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Carbon supported Pt nanoparticles with diameters rangorg 2 to 28 nm have been studied using X-ray diffraction. dalt
parameter of synthesized Pt/C nanoparticles is alwaysrlsviewer than that of bulk Pt. By decreasing the average garti
sizeD to approximately 2 nm, the unit cell parameter a nonlineddygreases by about 0.@3hat corresponds to a variation

of 0.7% in comparison to bulk Pt and the size effect is predami for sizes ranging from 2 to 10 nm. The dependence
a(1/D) is well approximated by a straight line with a slope of -0.8%8.0067 nnt! and an intercept of -3.923M.0017A. For
interpreting obtained experimental dependence of urlipaehmeter of Pt/C nanopatrticles four different theoedtépproaches
such as thermal vacancy mechanism, Continuous-Medium Imoalg@lace pressure, and bond orderlengthstrength ctioela
mechanism were used. Comparison of calculated dependdrased on the above models with experimental ones shows that
the Continuous-Medium model is best agreed with the unifpeghmeter dependence of carbon supported Pt nanopsuticle

1 Introduction

The study of nanocrystalline materials is an active area o
research in physics, chemistry and materials sciencesadue

their technological importance, theoretical interest brmhd

substrates and/or coated with other materials.

The reduction of the unit cell parameter with decreasing
Earticle size was observed for the unsupported Ag naneparti
les over the size ranges 1.3-5nfrand 3-17.8 nm; and iso-
lated nanoparticles in solid argon (size range of 2.5-13Am)

prospects for applications in catalysts, ferrofluids, nedign However, basing on XRD studies of Ag nanoparticles (9-

materials, lubricants, etc. The transition from bulk cay$b

nanoparticles is accompanied by a change of interatomic di

17nm) prepared using magnetron sputtetigf is found the

Sextreme dependence of the unit cell parameter, namely, the

tances and unit cell parameters. One of the most interestingit el parameter slightly increases with decreasingipar

guestions is the variation of the lattice parameter withrelas-
ing particle size .

cle size to 12 nm, and then begins to decline. In addition,
for Au (1.8+-52nmy, Ag (1.3-10nm)*, Ni (7.7nm:bulk),

The size dependence of the lattice parameter has begq, (0.5nm=bulk)?’, and Pd (7nm-bulk)2® nanoparticles the

studied for many years both theoreticali§ and experimen-
tally. A variety of techniques, such as high resolution elec

tron microscopy (TEM and STEMJ'2 X-ray diffraction

(XRD)*3-22 and EXAFS spectroscopy2°, have been used

in order to investigate the nanoparticles supported oemifft
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contraction of the nearest-neighbor distance, was redaale
be a linear function of the inverse average particle size.1
Reducing of the lattice parameters is also found for (i) Au
nanoparticles (1.£6nm) prepared by vacuum evaporatién
and (i) Pd nanoparticles (1z46nm) produced using inert gas
evaporation techniqué.

Contradictory results were obtained'frfor Ni nanoparti-
cles in a size range of 82 nm prepared by an anodic arc
discharge plasma method. The lattice parameter incre@ses s
nificantly with decreasing grain size, and the magnitudé@ef t
lattice parameter expansion is in direct proportion to #e r
ciprocal of the grain size. The lattice expansion resulfing
the grain size reduction of Ni nanoparticles was found in the
size ranges 4:935 nm® and 7-27nm°® as well. The bond
lengths and hence lattice parameter larger than the bulieval
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have been observed for Pd nanoparticles supported on gariou The two first methods are based on the reduction of the
substrate$11:17:2831and Ag nanoparticle¥. metal precursor (hexachloroplatinic acigm{Cl;-6H,0) by

At the same time, the study of copper clusters 10 nm)  different reducing agents. To prepare the catalysts atleyle
embedded in solid argéfishowed that the unit cell parameter glycol aqueous solution was mixed with the 2 9%PRHCl; so-
almost corresponds to the unit cell of the bulk sample and isution at different temperatures between 80 andol3@nd a
only slightly reduced for particles with diameters of 1.5.nm colloidal solution was synthesized during 3 h. Then theaarb
For ligand stabilized Pd clusters, the bond lengths areedlms support were added into the reaction system and the syathesi
the bulk value as weiP. The absence of the size dependencewas continued for 2 h. Pt nanoparticles were also prepared by
of lattice parameter was also observed for Pb and Bi pasticlethe reduction of oxalic acid. Before Pt-precursor depositi
with D > 5nm andD > 8nm, respectivel§?, as well as for Au  carbon support was pre-treated with 4 M oxalic acid aque-
clusters up to 6 nrif1%22Thus despite the large number of ous solution under stirring at 8G during 15 min. Such acid
studies, the existing references contains conflicting amd ¢ treatment creates different functional groups (hydroxyl/ar
tradictory data, and today the problem of the size deperaencarboxyl) at the carbon support surface, which facilitatisa
of the unit cell parameter is still unsolved even for face-cen charge of the metal complexes on surface of carbon support.
tered cubic (fcc) metals. After the acid activation of the carbon support 2 %RC|,

