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ABSTRACT

The development of dependable, environmentally benign processes for
the synthesis of nanoscale materials is an important aspect of
nanotechnology. In the present study we report a simple method for
palladium nanoparticles preparation using hydroxylamine reducing agent
and water as solvent under ambient conditions. The effect of fructose as
stabilizing agent on Pd nanoparticles preparation was studied. Palladium
nanoparticles show aggregation at low fructose concentration. The Pd-
NPs particles are characterized by UV—Vis, XRD, and SEM techniques.
Detailed magnetic characterization indicated that these palladium
nanoparticles show ferromagnetic properties at room and low temperature
and show more enhancement in magnetic properties after exposure to
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INTRODUCTION

TheNano materiashavereceived consderableat-
tention becausetheir structure and propertiesdiffer Sg-
nificantly fromthoseof atomsand moleculesaswell as
those of bulk materid s Noblemeta nanocrystalsplay
animportant rolein different fields of science, such as
catalysis, medicine, eectronics, etc.>% Among these,
Pd showsavery large capacity for hydrogen absorp-
tion, anditsstructural changeinvolvedintheadsorp-
tion processoffersanumber of attractivefeatures suit-
ablefor energy purposes.i’% Recent reports show that
ingenera 4d trangtion metal snanoparticleshavenove
magnetic properties. Though afree Pd atom hasa[Kr]
4d™ configuration and it isnonmagnetic according to
theHund rule, the configuration changeswhen agroup

of Pd atomsform acrystalinestructure, with afew elec-
tronsshiftingfrom4dto 5s. With aconfiguration of 4d*
355 (a>0), bulk Pd exhibitsenhanced Pauli paramag-
netism with large susceptibility. In confined nanoscae
systems, morelocalized e ectronic statesaswell asnar-
rower bandsare usually supposed toincreasethe den-
sitiesof statesand |ead to the exotic magnetic behav-
ior.[t

Different wet methods have been used for the syn-
thesisof paladium nanoparticles, themost commonin-
volving the use of excessreducing agentsinthepres-
ence of different capping agents. Preparation of palla-
dium nanoparticles has been reported using hydra-
zine,*? hydrogen,*¥ and sodium borohydride.[*419
Palladium nanoparticles were synthesized using
polyvinylpyrolidine (PVP) and citric acid asreducing
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agent.l’617 Polyol method was used to reduce palla-
dium saltsat higher temperature 150 °C under argon
flow whereethyleneglycol wasused asboth solvent and
reductant.*31% The morphol ogy of nanoparticleswas
investigated by e ectron microscopy. Pd NPswere pre-
pared by thereduction of Pd(NO,), intetrahydrofuran
(THF), using tetralkylammoniumsalts (R,N*X") under
reflux at 343 K. Alkanethiol ate-capped palladium
NPswere obtained by aliquid-liquid phasereduction
based on the Brust method.?Y. The magnetic proper-
tiesshowed hysteresisand indicated that coercivefield
(Hc) of Pd NPsdecrease withincreasing measurement
temperature.?24

ThePd nanowiresof length 30 nmrevedled astrong
temperature-dependent magnetizationinthe as-synthe-
sized nanowires!? Themagneti zationsareroughly con-
stant above a temperature of about 30 K for Pd
nanowires, whereas bel ow thosetemperaturesthemag-
netization increased. Highfield magnetization vaueat
room temp is about 0.00025 emu/g and at low tem-
peratureat 2K isabout 0.0008 emu/g. A Similar unsat-
urated magnetization at high field wasreported for Pd
nanoparticles.? Inthe present work, wehave studied
the magnetic properties of Pd NPs prepared with fruc-
tose as capping agent. We prepared Pd NPs by the
reduction of [Pd"V(NH,),Cl,]Cl, using hydroxylamineas
reducing agent and sugar like D-fructoseasstabilizerin
water at room temperature. Sugar isbiofriendly and of
low cost and water was used as the solvent.
Nanoparticlesinwater squardly addressestheissue of
carrying out efficient reactionsunder environmental ly
benign conditionsassociated with green chemistry and
asofacilitatesseparation of productsfrom Pd colloids
dispersedin water.[*¥ Themorphol ogy of nanoparticles
was investigated by Scanning electron microscopy
(SEM). M easurements of magnetic propertiesof Pd
NPs showed ferromagnetic behavior at both room and
low temperature. High field magneti zation showed high
value reaching to 0.1 emu/g. and coercivity (H)
showed higher va uethan the published value thereby
indicating permanent magneti zation of the prepared
Pd NPs. Interestingly under hydrogen the Pd NPs
show enhanced magnetic properties apparently re-
lated to the formation of Pd-hydrido species. Such
hydrogenated Pd NPs showed structural stability
(SEM).
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EXPERIMENTAL

