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PREFACE

This thesis comprises of two parts. the first deals with investigations on
Charge Ordering phenomenon and the second with the synthesis and

characterisation of metal nanoparticles.

In the first part we discuss the electric and magnetic properties of the
rare earth manganites with perovskite structure ([Gdy 45810 5sMnOs,
Gdy sCagsMnO;, PrysCags,BaMnO; (x = 0, 0.125, 0.25)]). The effect of
varying average ionic radius of the A-site on the electric and magnetic
properties have been investigated. The samples were characterised using X-
ray, DC magnetic susceptibility and electrical resistivity measurements and

the local structure around the Mn ion hiave been studied using EXAFS.

In the second part methods of prepartion and characterisation of
stabilised metal nanoparticles of Ag. Au and Cu heve been discussed. They
were prepared by reducing the respective metal salts a) from their solutions
using ethanol as the reducing agent and Polyvinyl pyrrolidone as the stabiliser
and b} reducing the metal salt intercalated montmonllonite using polyol. The
metal particles so formed were characterised using X-ray diffraction (XRD),
UV-absorption spectroscopy and Transmission electron microscopy (TEM).
From the line width broadening of XRD and from TEM photographs the

average particle sizes were determined.
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PART ]

CHARGE ORDERING IN RARE EARTH MANGANITES

Introduction

Rare earth manganites (LnMnO,) crystallize in a perovskite structure
[1] formed by the corner sharing octahedra of oxygen ions with Mn** and
Ln* in the six- and twelve-coordinated sites respectively, as shown in Fig. 1.
The Mn** i’on (d*) in the octahedral environment with each of the low lying
triply degenerate ty, orbitals and one of the e, orbitals half filled is Jahn-
Teller active and undergoes tetragonal distortion giving rise to four short
Mn O distances in the ab plane and two long Mn-O along the ¢ axis. As the
concentration of Mn* ion in these manganites is quite high (one per unit
cell), the distortions about the adjacent Jahn-Teller ions are cooperative and
therefore dictate the lattice structure as a whole [2]. Accordingly, the crystal
structure of stoichiometric LaMnO; is orthorhombic [3] (a = 5.443, b =
5.594 and ¢ = 7.805 A) with two pairs of short distances (1.91 and 1.96 &) in

the ab plane and two long distances (2.19 A) along the c-axis.






The extent of distortion from the ideal cubic perovskite structure,

ABO; is generally measured in terms of a tolerance factor, 1. which s

defined as

1= (rs + Io) V2(rp + To)
wherer,, rg and 1o are the radii of the A, B, and O ions respectively. For
cubic perovskites, t is close to 1. Rare earth  manganites with the t
values ~ 0.9 adopt perovskite structures in non-cubic lattices. The cell

remains orthorhombic up to Ln = Gd and is hexagonal for the higher

members.

As can be seen from Fig.2, the neighboring Mn* interact via oxygen.
The e, orbital of Mn®* s hybridized with the oxygen 2p orbitals along the
Mn-O-Mn bond direction and the resulting super exchange interaction
according to the Anderson-Goodenough-Kanamori rules [4}, leads to
antiferromagnetic ordering. Electron hopping is highly restricted in this
situation and therefore LnMnO; are generally insulating and

antiferromagnetic.



Fig.2. The perovskite structure showing the 180° cation - anion - cation (Mn-O-Mn)
interaction. The angle corresponding to Mn-O-Mn interaction depends on the crystal

structure. There is no direct Mn-Mn interaction in these perovskites ( from ref. 1¢).



The radius of the Lo> plays an important tole. The Mn-O-Mn bond s
nearly linear for bigger cations like La™ (152°) and on decreasing the radius
of the Ln> jon, the angle decreases due to the buckling of the MnOy
octahedra. The degree of orbital overlap also decreases making the e, states
more localized. The conductivity and the magnetic ordering temperature
therefore decrease with smaller rare earth cations. For illustration, LaMnO;
is insulating and undergoes antiferromagnetic ordering around 140 K {3],
while PrMnO; and GdMnO; [5] are more insulating with lower

antiferromagnetic ordering temperatures +80 and 21 K respectively).

