, i.e. saturation magnetization Ms of the
MnPS3 are affected to the pyridine intercalation.
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