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Abstract: Using density functional theory calculations, we have studied the morphology of a Pts7 nanoparticle
supported on carbon with and without hydrogen (H) passivation that arises with postprocessing of
nanoparticles before characterization. Upon heating in an anneal cycle, we find that without H (e.g., in a
helium atmosphere or evacuation at high temperature), the morphology change of a truncated cuboctahedral
Pts7 is driven by the shearing of (100) to (111) facets to lower the surface energy, a remnant shear instability
that drives surface reconstruction in semi-infinite Pt(100). With H passivation from a postprocessing anneal,
we show that the sheared structure automatically reverts to the observed truncated cuboctahedral structure
and the average first nearest-neighbor Pt—Pt bond length increases by 3%, agreeing well with experiment.
We explain the stabilization of the truncated cuboctahedral structure due to H passivation via adsorption
energetics of hydrogen on Pt(100) and (111) facets, specifically, the preference for H adsorption at bridge
sites on (100) facets, which should be considered in a realistic model for H adsorption on Pt nanopatrticles.
We find that dramatic morphological change of a nanoparticle can occur even with small changes to first-
shell Pt—Pt coordination number. The implications of our findings when comparing to experimental data
are discussed.

Introduction these nanoparticles were deduced from data obtained iftom
situ extended X-ray absorption fine structure spectroscopy
(EXAFS), scanning transmission electron microscopy (STEM),
microprobe energy-dispersive X-ray analysis (EDX), and elec-
tron microdiffraction. The previous stuéghowed that the Pt
nanoparticles obtained from metallorganic precursor and reduced
by hydrogen (H) at high temperature are exceptionally well-
defined materials with a truncated cuboctahedral (TC) structure
based upon a face-centered-cubic, close-packed structure.
Recently, using TC Bt and P¢Rus; clusters supported on
graphene (a model for the carbon support), we applied density
functional theory (DFT) to calculate the properties, including
bond-length distributions, and we showed that the largePPt
bond-length disorder was intrinsic to the support/metal-nano-
particle system! a result of symmetry change and cluster-
support interactions. However, when synthesizing metal nano-
particles from metallorganics, it is a common practice to

Supported metal nanoparticles play a major role in many
important physical and chemical processes such as heteroge:
neous catalysis. The microstructure and morphology of sup-
ported metal nanoparticles largely determine the reactivity and
selectivity. Considerable effort has been expended to character-
ize experimentally the morphology of supported metal nano-
particles. Using chemical vapor deposition (CVD) and scanning
tunneling microscopy (STM), Pt deposition on graphite has been
studied previously.3 Given the rather weak interaction between
Pt and C, the samples consist mostly of 3-dimenional Pt isfands,
although, surprisingly, a monolayer of Pt has been found on
graphite? Using metallorganics as precursor, our collaborators
have synthesized Pt and -HRu nanoparticles on high-area
carbon with very narrow size distributions (a few nanometers
in diameter) for catalysis uge10 Detailed structural models of

(1) Muller, U.; Sattler, K.; Xhie, J.; Venkateswaran, N.; RainaJGVac. Sci. postanne_al the nanopartides (apprOXimately 700_ K for Pt
Technol., B1991, 9, 829-832. i nanoparticles on carb@rto remove any leftover organics, then,

2) Clark, G. W.; Kesmodel, L. LJ. Vac. Sci. Technol., B993 11, 131— . . . . .
136 prior to characterization, the particles are cooled igridh

3 Altlaamny F.; Burgi, T.; Schlogl, R.; Baiker, Aurf. Sci.2001, 475, 140~ environment to room temperature to prevent oxidation. In