Introducing Mn* in the perovskite structure, by creating defects in
the Ln or Mn sites or by aliovalent doping in the Ln site by divalent cations
like Ca, Sr, Ba and Pb bring about interesting changes in the electric and
magnetic properties [6-8] specially noteworthy being the recent discovery of
giant magnetoresistance (GMR) in these materials [9-11]. The defect
structure, La, ., Mn;, O;, is found to become a ferromagnetic metal (T¢ ~
210 K) for x = 0.04 with the Mn;‘* concentration of about 25 %. A
maximum of 33% Mn* may be introduced with x = 0.055 and this

composition as well shows ferromagnetic and metallic behavior below 210 K



(see Fig.3) [6.7]. Unlike the defect structures. aliovalem doping can in
general be performed over the entire composition range. in La, ,Ca,MnO,
for example [8], both the end members LaMnO: and CaMnQ; are
antiferromagnetic and insulating. The oxide becomes ferromagnetic in a
limited composition range (x = 0.1-0.5) and concomitantly exhibits metal-
like conductivity below T¢. The Curie temperature increases from ~ 160 K
for x = 0.1 to around 250 K for x = 0.3 and decreases to ~200 K on
increasing x further before the material becomes antiferromagnetic above x =
0.5. The above is understood on the basis of double-exchange mechanism of
Zener [12) which involves an electron hopping from Mn™ (d*, t;.’e,', S = 2)
to Mn* (d" ., S = 3/ 2 via the oxide ion so that Mn®* and Mn*" ions

exchange places

Mn** (¥ Mn* — Mn* O Mn*

This involves the transfer of an electron from Mn® site to the central oxide
ion and simultaneously the transfer of an electron from the oxide ion to the
Mn* site. The integral defining the exchange energy is non vanishing in

such a system only if the spins of the two d shells are parallel. That is, the
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towest energy of the system e the nne with a parallel alignment of spins on
the Mn* and Mn* ions. This is indeed a novel situation where the lining up
of the spins of the incomplete d orbitals of the adjacent Mn jons is
accompanied by an increase in the rate of hopping of electrons and therefore
an increase in the electrical conductivity. Thus the mechanism that leads to
enhanced  electrical conductivity requires a ferromagnetic coupling.
However, when the population of Mn** is significant, an additional

Mn**-O-Mn** antiferromagnetic interaction sets in and promotes insulating

behavior in the matenal.

In Ln,AMnO,. the average size of the A-site cation (rs) has a
marked eltect on the electronic structure in that it determunes the Mn-O-Mn
bond angle and the nature of cg electron {13,14]. Those compositions with
smallér ra’s have localized e, electrons and with Mn** population
comparable to Mn™ they present an ideal situation for real space ordering of
Mn** and Mn**. Obviously, such a 'charge ordered' state is insulating and
generally antiferromagnetic. Interestingly, the charge ordered state can be
melted into a metallic spin-ordered (ferromagnetic) state by the application

of a magnetic field giving rise to GMR. For example, applying a magnetic



fieid of 12T at the charge ordenng temperature ( lk58 K) in the case of
PrysSrysMnO; is found to stabilize a terromagnetic metallic state with a
large negative GMR (15]. This fascinating spin and charge ordering
phenomena in the rare earth manganites can be described in terms of a
generalized phase diagram [14] in Fig.4. The diagram shows that when <r,>
is large (e.g., La;..Sr,MnQOs), ferromagnetism and associated 1-M transition
is found, but charge ordering is not observed. Wiih decreasing <ry>, we
observe a ferromagnetic state, which transforms to the antiferromagnetic
charge-ordered state on cooling (e.g., NdysSrosMnO;). When <r,> 1s very
small as in Pry+CagsMnO; and Nd, sCagsMnOs, no ferromagnetism oceurs,
but there is a charge-ordered state; the ferromagnetic metallic state is created
only by the application of a magnetic field to the charge-ordered state. We
compare the magnetic and electronic phase diagrams of Pr),Sr,MnO; and

Pr,Ca,MnO; [16] in Fig.5 to illustrate the effect of the e, band width.

Investigating local structure around manganese ions in these
perovskites is ome of the current interests. A recent study {17} of
Ndp sCag sMnO4 has shown a first-order transition at around 200 K with a

large change in volume due to charge ordering accompanied by changes in
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the bond¢ angles and bond lengths in the ab plane. Tyson et al. {18} have
examined local lattice distortions in Lag 47Cag33MnQO; using EXAFS. They
have found two Mn-O bonds at ~2.5 A and four short bonds at ~1.98 A in
the ferromagnetic metallic state at 80 K. In view of the above discussion, we
considered it worthwhile examining the change in the local structure around
Mn™* due to charge ordering and have therefore synthesized and
charactérized Gdg sCagsMnO; and Gdp 45S1p.5sMnO; whose <r,>'s  (1.14
and 1.22 A respectively) fall in two different regimes (I and III) of the phase
diagram (see fig). Qur purpose was to study the effect of <r,> on charge
ordering as well as on the local environment around Mn**** and we have
therefore carried out EXAFS measurements on these compounds at 300 and
at 100 K. Our study have indeed revealed important structural changes
occurring following charge ordering. We have also studied the effect of Ba

substitution in the Ca site (increasing the <ra>) in PrysCagsMnO; on its

structure and properties.