Materials

D-Fructoseand hydroxylaminehydrochloridewere
purchased from s. d. finechem..(Mumbai); palladium
acetatewas purchased from Lancaster. All reagent used
wereof anaytica grade and used without further puri-
fication.

Preparation of starting paladium complexes

[PdV(NH,),CL]Cl, was prepared according to
Tatarchuk, et a.”? By dissolving appropriate amount
of Pd'(OAc),in concentrated hydrochloric acid. After
evaporation to dryness, thedry residuewas dissolved
ina12% solution of ammonium hydroxide (10ml) in
hot conditionwithintermittent addition of concentrated
ammonium hydroxide (5 to 10 ml) to compensateits
losson heating and finally cooled. A mixture of concen-
trated HCl and HNO, acids(3:1) was pouredinto the
resulting solution at room temperature. A dark yellow
precipitateimmediately formed which wasfiltered off,
washed withwater, anddriedin air.

Synthesisof palladium nanoparticles

Aliquot sample containing 1.3x103 (M)
[Pd"V(NH,),Cl,]Cl., sodium hydroxide0.01 (M) nec-
essary to dissolvethe complexinwater and 0.005 (M)
D-Fructose (solution a). A solution of hydroxylamine
hydrochloride 0.014 (M) was added drop wise into
solution ‘a’ with continued magnetic stirring at room
temperatureuntil black Pd nanoparticleswas separated
out. Theresultant product was centrifuged, washed with
deionized water to remove solubleimpuritiesfollowed
by washing with acetone and dried in vacuum.

Pd NPsunder hydrogen

Hydrogen reactivity of paladium nanoparticleswas
studied by passing hydrogen gason Pd NPs preflushed
with argon to remove any traces of oxygen to avoid
moigtureformation (CAUTION! Tracesof oxygen must
be avoided aswith oxygen exothermic reaction occurred
forming water and under shock the nano sized hydro-
gen absorbed Pd catches fire). Once the hydrogen
source was removed, the exposed Pd NPs were a-
lowedto cool andfindly transferredin vial under acur-
rent of argon gas.
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Char acterization of palladium nanoparticles

UV-VIS-NIR spectrawereobtained at high reso-
lution on aPerkin Eilmer Lambda35 spectrophotom-
eter using quartz cellswith a10-mm path length. The
palladium NPswere characterized by X-ray diffraction
(ISO-DEBY EFLEX-2002- RICH, SEIFERT & CO)
using CuK_ rediationwith graphitemonochromator. Its
morphol ogy wastested by scanning € ectron microscope
(SEM), for which sampleswere prepared by dispers-
ing paladium or hydrogenated pa ladium nano particles
in EtOH and 50 ul of each sample was deposited onto
brassstubs. The samplesweredriedin desiccatorsand
finally vacuum dried and then subjected to SEM andy-
gshy SUPRA 40VPFdd Emisson Scanning Electron
Microscope (CARL ZEISSNTS GmbH, Oberkochen
(Germany) equipped with energy dispersive X-ray
(EDX) facility. Samplesfor TEM were prepared by
dropping 5 uL of redispered Pd NPs onto a carbon
coated copper TEM grid (300 mess) and allowing the
samplesto dry and wereimaged by using Tecnai 20
G2 300 kV, STWIN model, Transmission Electron
Microscope (TEM) with an acceleration voltage of 200
kV. Magnetic measurement was performed by ADE,
EV7VSM magnetometer.