(4) Nashner, M. S.; Frenkel, A. I.; Adler, D. L.; Shapley, J. R.; Nuzzo, R. G. contrast, helium (He) can also be used to prevent oxidation of
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12689-12703. (10) Teliska, M.; O'Grady, W. E.; Ramaker, D. E.Phys. Chem. B004 108
(8) Hills, C. W.; Mack, N. H.; Nuzzo, R. GJ. Phys. Chem. R003 107, 2333-2344.
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profound effect on the structures assessed. We note that severanergetics of K on Pt(100) and (111) facets. In addition, we
studies have shown that the adsorption of small molecules, suchdiscuss the implication of our results to the H adsorption model
as K, CO, and @, can induce structural changes of semi-infinite  on Pt nanoparticles and the relation between first-shell coordina-
Pt surfaced?13 A recent STEM experiment by Hansen ef4l.  tion number and morphology change.
on Cu nanopatrticles (4 nm diameter) supported on ZnO showed The paper is organized beginning with a section on compu-
that small adsorbates also could induce morphological changetational details, followed by the results and comparison to
in metal nanoparticles. experiment for (un)passivated nanoparticles and their morpho-
For the adsorption of hydrogen on Pt nanoparticles, three logical changes and stabilization, and final concluding remarks.
kinds of effects have been studied so far. First, the H-induced Importantly, so as not to repeat unnecessarily, we utilize the
changes in the Ptz white lines in X-ray absorption have been analysis of Pt nanoparticle bond lengths and distributions
studied by both X-ray absorption near edge spectroscopy detailed in our recent joint theoretical and experimental p&per.
(XANES) experimerif~18 and theoretical calculatioA8Second,
there is an increased PPt first nearest-neighbor (NN) bond
length in the Pt nanoparticles with the first shell coordination ~ For the electronic-structure calculation, we use BfFP within the
number between 5 and 7 induced by H adsorption on various local density approximation (LDA) based upon the exchange-correlation
supports, as reported in many EXAFS experiméi#&:24 Third, (XC) functional constructed_t_)y Ceperley-Aldtand pa_rametrize_d by
the H adsorption site and strength is both support ionicity and Perdew and Zungéf.We utilized a plane-wave basis set as imple-

coverage dependent, suggested in a recently proposed thn_:‘er_nented in the Vienna Atomic Simulation Package (VASP} within

) ) the projected augmented wave (PAW) metfAo#.A kinetic energy
m 1,22,25
site modef Depending on the coverage, H can be weakly cutoff of 250 eV in the plane-wave basis set was tested for convergence
as well as strongly bonded.

) i and found sufficient.
In this article, we concentrate on the morphology Change of  Calculations for the supported systems were done in a 7

the Pt nanoparticles supported on carbon due to the postpro-graphene hexagonal supercell of 17.%517.15 x 19.92 A with

cessing effects with and without H passivation. We address a periodic boundary conditions. Sufficient surrounding vacuum (at least
range of important questions, including: Is there a shear 12 A) is included to avoid unphysical interactions among repeating
instability of the supported Pt nanoparticles? Does H passivation Slabs in the direction. Separate calculations verified that the use of a
induce structural stability? And how much increase is in Pt single graphite sheet as an approximation for the support did not affect

first nearest-neighbor bond length due to H passivation? The 1€ results while markedly reducing the computational cost. We find
answers to these questions are critical to interpret and/or predic that thek-point mesh of x 1 x 1 is sufficient to give reliable results.
tThe total energy is converged to 3 meV/atom and the system is relaxed

the experimental obsgrvations. ) fully until the absolute force on each atom is smaller than 0.02 eV/A.
To detail and explain the effects of postanneal with He or in our first-principles molecular dynamics (MD) simulations to anneal
H, atmospheres on the nanoparticles morphology, we use DFTthe system and to reduce markedly the computational cost, we use the
to study the structural behavior of a well-characterizegy Pt time step of 20 femtosecond. We can use such a large time step only
supported on graphene 7€) without and with H passivation. by setting that the mass of C in graphene support to be 10 times larger
We find that without H passivation the TC structure has a shear than that of Pt. The goal of utilizing this approach within the initial
instability—reminiscent of Pt(001) surface reconstructiguch simulations is to make the Pt cluster sample large configuration changes
that the Pt(001) facets shear to a Pt(111)-like facet to lower its "Vith 10ng enough simulation time in the presence of the graphene
2T S . support. The details of the phonon modes in the graphene are smeared
energy*? With H passivation, we show that this sheared structure . )
. out. For the calculations of +adsorption on Pt (111) and (100) surfaces,
automatically reverts back to the TC. Moreover, the average

. . ) 0 . four atomic layer slabs are used with the bottom two layers fixed at
first nearest-neighbor PPt bond length increases by 3%, which  he pyik value. When considering different coverage of b 1 and

agrees quantitatively with experiments®¢ We explain the 2 » 2 surface unit cells are used with 2424 x 1 and 12x 12 x 1
stabilization of TC structure by H passivation with the adsorption k-point meshes, respectively.