12



Experimental

All the samples were prepared by the standard ceramic method.
Gd, 45819 5sMnO; was prepared by mixing stoichiometric amounts of Gd,0s, |
SrCO; and MnCO; and preheated at 1273 K in air for 12 hr. The reacted
powder was ground, pressed into pellets and reheated at 1473 K in air for
24 hr and then at 1673 K in air for 12 hr. This was followed by heating the

sample in oxygen at 923 K for 24 hr.

GdysCagsMnO, was prepared by mixing stoichiometric amounts
of Gd,03, CaCO3, and MnCO; and preheating it for 12 hr at 1473 K 0 air.
It was then reground, pressed into pellets and reheated at 1673 K for 24

hr.This was followed by heating the compound in oxygen 923 K for 24 hr.

Pry sCaps.xBa,MnO; (x = 0, 0.125 and 0.25) were prepared by mixing
stoichiometric amounts of Pr¢O;,, CaCO,;, BaCO, and MnCO; and
preheating it in air at 1273 K. It was then pelletized, reheated at 1473 K in

air for 24 hr and then at 1673 K in air for 12 hr. After this the samples were

heated in oxygen at 923 K for 24 h.

13



Characternization and measurement

The phase purity and the lattice constants of various manganites were
determined from powder x-ray diffraction patterns recorded at room
temperature on a JEOL JDX-8P diffractometer employing Ni-filtered Cu Ko
radiation. Unit cell parameters were derived by least square refinement of the
powder diffraction data using PROSZKI program and the parameters are
listed in Table 1.

The Mn* contents in the manganites were determined by redox
tirations [19]. The samples were dissolved in a known excess of
standardized Ferrous Sulfate solution. The excess Fe?* was then titrated with
standardized Potassium Permanganate solution. The number of
milliequivalents of iron oxidized by Mn** and Mn* was obtained by the
difference between the total number of milliequivalents of Fe** added and the
milliequivalents of excess iron determined by titration. A blank titration was
been camied out (without the sample) with a known volume of Ferrous

Sulfate solution and standardized Potassium Permanganate solution.

Electrical resistivity was measured in the temperature range 20 - 300

K using a four probe technique and the electrical contacts were made using

14



Table !
Cell parameters and Mn' content of the manganites

Compound Crystal P Cell i&Mn“ 5
System . parameters ; {%o)
_ . EERC\D
—- e PErR
*Gdg «Cas MnOs Orthorhombic b=545%9 43
o _ 0 =7497 '
. ca= 5411
- Gdu ¢Sty ¢ MnO; - Orthorhombic b=3325 |4l
S I
a= 5412 [
Pr. «{Ca, MnO; Oyrthe tThombic b=5446 | 38
: | 1= 5425
P, «Ca, nBa: 1:sMnO, Orthoriombic b=5415 45
| ¢ 7669 |
; a=5444 |
Pr, sCa, 1sBag ::MnOs . Orthorhombic b=5415 {45 !
L s Lc=7705 |
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silver paste. DC susceptibility measurements were made in the temperature
range 20 - 300 K using a lewis coils force magnetometer. Magnetic fields up
to 1000 Oe were used during the measurements. Specific heat capacities of
the samples were measured using a Perkin-Elmer DSC-2 differential
scanning calorimeter instrument using sapphire as the standard. The specific

heat capacities of the samples were determined at an interval of 5 K.

The Mn K-edge absorption spectra of the (d-manganites were
recorded employing a Rigaku spectrometer attached to a rotating anode
x-ray generator (RU-200B. Rigaku, Japan) operating at 13 kV, 150 mA. A
Ge(220) crystal was used as the monochromator with 0.2 mm slit. Samples
equivalent of 18 mg of Mn were pressed into self supporting wafers after
mixing with about 100 mg of polyethylene powder. The wafers were 20 mm
in diameter and about 0.5 mm thick. An indigenously built cold finger type
vacuum cell having Be windows for x-ray transmission was employed for

measurements at 100 K and also at room temperature.