RESULTSAND DISCUSSION

Pd-NPssynthesisand characterization

The Pd Nanoparticle evolution fromitssalt solu-
tion wasfollowed from the growth of thefeaturel ess
absorption bands those monotonously increasein the
visibleregion of the e ectronic absorption. Thesolution
dowly turned to deegp ydlow and thentobrownin color
indicating theformation of paladium colloidd particle
whichfinaly turned to black corresponding to thefor-
mation of Pd nanoparticles. Representative UV—Vis
spectraof the sample prepared by the present reduc-
tion method in the presence of fructoseare shownin
Figure 1. Therecorded spectraof nano Pd do not show
any characteristic absorption band.

Figure 2 showsthe SEM micrographsof thepala
dium nanoparticlesobtained frominitial concentration
of PdVof 1.3x103(M) and different concentration of
fructose. PANPswhich obtained using 6.3<10* (M) of
fructose, the nanoparticles are non spherica in shape
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Figurel: Theprogressof UV-Vis spectra at the initial (a),
at theinter mediate (b) and finally at theend of thereaction
(c) monitored using 1.3x10°*M [Pd"V(NH,),CI,]Cl., 0.005 (M)
D-Fructosein water with hydroxylamine. : (a) Pd(1V) yellow;
(b) Pd(colloidal ) brown; (c) Pd(0) black.

and hard aggregated powderswith broad sizedistribu-
tion areobservedin Figure2 (A). Thesamplewhich
prepared using 1.3x103(M) of fructoseis spherical
however still aggregated, Figure 2 (B). The sample
which obtained using 3x10-3(M) of fructose, the Pd
NPsare polydispersed and sphericd, Figure2 (C). On
the other hand, the samplewhich obtained using 5x<10-
3(M) of fructose, Pd NPs are spherical and
monodispersed, Figure2 (D).

Thedifference between particle morphol ogy and
szedigtribution obtained by different molar ratio of fruc-
tose/Pd'"V can be explained asfructose not only stabi-
lize palladium nanoparicles but al so capped it by de-
creasingtherateof reaction. Figure3indicatesthe TEM
micrograph and the corresponding particlesizedistri-
bution histogram of theobtained paladium nanopartides
at theoptimum conditions.

The X-ray diffractogram of the obtained palladium
nanoparticlesisshownin Figure4. Only threecharac-
teristic peaksof fcc Pd (20 =39.8°,45.9° and 85.8°),
corresponding to Miller indices(111), (200) and (222),
respectively areidentified.

Magnetic properties

Bulk paladium (fcc structure) presentsahigh para-
magnetic susceptibility value, anditisclosetofulfilling
the Stoner criterion of magnetism, N(EF)I>1, where
N(EF) isthedengty of Satesjust below the Fermi leve
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Figure2: Scanning electron micr ographsof the synthesized Pd NPs. Using 0.001 (M) [Pd"(NH,) ,CI_]Cl, and different
concentration of fructose. (A) 6.3x104(M), (B) 1.3x103(M), (C) 3x103(M), ( D) 5x103(M).
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Figure3: TEM image of the obtained Pd NPsand the corresponding particlesizedistribution histogram. Using 0.001 (M)

[Pd"(NH,),CL]Cl,and 5x102(M) fructose.

(EF), and | standsfor the Stoner parameter (typically
0.71 eV for Pd).? Accordingly, thefactorsthat can
affect the onset of ferromagnetismin Pd arethosein-
creasing N (EF) in order to accomplish the Stoner cri-
terion.!? Also hep pall adium has been recently shown
to exhibit ferromagnetic behavior.?

Magnetic propertiesof Pd nanoparticlesat differ-

ent temperatureswere measured by ADE, EV7VSM
magnetometer. Room temperature ferromagnetic be-
havior of Pd nanoparticleswas clearly observed from
themagneti zation-hysteresis(M-H) loopsshownin Fg-
ure5. Theferromagnetic behavior wasa so observed
at lower temperature 121 K. From the shape of the
hysteresisloops obtained at different temperatures of
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Figure 4 : XRD pattern of the synthesized palladium
nanoparticles. 0.001 (M) [Pd'V(NH,),Cl]Cl., 0.005 (M) D-
Fructose.