Finally, to validate subsequent structural comparisons, we note the

Computational Details

(12) gzuylﬁl\él%;_m% D.Phys. Re. B: Condens. Matter Mater. Phy$995 VASP-PAW method reproduces (within the expected-@®% error
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Figure 1. Morphological changes of a Ptcluster (no H passivation) on

graphene. (a) Truncated cuboctahedral (TC) structure with three (100) facets

highlighted in red, green, and blue. (b) Structure is derived from (a) by
shearing of two of the (100) facets, green and blue, to (111) facets. (c)
Structure is derived from (b) by shearing of the last (100) facet, red, to
(111) facet. (d) Structure is derived from (c) by additional rearrangement
of the Pt atoms. The total energy is lowered gradually from (a) to (d) as
listed in Table 1. The large sphere stands for Pt and small for C.

Table 1. Relative Energy Reduction and Mean Interatomic
Distance (MIAD) for the Shape Change of Pt3;/C (no H
Passivation)

structure? energy (eV) MIAD (A)
a 0.00 5.41
b 1.54 5.36
[« 1.74 5.36
d 2.62 5.30

aSee Figure 1 for the structures denoted byda

we are within 0.5% error for the reference systems. We note for later
that the lattice constant of bulk Pt gives a near-neighbor bond length
of 2.765 A.

Results and Discussion

Morphology Change of Ptz on Graphene.The morphology
change of a R¥/C is presented in Figure 1. We start with the
TC structure as shown in Figure l1a, which consists of three

close-packed atomic layers, with 19, 12, and 6 Pt atoms in the
bottom, central, and top layers, respectively. The TC structure
has three (111) and (100) facets. The three (100) facets are

highlighted in Figure 1lain red, green, and blue. To find a lower
energy structure, we heat up the system to 1000 K via a first-
principle MD simulation and let the system to rearrange itself
without any constraint. Then, several lowest potential energy
structures are singled out with further ionic relaxatio0 & to

find their equilibrium. From this procedure, we have found

several structures within a class that have lower energy than

Figure 2. Snapshots of relaxation of 54 H atoms passivatgd®tFrom

(a) to (d), the total energy is lowered by only ionic relaxation. Change from
the structure of sheared TC (Figure 1b) to TC (Figure 1a) is barrier-free.
Large, medium, and small spheres are Pt, C, and H atoms, respectively.

instability behavior remains. Comparing Figure 1b with a, the
cluster is sheared such that two of the three (100) facets become
(111) facets. The energy reduction is 1.54 eV. A further shear
of the third (100) facet, as shown in Figure 1c, is not well
adapted with the underlying graphene lattice, so the energy
reduction is only about 0.2 eV with respect to Figure 1b, see
Table 1. The increased PPt interaction by shearing is
accompanied with decreased-& interaction with long PtC
distance. To become even lower in energy, shown in Figure
1d, Pt atoms in the bottom half of the cluster rearrange
themselves to shorten distances from carbon and increase Pt
interaction with respect to Figure 1b and c. As the result, some
parts of the original and (100)-derived (111) facets are distorted,
but the energy reduction of 0.9 eV with respect to Figure 1c is
quite large.

As noted earlier, the driving force of the morphology change
is the lowering of Pt cluster surface energy. To evaluate the
influence of shearing on the overallH#t bonds, we use a Pt
Pt mean interatomic distar®MIAD) of the cluster asiyap
= Nyt X023 |ARy|, wheren runs over all pairs of Pt atoms in
the cluster and\R, is the distance between each of those pairs.
This MIAD is listed in Table 1. As the total energy is lowered
gradually from (a) to (d), the PtPt MIAD decreases from 5.41
to 5.30 A. Therefore, lowering of the total energy by morphol-
ogy change is also the result of decreasing eff®tbond length,

i.e., stronger PtPt interactions.
Hydrogen-Passivated P§; on Graphene.To study the effect
of hydrogen passivation on the morphology of/Z, we attach
54 H atoms to the Pt atoms on the outer surface of the sheared

the TC structure. Three of such structures are shown in Figure TC structure in Figure 1b, except for the interface region

1b, c, and d, with the relative reduction in total energy listed in
Table 1 with respect to the TC structure.