Data collectuon was carried out in the steps of 10 eV in the pre-edge

region (6400 - 6530 eV) and 1 eV in the EXAFS region, up to 7100 eV, with

16



a dwell time of 20 seconds for each data point. Normalized EXAFS,y was
obtained after the pre-edge and the background subtraction.
X = (H-Ho¥iio
where | is the absorption coefficient of the sample and o is that of the free
atom computed using spline fitting. The value of E, was fixed at the onset of
- the edge at ~ 6560 eV while calculating the photoelectron wavevector, k

k = (2[1/h)[2m(E-Eg))*"*

Fourier transforms (FT) were obtained from the normalized EXAFS in the
3.5 - 11 A" region after weighting the data by k’. Fourier ﬂltering.was then
apphed to the region of inierest (Mn-O peaks) and the curve fitting was
carried out using the single scattering plane wave approximation given below

X = Zj (NJ/KR?) Fi(k) exp(-26;°k%) éxp(-2R;/AMk)) sin[2kR; + ¢;(k)]
where N; is the number of atoms in the jth coordination shell, k is the
photoelectron wave vector, R, is the distance from the absorber to the jth
shell, o; represents the root-mean-square deviation of the interatomic
distances over R; (Debye-Waller factor), A(k) is the mean free path of the
photoelectron and  ¢y(k) is the total phase-shift due to the jth coordination

shell consisting of twice the phase-shift due to the absorber atom, 29, (once

17



while going out and again while coming back) as well as that due to the back
scatterer,d,(k). We have employed McKale’'s theoretical phase and
amplitude parameters{20] in the curve fitting of the fourier filtered data. The
procedure was first applied to the EXAFS data of MnO (NaCl structure).
We have also used related compounds-CaMnO; and GdMnOjs-as other

references.

Results and discussion

We shall first discuss our results on the characterization of Ca and Sr
substituted Gd mangamites. The x-ray diffraction patterns of Gdy sCagsMnO3
and Gdy 4551y ssMnO5 are shown in Fig.6a,b. All the reflections could be
indexed with an orthorhombic cell belonging to Pbnm space group and the
cell parameters are given in Table 1. The Mn* contents obtained from
titration are 43 and 41% for the Ca and Sr substituted systems respectively

(Table 1).

Both the compositions were found to be insulating down to 90 K as

shown in Fig.7. In the magnetic measurements, the slope of the susceptibility

18
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curves at low temperature implied negative Curie temperatures arising from
antiferromagnetic interactions (Fig.8) in these manganites. The heat capacity
data of GdysCapsMnO; shown in Fig9 exhibits a well defined feature
around 250 K and a broad feature around 170 K and while that of
Gdy.45815.5sMnQ; has a single feature around 130 K. The electrical resistivity
data was obtained as plots of logp vs. /T and dlogpldT" vs. T to check
sensitive variations in the activation energies corresponding to the variations
in the heat capacity data. We find that the logp plot changes slope around
250K for Gdy sCag sMnQ; and at 120 K for Gdy 4551 s5sMnQO;(Fig.10) and the
dlogp/dT ! vs. T plots support these observations(Fig.11). We recall that the
magnetic susceptibility (see Fig.8) of GdysCagpsMn(); shows two features
around 250 and 170K. It appears that the matenal is in a canted anti-
ferromagnetic state at room temperature and changes to paramagnetic state
below 250 K before it settles in an antiferromagnetic state around 170 K.
The proportion of Mn* being close to 50% in this compound (Table 1), we
consider the transition around 250 K observed in the heat capacity, resistivity
and magnetic suscgplibiljty data as due to the charge ordering phenomenon
and the transition at 170 K due to the change from a paramagnetic to an

antiferromagnetic state. Gdg 45S10.5sMnO; on the other hand shows a gradual

22
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change in its canted antiferromagnetic behavior down to 130 K and finally
becomes antiferromagnetic at around 50 K. We also observe changes in the
ESR line width around this temperature, which we have shown in Fig.12.
We assign the peak observed around 130K in these measurements to, the
change in magnetic behavior. We believe that no charge ordering occurs in

this composition upto the S50K.

EXAFS results

To begin with, details on the analysis of the EXAFS data of the
reference compounds-MnO, CaMnQ; and GdMnO; are presented. In
Fig.13(a), we show the raw EXAFS data of MnQO at 300 K. We observe
undulations in p over a range of 600 eV from the Mn edge
(~ 6560 eV) which is evident from the normalized EXAFS plot in Fig.13(b).
The FT of MnO at room temperature shown in Fig.13c exhibits the first and
the second peaks at 1.71 and 2.75 A corresponding to Mn-O and Mn-Mn
coordinations respectively. Curve fitting analysis of the first peak using
theoretical .Mn-'()'phase and amplitude parameters gave the Mn-O distance

of 2.22 A with a coordination number of six close to that known from the

26
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crystal su'ucﬁzre [2'1]. Thé structural parﬁmeters obtained from the EXAFS
analysis are ‘ﬁsfed in Table 2. Similarly, the first prominem peaks in the FT's
of CaMnOs (Figld) and GdMnOy(Fig15) were fitted for Mn-O
coordinaﬁén. The former being a pseudocubic perovskite structure could be
fitted with a single distance of 1.90 A[22], while GAMnQO; required more
than oﬁe set of distances to accommodate disfortion in the oxygeﬁ

coordination (see Table 2).