The same situation was observed for Pt nanoparticles. Inetal salt solution was injected into the carbon susperasidn
was shownr® that the unit cell parameter linearly decreasesthe synthesis was performed during 5 h at a constant tempera-
with decreasing particle size. In contrast, the invesiigat  ture. Finally the third method we use is the dispergationtof P
which are presented #A-34indicates that the unit cell parame- foil by pulse alternating current in water solutions witlffeti-
ter remains unchanged for 2.5 and 4nm nanopatrticles, respeent concentration K and NaOH. A detailed description of this
tively, or even linearly increasé3with reducing the particle method can be found in our previous wéfk After the syn-
size. According to Klimenkov et ad.al.'?, no variation in  thesis supported Pt/C catalyst was separated from théolut
Pt-Pt distance is found for Pt nanoparticles deposited en thby filtering, then it was washed with water, and finally dried
aluminum oxide films, when the particle size is reduced to 3overnight at 70C.
nm. However, with a further reduction of | nm, a Pt-Pt dis- Synchrotron XRD measurements were carried out in the
tance varies by about 10% comparing to the bulk value. OrDebye-Scherrer geometry at the Swiss-Norwegian Beam
the other hand Birringer and Zimm¥rdemonstrated that the Lines (SNBL) at ESRF (Grenoble, France) with a radiation
evolution of a lattice parameter as a function of the inageas of wavelengthi =0.77Aand a MAR345 image-plate detector.
in the grain size for nanocrystalline Pt possesses the yhighlThe wavelength, sample-to-detector distance (95 mm) and re
nonmonotonic behavior. olution of the setup were calibrated with standard specimen

In order to contribute to the clarification of these contcadi of LaB6 (Standard Reference Materials 660a, National4nsti
tions, we have undertaken to perform XRD investigations oftute for Standards and Technology, Gaithersburg, USA NIST)
Pt nanoparticles ranging from 2.5 to 28 nm deposited on th@owder. Samples were placed into glass capillaries (Hilgen
carbon support. We have examined the unit cell parameter dserg GmbH) (diameter 0.3 mm) with a 0.01 mm wall thick-
a function of the particle size to answer the following ques-ness. Data were processed with the Fit2D soft®arérhe
tions: Is there a grain size dependence of the unit cell param peak shapes were described by the pseudo-\oigt furftkion
ter and how it behaves? Our interest to study this phenomendrhe X-ray reflections were fitted using the Winplotr module
lies in the fact that, carbon supported platinum nanodegic of the FullProf softwaré. Fitting of the reflections from the
(Pt/C) are the most promising catalysts for low temperaturesynthesized samples was implemented taking into accoent th
fuel cells. It is also well known that the decrease of the in-reflections of the carbon suppétt The corrections for the in-
teratomic distance Pt-Pt (i.e. unit cell parameter) is dith@  strumental broadening were made according to a convemtiona
reason of the positive influence on the catalytic activitydod ~ procedure described . The average particle sif® was de-
the oxygen reduction reaction, since that facilitatesatiss ~ termined using the Sherrer equatfénD, = KA /(Hp, cos8)
tive hemosorption of oxygen atortis3°, , WhereA is the wavelength@ - Bragg angle, and& = 0.89
Sherrer constant. The fitting results (111) peak were enaploy
to estimate the average particle size, and the unit celhpara

2 Experimental ter was calculated using the UNITCELL softwéfe

We applied three different techniques which allowed us o sy

thesize Pt nanopatrticles in a wide range of sizes (from 2.5t® Results and Discussion

28 nm). For all of them, we used both Vulkan XC-72 (Cabot

Corp., 2407 -g~1) and Timrex HSAG-300 (TIMCAL, 250 The series of the carbon-supported Pt samples with differen
n?-g— 1) as carbon supports. average sizes were investigated to determine the size depen

2| Journal Name, 2010, [vol] 1-7 This journal is © The Royal Society of Chemistry [year]