Although the structure in Figure 1d is not guaranteed to be
the global minimum, the trend of morphology change from (a)
to (d) is obvious. It is well-known that the (100) open surface
of semi-infinite Pt is not stable; it relaxes to resemble (111)
surface to lower its surface energy. For small Pt cluster with
well-defined (100) facets like Bt we find that this shear-

between the cluster and support. Figure 2 shows the snapshots
of the ionic relaxation of the system. From Figure—2h the
shearing of the two (100) facets is gradually lifted and the (100)
facets are restored to be that of the TC structure. The fact that
just ionic relaxation is capable of causing the transformation
shows that the transition is barrier-free (a downhill transition
once H is adsorbed). A follow-up first-principle MD simulation

at 1000 K for the TC structure of Figure 2d shows that the

(38) Yin, M. T.; Cohen, M. L.Phys. Re. B: Condens. Matter Mater. Phys.
1984 29, 6996-6998.

3660 J. AM. CHEM. SOC. = VOL. 129, NO. 12, 2007

(39) Kummel, S.; Akola, J.; Manninen, MPhys. Re. Lett. 2000 84, 3827
3830.



Shear Instabilities in Metallic Nanoparticles ARTICLES

1.2 T T T T T T T T 1.2 T v T T T
— —a—(111)fcc —v—(111)hcp —e—(111)top _ —a—(111) fcc —w—(111)hcp —o—(111)top
3 1AL --0--(100)brg --0--(100)top --0--(100)hol { > 4.4[ --0-:(100)brg --0--(100)top --0--(100) hol
> >
) 1.0+ L ) o G L
8 8 Qrmmmm T L
w 0.9 {1 w 09} L
5 5
= 0.8} {1 & 0.8} 1
g g
207t {1 g 07}  Beseeenl. j
< <
T 0.6 1 T 0.6 L

o5l 05— : : : .

0.2 03 04 05 06 0.7 0.8 09 1.0 3.7 3.8 3.9 4.0 4.1
Coverage Lattice Constant (A)
(@) ()

Figure 3. Pt(111) and (100) hydrogen adsorption energy versus (a) coverage and (b) lattice constant at fixed coverage of 1.0. Results are given for fcc, hep,
and atop sites on Pt(111), as the bridge site is unstable, and bridge, atop, and hollow sites for Pt(100).

H-passivated TC is structurally very stable, for at this high O ' ' ' ' ' )
temperature there is no change in symmetry, only variations E 09l j
caused by vibrational effects. 3

There are three features worth notice in Figure 2d. First, on 2 08 7
the (100) and (111) facets, H atom prefers to adsorb on the = ozl ]
bridge sites (along the bond between two Pt atoms) and hollow %_ )
sites (within the triangle formed by three Pt surface atoms), § 0.6 §
respectively. Second, H appears underneath the cluster, i.e., in 2
the interface region between thesPtluster and carbon. This g 0.5F iy
shows that the coverage of H on the outer surface is about the Y , ) ) ) ) ,
optimal. The appearance of H inside the interface region also 25 30 35 40 45 S0 S5

Number of Adsorbed H Atom
Incremental adsorption energy of H on TG#supported on

agrees with a structural model recently propo$edThird, the
support has almost no buckling, in contrast to Figure 2a when
the cluster is sheared (or equivalently, Figure 1b when no H is
present). Thus, the PC interaction is reduced significantly with
the H passivation.

To explain the structural behaviors observed above on the
H-passivated B#/C. We studied the FHadsorption on semi-
infinite Pt(111) and (100) surfaces. It is well-known that H
adsorbs dissociatively on Pt surface. In Figure 3a, the depen-

dence of H adsorption energy on coverage on various adsorpt'on(larger) lattice constant gives larger (smaller) adsorption energy,

sites on P(111) and (100) is shown. On Pt(111), we find that and the expansion of lattice constant has larger effect than

the dependence of adsorption energy on coverage is linear fromcontraction on the adsorption energy. The opposite trend is true

0.25to 1. The lower coverage gives'the larger adsorption energy.co- the fee and hcp sites on Pt(111). In a summary, because the
The preference of the adsorption sites does not change. An fCCIattice constant is contracted from the bulk value on the outer

site is the most preferred adsorption site, followed closely by surface of a small Pt cluster, the adsorption of H atom on bridge

an hcp site. Atop site is the least preferred site, whereas a bridgeSites on Pt(100) facet is preferred by at least 0.2 eV over 3-fold

fsite i.s unstgbzlt; and relaxe§ tg fgcg: 'I\'/heT?]dsorp]Eion energydor;]ahouow sites on Pt(111) facet around 1.0 coverage. This explains
ce 5|te.at ) goverage IS 0. - ev. ) e preference and t every well the H configuration in the B{C passivated with 54
adsorption energies agree well with earlier DFT stutfesOn H in Figure 2. Most of H atoms adsorb on the bridge sites on