With this background, ‘we now discuss the EXAFS resﬁlts obtained
with the charge ordcring- systemns. Analysi_s- of the EXAFS data of
Gdy sCagsMnO; at room teﬁperatufe (300 K) and at 100 K are shown in
Figs.16 and 17 respectively. The Mn-O -peak in the room temperature FT-
| occurs at - 1.54 and is quite broad. The inverse transformed data (R
 window: 1.12-1 ;88 A) could be fitted with a distance of 1 95 A for qc'tahedral
oxygen coordination. On cooling to 100 K (Tgo = 250 K),I theFT shqws
 remarkable changes (see Rig. 17). We Ir_low observe a peak at. 1.6 A, in
addition to a shoulder on tﬁc higher R-_sidé. Curve ﬁttill_g @lysis réiree_llcd
the emergende of two new longer disfances at ~ 2.35 A (N ~ 2) besides the

distance of ~ 2.0 A (N ~ 4) (Table 2). Such a distribution in the Mn-O
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distances appears to be related to the distorted MnOg octahedra at low
temperatures due to charge ordering. We also notice that the Debye-Waller
factors are somewhat different for the short and the long bonds probably due

to the disorder.

Sinﬁlar results have been obtained in.the case of Gdy.45Srgs55MnO,
(Figs. 18 and 19). The roorﬁ temperature FT (Fig. 18(c)) shows the first peak
at 1.77 A which clearly splits in two peaks 1.52 and 2.14 A at 100 K (see
Fig.19(c)). On fourier filtering, the room temperature data gaiée a single
octahedral distance of 2.09 A. The 100 K data on the other hand, indicated

the presence of a tetragonally distorted octahedron with distances of 1.92

and 2.55 A (Table 2). ‘ ‘

We have extended our EXAFS work to another charge ordering
system- YO.SCao,sMnO3 with Teo ~ 250 K [23] (Figs.20 and 21). 'i‘he room
temperature FT of this compound in Fig.20c shows the first peak at 1.59 A

| which on cooling to 100 K exhibits two well-defined peaks at 1.41 and
182 A énd a shoulder on the higher R-side. Curve fitting of the room

temperature data (R-window: 1.27-2.09 A) revealed three pairs of distances
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at ~ 1.95, 2.03, and 2.1 A, while the 100 K data gave rise to distances of

1.89,2.21 and 2.56 A of the tetragonally distorted octahedron.

A comment on the above observations would be in ordef. The charge
ordered state is characterized by localized e, electrons and therefore, the
MnQ;¢ octahedral distortions due to the Jahn-Teller effect are static or in
other words frozen below the Tco. Our EXAFS measurements at 100 K
have clearly shown the presence of such distortions in the octahedral oxygen
coordination around Mn ions. At room temperature however, the electron
hopping tends t¢ decrease the Jahn-Teller distortions and accordingly, we

observe a more regular octahedral coordination.

Effect of <r,> on charge ordering

We show the x-ray diffraction patterns of PrysCags.,Ba,MnQO;
(x =0, 0.125 and 0.25) in Fig.22. Phase purity of the compounds is evident
as the reflections could be indexed with orthorhombic cells belonging to

Pbnm space group (Table 1). The a and ¢ parameters increase and b
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decreases with Ba substitution while the cell volume increases from 225 to

230 A3

Four probe electrical measurements showed Iall the compositions to be
insulating down tc'> 90 K as depicted in Fig.23. The data is plotted as logp
vs. /T in Fig.24. The curve coﬁesponding to x = 0 composition changes its
slope at ~ 200 K and that of x = 0.125 around 90 K while the x = 0.25
conmosition does not show any appreciable change in slope down to 75 K.
The dlogp/dT" vs. T curves in Fig.25 exhibit features corresponding to these
changes. The magnetic susceptibility of PrysCagi7sBag2sMnO3 in Fig.26
shows two features around 260 and 90 K. It appears that the material is in a
canted antiferromagnetic state at room temperature and changes gradually to
anﬁfenonmgneﬁc state around 90 K. This transition appearing in both
magnetic and electrical measurements may be due to charge ordering of the