Page 3 of 7 RSC Advances

. T T T T T T T
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11.5 nm are presented in Fig. 1. As for all investigated sam- I Ns7 0 ®9
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structure of Pt. 3,90 F /
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Fig. 1 Selected XRD powder patterns of carbon supported Pt

nanoparticles for 3 particle sizes (3.1, 5.7 and 11.5nm). lead to erroneous results. Indeed, with Pt bulk samplesdiope

by nickel, the reduction of the particle size 4@ nm leads

to a decrease of the unit cell parameter0%°2. It should
Figure 2 presents the evolution of the lattice param@®r |50 be noted that we observed a similar nonlinear pariioée s

all as-prepared samples as a function of the particle siz@€c  gependence of the unit cell parameter in Co-doped carbon sup

symbols). Obviously, it is always lower than the value of theported Pt nanoparticles the same composfion

bulk Pt value (3.9234). By decreasing the average particle  gaged on various assumptions, several models describing

sizeD to about 2 nm, the unit cell parametedecreases by e particle size dependence of the unit cell parameter have

about 0.03Athat corresponds to a variation of 0.7% in COM- heen established. One of them assume that the reductioa of th

parison to bulk Pt. It can be seen that the size effect is prefyiice parameters is due to the formation of a large number o

dominant for the sizes ranging from 2 to 10 nm. When the,gcancies by decreasing the particle 8787 The formation

size is bigger than 20 nm, the changes are relatively smdll anyt {hese vacancies in a nanoparticle system compared to the

can be neglected. Furthermore, it should be noted that thg, |k metal leads to the reduction of the lattice parameter of

dependenca(1/D) is well approximated by a straight line ¢ ster that is related to the vacancy concentration:
with a slope of -0.05550.0067 nm® and an intercept of -

3.9230£0.0017A(correlation coefficients was 0.9). This in- 1 Vy
tercept value is consistent with the unit cell parameternui b Aa= Z@puCy (1 - 5) 1)
Pt.

As reported in many papers on the synthesis and study afherec, is the vacancy concentratioha is the change of the
the properties of platinum based alloy catalysts, the fift |attice parameter due to vacanci€sis the atomic volume of a
the Pt diffraction peaks to higheB2values is only attributed defect free crystal, and, is the change of the atomic volume
to the formation of a Pt allo{?~>C, caused by the presence of one vacancy. It is known that the

Obtaineda(D) dependence indicates that in Pt-based catequilibrium vacancy concentration is as folloWs
alysts the reduction of unit cell parameter can be caused not
only by the influence of the alloying component, but also by E,(D)
decreasing the average particle size. Besides, the uhpiael Cv(D,T) = coexp ( ksT ) )
rameter of a bulk sample is used to calculate, by Vegard’s law
the concentration of the alloying component in carbon supwherecy = exp(Se /kg) is the size-independent preexponen-
ported Pt-Metal catalysts. However, we believe, that ne- tial coefficient,S the formation entropyg is the Boltzmann
glecting the size dependence of the unit cell parameter caconstantT is the absolute temperature ag(D) is the size

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-7 |3
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dependent vacancy formation energy described by the fellowcorresponds to perfect polyhedra (cubes, octahedra) aid th
ing equatior?®: truncated modifications. The shape factars- S /Ssph for
three mentioned configurations are listed in Table 2. To esti
E (D) = E 2D/h—2 _ 2S (3 mate the size and shape dependencies of the lattice parame-
TV ap/h—1 3R(2D/h—1))’ ter according to Eq.(4), we used the parameters listed in Ta-
_ _ ble 2 and 3. The evolutions @f{D) calculated using Eq.(4)
where, Ey is the vacancy formation energy for the bulk ma- 5.6 gepicted in Fig.2. All three calculated dependences coi
terial, §, = Ep/Ty is the bulk evaporation entropy of crystals jge with the experimental ones. In other words, for Wullfs

with B andTy(e0) being respectively, the bulk cohesive en- o\ hedron, the particles shape is not appreciably afteoye
ergy and the evaporation temperatures the atomic diameter e yariation of the unit cell parameter with decreasing the
andRis the ideal gas constant. Using the parameters SUMM&anoparticles size down to 2 nm.

rized in Tables 1 and Equations (1) to (3) we estimated the

vacancy concentration and the corresponding dilatatidhedf  Taple 2 Full surface are&, volumeV and shape factar for the
unit cell parameter for Pt nanoparticles down to 2 nm. Thisdifferent Wullfs polyhedra

calculation shows that for Pt nanoparticles with an average

particle size of 2 nm, the vacancy concentrationis 1.5’ at  Polyhedron S Vv a

ambient condition. Itis in 1% times higher than for the bulk Cube &’ a® (2P =1241

sample. But the corresponding variation of the unit cell pa-cubooctahedron  (3+v/3)a2 ga3 327\1/5(%")2/3 =1.105
. 79 Q . . .pe

rameter is only 240" Athat is significantly lower than ex- 5 tahedron /332 ag 4{—3(8”)2/3 — 1183

perimentally observed even for carbon supported Pt nanopar

ticles with a 27 nm size. Another approach which is usually used for explaining the