Pt(lQO), the depender_lce of adsorptipn energy on coverage isPt(lOO) facets and the 3-fold hollow sites on Pt(111) facets.
not linear, except for in the hollow site. For bridge and atop Only very few H atoms adsorb on atop sites

?;is&t,:; Cg\gefr;]%ea%fsgf t?(;\rlleeszntgre la\:ﬁasieidseogtpz)ozoir:;g)é The TC-Pt7/C has 27 Pt atoms on the outer surface. With
9 P gy P 9€all the bridge sites on (100) facets and 3-fold hollow sites on

O?efF; tr(rt?joiilz ::Stﬁ;hb?:j tr;a;:)en Xttéllallia?]g”z&lg?gé t:rz r;(;)tit(lll) facets occupied, the number of adsorbed H atom is 46.
P 9 ) P To get the optimal coverage of H on TG#?€C, we calculated

th? Ieas_t preferred. The adsorption energy of 0'97. ev on the the adsorption energy of H ong?passivated with 27, 46, 51,
bridge site on Pt(100) is the largest among all the sites on both . .
and 54 H atoms. The incremental adsorption energy per H atom

surfapgs. The strong preferepce of H on the bridge site of is plotted in Figure 4. From 27 to 46 H, it shows that adding
transition metal (100) surface is not unusual, as a recent study - ; .
one more H causes a reduction of 0.8 eV in total energy until

showed that H prefers to adsorb on the bridge site on 1(100) /e yrigge and 3-fold hollow sites are filled. From 46 to 54
surface® ) .
H, the energy reduction of adding one more H decreases

Figure 4.
graphene.

Figure 3b shows the dependence of adsorption energy on
lattice constant on various sites on both surfaces. For the bridge
site on (100) and atop site on (111), the equilibrium lattice
constant gives the largest adsorption energy and either contract-
ing or expanding lattice constant by 5% lowers the adsorption
energy. For the top and hollow sites on Pt(100), the smaller

(40) Greeley, J.; Mavrikakis, MJ. Phys. ChemB 2005 109, 3460-3471.
(41) Papoian, G.; Norskov, J. K.; Hoffmann, R.Am. Chem. So200Q 122,
4129-4144.

(42) Lerch, D.; Klein, A.; Schmidt, A.; Muller, S.; Hammer, L.; Heinz, K;;
Weinert, M.Phys. Re. B: Condens. Matter Mater. Phy8006 73, 075430.
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(a) (b)
Figure 5. Structure of TC-Pt37/C passivated with 46 H, (a) top and (b) side view (bonds not shown for clarity). Large, medium, and small spheres are Pt,
C, and H, respectively.

precipitously from 0.8 to 0.4 eV on atop sites. Thus, the optimal Table 2. Pt—Pt Bond Length and Coordination Number in
. . Nearest-Neighbor (NN) Shells of Pt3;/C?
coverage of TEPt7/C is with 46 H atoms. —
Recently, in their three-site adsorption model, Oudenhuijzen bond length (A) coordination number
et al?12225have shown that the atop site is preferred for H atom NN TC Pty TC Pty sheared Pty TCPl;  sheared Pty

at low coverage on a small Rtluster, but the 2-fold edge and ~ _she! with H without H without H wioH without H
3-fold hollow sites become preferred for H at high coverage. 1 2.75 2.68 2.67 6.97 6.76
At even higher coverage, atop sites are occupied again, but with g 2-32 i-g 3-‘112
much less adsorption energy. Their findings that the most 4 5.43 5.25 304

preferred adsorption sites are 2- and 3-fold sites for strongly
bonded H at high coverage and the weakly bonded H occupies @ With H, the shear instability is removed and bond lengths are increased
atop sites at even higher coverage agree with ours on a largeff SISEMENt Wb experiments (see ex) See bond length dtruton
Pt cluster. However, unlike our calculations, they did not