-Mn ions, We riote that Pry sCag25Bag,sMnO; shows no such transition down
to 75 K. |

Pollert et al. [24] have reported Teo of 253 K for the Pro sCag sMnO;.
We find thaf the T value decrease to 90 K with 25% Ba subst-ituti(m in the

Ca site. Higher amounts of Ba doping seem to destabilize the charge
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ordered state. This is really in accordance with what is expected of such a
system. The <r,> of the ProsCags system is 1.180 A and it increases to
1.216 and 1.252 A for Ba substitutions of 25 and 50%, reépectively. From
the phase diagram in Fig.4, from which we notice that the <rs> value of the
latter falls in the regime where no charge ordering occurs. The other two
compoﬁitions with smaller <r,> values however -lie in the charge ordering

regime. More interestingly, we find that the Tgo value decreases with

increasing <ra>.

46




Conclusions

1. Static distortions of the MnQjg octahedra due to localization of charges
at low temperatures are observed using EXAFS measurements. We find four
Mn-O distances ~2.0 A and two larger distances ~2.5 A in the compositions
studied namely GdysCagsMnO;, Gdg45S15sMnO; and Yq5CapsMnO; (see
Table 2). At room temperature, however, @e find a more regular octahedron .
in these compounds.

2. The charge ordering temperature, Tcg of PrysCagsMnO; (253 K)
appears tﬁ decrease with increase in Ba substitution in the Ca site. We have
related this observation to the effect of increasing <r,> on the stability of the

charge ordered state.
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PART 11

SYNTHESIS AND CHARACTERIZATION OF PVP
STABILIZED AND CLAY INTERCALATED METAL
NANOPARTICLES

Introduction

Particles of diameters between 1-50 nm constitute nanoclusters.
Physical properties of such clusters correspond neither to those of free
atoms (molecules) nor to those of bulk solids with the same chemical
composition. These clusters are characterized by a large surface area to

volume which implies that a large number of atoms reside at the surfacef1].

Fine metal particles with controlled size and shape find extensive
applications in several fields. For instance, nanosized ferromagnetic
particles are used for high density recording while precious metal particles
are used for making conducting inks and pastes in electronic industry(2,3].
Metal powders having required characteristics can be prepared by various
physical, chemical and electrochemical methods. Of the chemical methods,

the most frequently used involve the reduction of metallic compounds



followed by precipitation from the homogeneous solution. In order to get
small particles with narrow size distribution, the growth of these particles
have to be inhibited, which can be done either by using
a surfactant like polyvinyl pyrrolidone (PVP)[(4] or by using a host
lattice like montmorillonite[5] during the reduction process. The
interparticle interactions therefore decrease due to the chemical coating
of the surface[6]. In the case of host lattices, it is the pore size[7] that
sterically restricts the growth of the particle, resulting in small,
monodisperse metal particles. For example, the ,clay-montmorilionite
has a two dimensional layered alumino silicate structure[8], with
exchangeable cation between the layers. Cations to be reduced can be
exchanged with the interlayer cations. In this case, the interlayer
spacing (~ 5A) tends to constrain the particle size[5].

We have prepared various metal nanoparticles (Au, Ag and Cu)
using polyols as the reducing agents in the presence of PVP and Ag in

the presence of montmorillonite.
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Experimental

In the first method using PVP, nanoparticles of silver were
prepared with ethanol as the reducing medium instead of polyol{4]. In
this proce‘ss, a known quantity of silver nitrate was taken in 100 ml of
ethanol containing a predetermined quantity of polyvinyl pyrrolidone
(PVP). The ethanolic solution containing silver nitrate and PVP was
refluxed ( ~ 360 K ) under stirring conditions for a period of 12h. This
resulted in the formation of silver nanoparticles. Similar methods of
preparation were used to form Cuy, and Au nanoparticles using copper
acetate and chloroauric acid as precursors. Even though this procedure
was successful in yielding nanoparticles of Ag, in the case of Cu and
Au it required addition of one equivalent of magnesium metal powder
(relative to the metal salt) in order to facilitate the reduction. Here, Mg
acts as a reducing agent[10] and in the course of reaction ethanol gets

oxidized to acetaldehyde and other products.