Table 1 The relevant data used in the calculations. size dependence of the unit cell parameters is based on the
notion that the nanoparticles are compressed by the Laplace
h /nm Vo/Q, S /ks Ep /KJ-mol L To/K pressure. The value for the pressure difference of a spheri-
378 0.768 2558 £6400 20050 cal surface was formulated in 1805 independently by Thomas
Young and Pierre Simon de Laplace, giving the LaplaceYoung
A second model which describes the size and shape depeﬁguatlon' AP = 2§S/(3V) = 4f D,

dence of lattice parameters of metallic nanoparticlesdsti

called Continuous-Medium (CM) model developed by Qi andwhereD is the average particle sizéjs the interface stress,
Wang!. They have assumed that a nanoparticle is formed ins the particle surface area, addP is the difference of pres-
three steps: (i) a particle is taken out from anideal bullstaly ~ sure inside and outside the particle. From a mechanicat poin
without changing the structure, (i) the surface tensiothef  of view, the hydrostatic pressure on the surface of nanopar-
particle contracts elastically, and (iii) a nanopartislédrmed ticles induced by the intrinsic surface stress results tiick

in equilibrium condition. Thus, by minimizing the sum of the contraction or a lattice straig(D) = (apyk — a(D))/apuik-
increased surface energy and the elastic energy, an express Using the definition of the compressibilily= —AV/(VP),

for calculating the lattice parameters of metallic nantipls € = AD/D = AS/(2S) = AV/(3V) under small strain 4

is obtained as follows denotes the difference) a8V = 6/D, we obtain:

_ 1 £ = —4kf /(3D 5
a(D) = apuik CL_WGD/V) (4) | /(3D), - . ( )
According to the LaplaceYoung equation and considering a

wherea(D) is the unit cell parameter of the particle having size-dependence of the solid-liquid interface energyrehe
sizeD, G is the shear modulug; is the surface energy and tive change of the lattice constaratD) at room temperature
a = Spol /Ssph is the shape factor which is defined as the ratiofor the nanoparticles can be expresseti as
of the surface area of a nonspherical nanopar8gigto that
of a spherical nanopartic&,, where both nanoparticles have 14 kDOthinm> (©)
identical volume. The calculation of the size dependence wa (3Tm/T+6)D RVm
performed only for 3 types of polyhedron: cube, cubooctahe-
dron and octahedron, since, as demonstrated in our previowshereT, andHp, are the melting temperature and the enthalpy
work®* and also illustrated in numerous review arti®e$3 of bulk crystals, respectivel§;, is the vibrational part of the
the shape of the carbon supported Pt nanoparticles syn#iesi overall melting entropyam, Vim is the molar volume and is
without using any capping agent is the Wullfs polyhedra thathe absolute temperature.

a(D) = Apulk <1—

4| Journal Name, 2010, [voll 1-7 This journal is © The Royal Society of Chemistry [year]
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Table 3 The relevant data used in the calculations.

G/Pa yi11/d-m2 Yi00/J-m—2 k-10-1e/pat Tm/K Vi /em? - mol —1 Hm /kJ - mol —1
168°0 2.29%4 2.7344 3.62°0 2045°Y 9.1%0 2200

The particle size dependence of the unit cell parameter daiism is that the nanomaterials possess a large proportion of
termined from Eq.(6) is shown in Fig.2 (cyan line). For this surface atoms with bond-order deficiency compared to the
calculation, we used the thermodynamic and physical propbulk counterpart. As a result, surface skin composed otthre
erties listed in Table 3. The analysis of Fig.2 shows that theatomic layers often relaxes and reconstructs without excep
experimental dependence of the unit cell parameter of carbotion, that critically affects the physical and chemicalpedies
supported Pt nanoparticles is not well described by the dein the skin. In terms of this mechanigf the lattice strain in
pendence calculated by Eq.(6) in comparison with that deterspecific atom layer is given by the following expression:
mined using Eq.(4). Actually, this approach which is based o
the action of the Laplace pressure can be confronted to var- §=di/d=C -1
ious difficulties, despite it correctly described the reihrc
of the lattice parameter observed experimentally foPA&®
Pd'%26and Au nanoparticleés55 For example, if the Laplace
pressure compresses nanoparticles, hence the obsereed ex ) 79 ) : .
nal pressure for a phase transition in nanoparticles shmaild gtomlc layer™. The pararr]etez; Is the effgctwg coo.rdlna-
smaller than for bulk samples and the general rule seems to k%m numbers of the specifieth atom, and 't. varies W'.th the
as follows: the smaller the nanoparticles, the higher testr size and the curvature of the nanostructure inan empiriagl w
formation pressure. However, the size evolution for pressu 2 = A1-0.75/K)), zp =7, +2, andzg = 12 withK; =R; /d
inducedy-Fe,0,(maghemite) to F£0, (hematite) transition being the dimensionless form of nanosolid size, which cor-