consider the adsorption of H on the (100) facets due to extreme

small size of their cluster. Here, we show that under H in NN bond length is not ensemble-average related but due to
atmosphere, the open (100) facet in Pt nanoparticle actually canH passivation during processing. Indeed, for small Pt nanopar-
be stabilized by H passivation; thus, the adsorption sites on (100)ticles with first-shell coordination numbers around 6, recent
facet should be strongly relevant to the experimental chemi- EXAFS experiment$ in H, and He atmosphere confirm the
sorption data of KWin Pt nanoparticle catalyzed hydrogenolysis change in P£Pt first NN bond lengths, e.g., 2.75 A with,H

and hydrogenation reactions. and 2.70 A with He for Pt clusters supported plumina at
Properties of Ptz/C Passivated by 46 H: Comparison to 175 K. On a different kind of carbon support (i.e., carbon
Experiment. Structure and Bond Length Distribution. The nanofibers), Koningberger et #.has shown PtPt bonds

structure of TG-Ptz7/C optimally passivated with 46 H atoms  increase due to H (2.6% 0.2—2.76 + 0.2 A). Even though
is shown in Figure 5. As explained earlier, H atoms adsorb on their Pt particles sit on a prismatic (instead of basal) plane of
bridge sites on (100) facet and on 3-fold hollow sites on (111) graphite, the H-induced effect on-P®Rt bond is similar to ours.
facet, as evidenced by H locations shown in Figure 5a. In Figure And, interestingly, our results show that extra H can easily go
5b, the intralayer buckling and interlayer distances are shown. into the interface between Pt particle and carbon suppott. Pt
Compared with those for the bare F@t7/C (details in ref 11), Pt bond lengths also increase in the higher shells as listed in
the intralayer buckling of 0.03 A is very small, so the graphene Table 2.
sheet is undistorted by the presence of the H-passivated Pt We note that the H passivation effect onPt bond length
cluster, and there is a large adsorption distance of 3.24 A is strongly size-dependent. For smaller Pt nanoparticles with
between R and graphene that reflects the weak—Et first-shell coordination numbers from 5 to 7, an increase ef Pt
interaction. In contrast to the barezP€!! the intralayer Pt bond length has been observed on various supfoids
buckling of the three Pt layers are all very small, in the range But for larger Pt nanoparticles with a coordination number
of 0.06 to 0.08 A. As a result, there is a complete disappearancebeyond 8, no such effect has been observed. The reason is that
of the upward relaxation of Riy) atoms in the bottom layer  the relation between first-shell coordination number and particle
that was found in ref 11, and hence, the bond length distribution size is not linear, roughly proportional to the square root of the
and bond disorder changes. Essentially, the increased interlayeparticle diameter. For example, the first shell coordination
distances among Pt layers mean larger NNPtbond lengths. number for TC P, Pk7, Py clusters, and bulk Pt are 4.80,
As listed in Table 2, the first NN PtPt bond length increases  6.97, 8.20, and 12.0, respectively. A small increase in the
from 2.68 A without H passivation (e.g., in He) to 2.75 A with  coordination number above 8 can reflect a much larger cluster
H passivation. This 3% increase ofHRt first NN bond length and substantially more bulk-like Pt bonds. Thus, the H passi-
in P37 due to passivation now agrees quantitatively well with vation effect on PtPt bond length should disappear rapidly
experiments that perform an anneal in &imosphere before  for larger Pt particles.
characterizatiod®20-24 \We note that EXAFS measures an As shown in Figure 6a, the first NN PPt bond length has
ensemble average but that the cluster size distribution found ina broad multi-modal distribution from 2.62 to 2.93 A. The
experiment was narrow. Hence, the principle effect for increase longest Pt+Pt bond is between the center of Pt(100) facet and
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Figure 6. (a) For a TG-Ptz7/C passivated with 46 H, the distribution of NN-FRt bond lengths, with average of 2.75 A. The relaxed structure is shown
in (b), with legend as in Figure 5. Significant-R€ and Pt+Pt bonds (defined by the two connected atoms) are denoted by black line and corresponding
bond lengths are listed. Pt and C are labeled in numbers and letters, respectively FRtoo, and closet C atoms are highlighted.
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Figure 7. Projected density of states on Pt (with[out] H passivation solid
[dotted]) and H (dashed) for ad¥C. The Fermi level is energy zero (vertical
dashed line). Stabilization via H adsorption is evident from the decrease of

states at Fermi level with concomitant increased states at energy well below

the Fermi level.

a Pt atom in the bottom layer (labeled-4). The shortest Pt
Pt bond is between two Pt atoms in the bottom layer (labeled
2—3). The highlighted Ri11)and Pfoo) atoms (in green halos)

tion.16:20 Unlike the morphology change found in our DFT
calculations for R/C, which is due to the shear instability
without H passivation, ref 20 concluded that there is no structural
change of Pt nanoparticles with(out) H passivation. Even though
the morphology change of supported Pt nanoparticles should
be affected by the difference in metedupport as well as metal-
adsorbate interaction, our results clearly show that small changes
in the first-shell coordination number cannot rule out the
possibility of a morphology change. Thus, the common as-
sumption in EXAFS analysis that a small coordination number
change implies that no morphological change has occurred
should be verified case by case.