In the second method, silver nanoparticles were obtained

dispersed on Na-montmorillonite. The structural formula of the
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montmorillonite is (Nay 33Ko.01Cag 02)s( Aly sFeq 0sM 8o 12)(S13.30Alp 11 )00
(OH),. nH,O whose cation exchange capacity and mean particle size
were measured to be 112 m.eq / 100g and < 2 respectively. Various
amounts of AgNO; (ratio of the weight percentage of clay to silver
nitrate was 1:0.1, 1:0.25, 1:0.5, 1:1 and 1:3) were introduced in the
interlayer of montmorillonite by treating the clay with silver mitrate
solution. The vessel was wrapped in black paper in order to prevent the
darkening of silver due to light, the mixture was stired at room
temperature for 24 h. The suspension was filtered, washed repeatedly
with distilled water untit no silver ions were detected in the fiitrate,

which was tested using dil. HCI solution.

In order to facilitaic reduction, about 1g of AgNQ; interlayered
montmorillonite was suspended in 100g of ethylene glycol in a three
necked RB flask and refluxed at 180° C for 2 h in N, atmosphere
(nickel acetate montmorillonite was refluxed for 24 h). The solid
recovered after reduction by suction was washed with methanol and
dried in a dessicator. The reduced samples were first washed with

nitrogen purged water, then with methanol and vacuum dried.
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Elemental Analysis

The samples prepared by the latter method were analysed for
their constituent elements according to the following procedure. The
samples subjected to ethylene glycol reduction and subsequent washing
were ashed at 900 C in a platinum dish. A known quantity (150 mg) of
the ashed sample was dissolved in 10 ml of HF, 10 ml of Conc.HNO;,
and 10 ml of de-ionized water in a platinum crucible and gently heated
to dryness. The dried residues were then redissolved in a mixture of 10
ml Conc.HNQO; and 10 mi of water and made up to a known volume.
The amount of silver present was determined by atomic absorption

spectroscopy which was calibrated using standard solutions of silver.

The samples thus prepared were characterized using XRD,
elemental analysis, TEM and electric and magnetic measurements (in
the case of Ni). X-ray diffraction patterns were recorded using a JEOL
diffractometer. Specimens for TEM were prepared by dispersing a few
micrograms of the powdered samples in one drop of isopropyl alcohol

placed on carbon coated grids, followed by evaporation of the alcohol.
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A JEOL (200 kV) electron microscope was employed for the above
study. Mean particle size was calculated by making histograms from
the TEM images. The average particle size has also been calculated
from the XRD pattern using Scherrer’s formula
t = 0.9A /BcosOg
where t is the average particle size
A is the wavelength of the X-ray used
Og is the Bragg angle
B is the broadening which is measured in radians using Warren's
formula
B? = By’ + B’
where By and Bg are the full width at half maximum of the peak under

consideration and of the standard (KCl) respectively.
Results and discussion
a) Nanoparticles prepared using PVP as the protective agent

Reduction of AgNO; by ethanol in the presence of PVP gave

nice colloidal solutions of very small particles in the nanometric range.
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In Fie. 1. we show the TEM images of silver nanoparticles obtasned by
employing AgNQ: ratios of 1:5 and 1:10. Along with the micrographs
we have provided the histograms showing the particle size
distributions. For AgNOsPVP ratio of 1:10, we see that the particles
are small with a narrow size distribution, the mean diameter being
~5nm. For AgNO+:PVP ratio of 1:5, we obtain Ag particles with a
mean diameter of 13-15 nm. The particle size distribution is clearly
sensitive to the concentration of PVP. It may be noted that refluxing
AgNOs; in the absence of PVP did not yield nanoparticles. We could
not record the XRD patterns of the Ag particles because the
nanoparticles were finely dispersed in coiloid form in the solution.
Electron diffraction patterns however show the FCC structure of Ag.
The absorption band of the colloidal solution was found to be around

415 nm. This is characteristic of the plasmon band of Ag colloid[4, 10].

Refluxing HAuCl, in ethanol in the presence of PVP, did not
yield Au nanoparticles. However on refluxing HAuCl, with
ethanol/PVP mixture in the presence of magnesium (one equivalent

with respect to HAuCly). we could obrain fine nanoparticles. In Fig. 2



un
o
1

NOoW &
o o o
T T T

*ls of Parlicles

o
T

ci T8 oy 1§ i s o e 1 —
2 L 6 B 10 12 W 6 18
Pariticle Size (nm)

Fig. 1. Transmission electron micrographs of silver nanoparticles (1:10) along with
the histograms showing particle size distributions
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showing the particle size distribution (1:10 sample).
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we show a TEM image of the Au nanoparticles (obtained with a
HAuCl,:PVP weight ratio of 1:10) along with a histogram giving the
particle size distribution. The mean particle size 1s 5Snm. The TEM
image of the particles obtained with HAuCl:PVP weight ratio of 1:5
gave a mean particle size of 12nm. The particle size distribution of the
Au nanoparticles is sensitive to the PVP concentration, just as in the
case of the Ag particles. The XRD pattern in Fig.3 clearly indicates the
crystalline nature of the Au nanoparticles. The particle size obtained

from the x-ray line broadening was 18nm.