showed that 7-nm nanocrystals at 27 GPa, transforms to %eSdeFdS t%ﬂ:,e n(;meelr of athom;;, dWL;tgh rr;ean giame'ltelrkor
nm ones at 34 GPa, and to 3-nm ones at 37 €Pae. the ond lengthd, lined up along the radiug; of a spherical-iike

tendency is opposite. For Ge nanoparti€lethe transition nanosolid. Finqlly the size-dependent average latticsteoi
pressure increases with decreasing particle size as wkll as of the nanoparticles can be expressed by the BOLS model

Al,0,%8, AIN®9, and ZnO"°.

3
A critical analysis of the Laplace pressure was performed in a(D) = apuik (1— Zl %Q (G- 1)) (7)
details i1="4 The Laplace pressure was shown to be a for- =1
mal quantity that makes it possible to express the chemdeal p The corresponding(D) dependence calculated using Eq.(7)
tential of the particleu(D, P) through the chemical potential is depicted in Fig.2(black line). The essential differebee
of the corresponding infinite (massive) sampleo,P+ R) tween the experiment and the simulation may be attributed
compressed by a pressure equal to the Laplace preRstoe  to the following reasons. First of all, oxygen chemisorptio
a particle. Thus, it was concluded that the Laplace pressure could expand the first metallic interlayer by up to-126%
a purely mathematical concept and cannot cause compressitiough the oxygenmetal bond contr&ftsSecond, consider-
of bodies. Moreover, based on theoretical calculationss, it able experimental and theoretical calculations 84 indi-
suggested if*'’®that the reason of changes in interatomic dis-cate that multilayer relaxation of surfaces does not falhoo
tances observed in nanoparticles can be explained by the phtnically but undergoes oscillations. In other words, the s
nomenon of surface multilayer relaxation that observeden t face relaxation can be of variable sign. Both of these reason
surface of macroscopic metallic crystals. Although, tHaxe  can induce a smaller reduction of the unit cell parameten wit
ation usually embraces only a few surface layers, it causes ahe decrease of the nanoparticles size.
amendment to the thermodynamic quantities of the nanopar-
ticles of~ 1/D, gnd they are s_lmllar in size dependence Wlth4 Conclusions
amendments arising from the introduction of the Laplacepre
sure.

whereC; = 2/1+exp[(12—27)/(8z)] is the coefficient of
bond contraction, subscriptienote an atom in thié" atomic
{ayer. The index is counted up to three from the outermost

Carbon supported Pt nanoparticles with diameters ranging
Based on this surface relaxation phenomenon Sun proposdm 2 to 28 nm have been studied using X-ray diffraction.
the bond orderlengthstrength (BOLS) correlation mechanis The unit cell parameter of the synthesized Pt/C nanoparti-

for determining the size dependence of the nanoparticles p&les is always lower than the value of bulk Pt (3.9@31
rameters such as melting temperature, Debye temperaturBy decreasing the average particle size D down to approxi-
Youngs modulus eté” "8 The key idea of the BOLS mecha- mately 2 nm, the unit cell parameter a decreases nonlinearly

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [voll, 1-7 |5
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by about 0.03 that corresponds to the variation of 0.7% ims
comparison to bulk Pt and the size effect is predominant fod9
sizes ranging from 2 to 10 nm. The dependence of the lat-
tice parameter as a function of inverse average particke sizg
a(1/D) is well approximated by a straight line with a slope of
-0.0555+0.0067 nmrt and an intercept of -3.9230.0017A. 22
For interpreting the obtained experimental dependencleeof t 23
unit cell parameter of Pt/C nanopatrticles, 4 different teée

cal approaches were used, including thermal vacancy mech4?
nism, Continuous-Medium model, Laplace pressure, and bongt
orderlengthstrength correlation mechanism. The comparis

of the calculated dependencies based on the above modelg
with the experimental data, shows that the results provided
by the the Continuous-Medium model is in better agreemenf
than those obtained by others approaches. It is thus the best
approach to simulate the unit cell parameter dependence of
carbon supported Pt nanoparticles. 29
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