Electronic Structure and Origin of Bond Length Increase.
In Figure 7, the electronic density of states (DOS) are projected
on Ptand H in the H-passivated ¥®t7/C. The DOS projected
on Pt in the unpassivated case is also shown. The liinds
and Hs band hybridize to give bonding states starting from 10
eV to the Fermi level. The effect is to shift Pt-derived bands to
lower energy, leaving the highest-energy antibonding states just
above the Fermi level. This picture of hybridization between

are in the same plane as the other Pt in the bottom layer andPt d bands and Hs band for the H-passivated Pt cluster is the

the Pt-Pt bond lengths in the central layer perimeter are almost
the same. This is in distinct contrast to the barg/Btwhere
the central layer had successive long and shortPRtbond

same as that studied for the adsorption of hydrogen on semi-
infinite Pt surface$! The bonding between Pt and H is at the
cost of weakening the Pt bonding, which concomitantly

around its perimeter leading to the much smaller bond lengths increases the NN P#t bond lengths, as shown earlier. The

when cluster is annealed in helidthAgain the large PtC
distances show that PC interaction is very small.
Coordination Number and Morphology Change. Also
listed in Table 2 are coordination numbers of the sheared
structure that occur without H passivation, shown in Figure 1b,
and those of the TC structure that occurs from H passivation.

antibonding states just above the Fermi level was suggested to
be responsible for the shift of Pglwhite line in XANES16.18

Conclusion

In conclusion, we have shown that hydrogen (H) passivation
stabilize the truncated cuboctahedral structure gf Eluster

For the sheared structure, only the coordination number of the supported on carbon by removing an electronically induced shear

first shell is listed since the coordination numbers in the higher
shells are not well defined. Compared with a TC structure, the

instability of Pt(001) facetsan effect responsible for the
reconstruction of semi-infinite bulk Pt(001) surfaces. Without

sheared structure has only a 0.2 smaller first-shell coordinationH passivation, the morphology change of thg;Riuster is

number. This small decrease agrees with our collaborators’
recent EXAFS experiment on Pt nanoparticleg/efl 05 (from
5.8 + 0.2 with H passivation to 5.5+ 0.2 without H
passivationf

We note that other EXAFS studies on Pt nanoparticles of
similar size (with first shell coordination number of-3) on

different supports also reported such small decreases in first-

shell coordination number upon the removal of H passiva-

driven by the shearing of (100) to (111) facets to lower the
surface energy, yet the change in the first-shell coordination is
small (~0.2) and, hence, cannot be used as an indication that
there is no morphological change. With H passivation, the
shearing is reversed by a much-preferred adsorption of H atom
on the bridge sites of the (100) facets, which should be included
in a realistic model of H adsorption on Pt nanoparticles. This
structural reversal from sheared to unsheared cuboctahedral
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morphology is downhill in energy, and leads to the observed a guide for interpreting experiments, such as EXAFS, where

truncated cuboctahedral structure for carbon-supported Pt nanomodels must be generally considered, and again highlights the
particles annealed in hydrogen atmosphere. Due to H passivaimportance of passivation and morphological changes in the
tion, the P+C interaction is reduced and the first nearest- observed properties of nanoparticles.

neighbor P+Pt bond length is increased by 3%, which agrees

quantitatively with EXAFS dat&®29-24 Our results highlight

the importance of considering the experimental processing and
annealing conditions before directly comparing experimental and
theoretical results, and reveal the nature of bulk-like structural

instabilities that persist down to nanoscale clusters. All the

physical changes result from a fundamental electronic effect . . .

incomplete filling of Ptd states at the Fermi level, which is gﬁﬂné?éstzgrgggh National Science Foundation ITR grant
also why hydrogen is adsorbed readily and reverses the innate )
shear instability. These results should be particularly useful as JA068750H
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