Our attempts to prepare Cu nanoparticles by refluxing copper
acetate in ethanol in the presence of PVP were not successful. The
reaction always gave copper oxides. However addition of one
equivalent of magnesium metal to the reaction mixture (as in the case
of preparation of Au nanoparticles), lead us to metallic Cu particles.
These preparations were carried out in a pure nitrogen atmosphere to
minimize the oxide formation. The TEM image of Cu particles
obtained with a copper acetate:PVP ratio of 1:10 is shown in Fig.4. We

do not see well separated copper nanoparticles extensively. There are
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Fig. 3. X-ray diffraction patterns of the nanoparticles of (a) gold (1:5) and (b) copper
(1:10). .
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Fig. 4. Transmission electron micrograph of copper nanoparticles (1:10 sample).
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some isolated nanoparticles of 5-10nm diameter. but most of the metal
particles are loosely clustered giving rise to particles in the 20-100nm
range. The XRD of these particles is shown in Fig.3. The reflections
due to copper oxide impurity is marked with an asterix. The particle

diameter estimated from the x-ray line broadening is 21nm.

b) Nanoparticles prepared using montmorillonite as a host matenal
X-ray diffraction patterns of the dried montmorillonite
-interlayered with varying amounts of silver nitrate is shown in Fig.5
along with the pattern of the parent clay for the purpose of comparison.
We see that the XRD patterns of clay change with the clay to silver
ratio. As can be seen from the figure, the (002) peak intensity increases
with respect to the 1(001), with the increasing content of AgNQ;. The
relative intensities of the first and the second order reflections are
indicative of the extent of inter layering. The d(001) of the clay
increases after the exchange from 9.8 A to 1498 R On subjecting
these samples to ethylene glycol reduction the d(001) value changes
from 14.98 to 14.85 A Fig.ﬁA . We notice that the (001) reflection

becomes more intense than the (002) reflection and the (111), (002)
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Fig. 5. X-ray diffraction patterns of dried montmorillonite intercalated with AgNO ;. The
weight ratios of clay to silver nitrate are shown.
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products obtained by ethylene glycol reduction of
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reflections of the Ag metal appears. More importantly, the
[(001)yay / 1(111)a, decreases with the increasing amount of silver in
the starting composition. This is consistent with our expectation that
greater amount of silver nitrate will intercalated in the composition

containing higher proportions of the salt.

The TEM of the reduced samples and the extensively washed
samples were taken and their average particle size determined (see
Fig.7). The line width of the Ag peak becomes broader with the
decrease in Ag content which means that the particle size decreases
with the Ag content in the starting composition. We also find that the
particle size decreases on washing (from 35 nm for the reduced sample
to 20 nm for further washed sample). The d(001) changes from 9.83 A
in the starting material to 14.9 A in the reduced sample indicating the
presence of 5 A clusters of silver in the inter layer of clay. We note that
in addition to the intercalation of Ag metal inside the clhy, a
considerable aﬁmunt of silver particles are present on the external

surface of the clay. This explains the decrease in particle size on
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Fig. 7. Transmission electron micrographs showing Ag particles (a) obtained by ethylene
glycol reduction ot AgNO;-clay intercalate (1:1 weight ratio) and (b) after
extensive washing of (a).
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washing. In Table 1 we have summarised all the properties of silver-

intercalated clay samples.

Most of the nanoparticles of silver are probably produced by the
reduction of the Ag salt that deintercalates from the clay leaving only
the smallest metal clusters in between the layers of the clay. What is
significant is that all the particles including those present outside the

clay are in the nanometric regime.
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Conclusions

In conclusion, we have been able to successfully prepare
nanoparticles of Ag and Au. In the case of Cu, the nanoparticles were
not as good although the particles obtained are in the right size range.
Where ethanol alone fails, addition of magnesium reduces the metal the
metal salt. It was necessary to use appropriate amount of PVP inorder
to obtain a narrow size distribution of the metal particles.

In the case of silver-montmorillonite, we have been able to
obtain nanoparticles of the metal by the reduction of silver interc.ﬁlate
by ethylene glycol. Apart from the silver metal particles formed by the
reduction of the salt coming out of the interlayers, Ag clusters of 5 A

are present inside the interlayers as revealed by the d(001) value.
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