121 and 300 K, it was inferred that particles with
bl ocked magnetization contributeto the magnetization
process. Thecoercivefield (H ) of Pd nanoparticles
increaseswith decreasingin measurement temperature.
Figure 5. shows that the H_is 149 Oe at 300 K and
349 Oeat 121 K. Also we can seethat the high field
magneti zation isincreased by decreasing temperature.
The high magnetization value of the obtained Pd-NPs
reachesto 0.06 and 0.09 emu/g at 300 and 121K, re-
spectively. It isknown that blocking temperatureis
reached when coercively reaches zero. Hence, we can
expect that the blocking temperatureishigher than 300
K. Inaddition, it isobserved that the magnetizationis
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Figure5: M-H loop measur ed at different temperaturefor

the synthesized palladium nanoparticles. (a) 121K, (b) 300

K. The inset shows a more detailed view of the thermal
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not saturated at any temperature asit is probably due
to the coexistence of superparamagnetic and paramag-
netic atomsintheparticles.?”

Increasing thedengity of Satesjust below the Fermi
level dlowingfulfillment of the Stoner criterion, reduced
coordination number and surface anisotropy together
with local symmetry changesor | attice expansion can
be proposed as possible factors to induce the ferro-
magnetic behavior in paladium NPsof smaler sze®
Inthe present case ferromagnetic behavior of Pd NPs
may mainly bedueto the combination of varying coor-
dination number and surface anisotropy affecting loca
symmetry. Fructose used in the synthesisnot only sta-
bilizes the nanoparticles but also capped these
nanoparticles. Rigoroudy water washed Pd NPs show
the presence of fructose as capping agent by FT IR.
The C-O vibrationsin the range 1150-996 cm* ap-
pearing inthefreefructose significantly changedto a
broad peak around 1023 cm*. The OH stretching vi-
brations of freefructose also modified from 3410 and
3312 cmr*to abroad band centered at 3445 cm* sup-
porting theinteraction of carbonyl groupsof fructose
with thesurface of the Pd NPs. Suchinteractionswill
increasethedensity of holes(£) at the 4d residual band
of thePd cluster giving riseto anincrease of the mag-
netic moment

Itisuseful to get the benefit of high H, reactivity
whilemaintaining thestructural stability necessary for
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Figure6: M-H loop measured at room temper atur efor the
synthesized palladium nanoparticles before and after
exposure to H,. (a) After hydrogen exposure, (b) before

hydr ogen exposur e. Theinset showsa mor edetailed view of
thether mal cor ecivity response.
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sensing and cataysis application of palladium.® The
magnetic properties(M-H loops) of synthesized PANPs
weremeasured after expos ng thesewith hydrogen gas
at room temperature, (see Figure 6). The Pd NPsun-
der hydrogen exposure show anincreasing in magneti-
zation. For acomparison, thehighmagneticfield va-
uesreach 0.06 and 0.24 emu/g for palladium and hy-
drogen treated palladium, respectively. However,
corecivity wasnot change after passing hydrogen. One
caninfer that thePd NPsdlill retaintheir szedfter passing
hydrogen and thisis confirmed by SEM. Theincreas-

—= Fyl] Peper

ingin magneti zation valuesof Pd NPsafter passing hy-
drogen may be attributed to interaction between hy-
drogen and paladiumtoincreasethehall dengity at the
4d where hydrogen molecul esdissociateinto atomsat
the palladium surface and these atomsreadily migrate
from holeto holethroughout the palladium.

Figure 7 shows SEM of palladium nanoparticles
before and after exposureto H,. The SEM images
reveal further structura stability of Pd NPswhichre-
mainswell separated without any change after expo-
surewith H..

Figure7: SEM images of the synthesized palladium nanoparticlesof sample. (A) Before hydrogen exposure. (B) After

hydrogen exposure.

CONCLUSIONS

A synthetic route using hydroxylamineasreducing
agent and D-Fructose as stabilizing and capping agent
has been successfully devel oped for the preparation of
palladium nanoparticlesinwater under ambient condi-
tion. These pd ladium nanoparticles show uniqueferro-
magnetic behaviors at room temperature with strong
ferromagnetic behavior at lower temperature. Thesepd-
ladium nanoparti cles show good stability after expo-
sure with H,. Noticeable enhancement in magnetic
propertiesof Pd NPsafter H, treatment was observed.
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