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Chapter 5

Multimetallic Au/FePt3 Nanoparticles as Highly
Durable Electrocatalyst

Wc report the design and synthesis of multimetallic AulPt-bimctallic nanoparticlcs

as a highly durable clcctrocatalysl for the oxygen reduction reaction (ORR) in

proton exchange membrane fuel cells (PEMFCs). This system was first of all

studied on well-defined Pt and FePt thin films deposited on a Au(lll) surface,

which has guided the development of novel synthetic routes toward shapc

controlled All nanoparticles, coated with a Pt-bimetallic alloy. It has been

demonstrated that these multimetallic Au/FePt3 nanoparticles possess both the high

catalytic activity of Pt-bimetallic alloys and the superior durability of the tailored

morphology and composition profile, with mass-activity enhancement of more than

onc order of magnitude over Pt catalysts. The reported synergy between well

defined surfaces and nanoparticle synthesis olTers a persuasive approach toward

nanomaterials with advanced functionality.

The contcnts of this chapter havc been submitted: C. Wang, D. van dCT Vlict, K.L. More, NJ.
Zaluzec, S. Peng, S. Sun, 1-1. Daimon, G. Wang, J. Grcdcy, J. Pcarson, A.P. Paulikas, G.
Karapctrov, D. Strmcnik, N.M. Markovic and V. R. Stamcnkovic, Nano Leu., (2010)
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Chap/er 5

5.1 Introduction

Fuel cell technology is believed to be the next generation of energy solutions for

powering stationary systems, portable electronic devices and vehicles. llJ With

hydrogen as a fuel, this technology is environmentally friendly, as it generates

electricity from the hydrogen oxidation reaction at the anode and oxygen reduction

reaction (ORR) at the cathode, producing water as the only by-product. Platinum in
the form of nanoparticles dispersed on a high surface area carbon matrix is

considered to be the catalyst of choice for these two reactions. [2] However, Pt that

is in gencral chcmically inert becomes unstable when exposed to the hostile

clectrochemical environments where Pt surface atoms dissolve and migratc,

resulting in aggregation of nanoparticles and loss of surface area, activity and power

density. [3] Specifically, the instability of Pt at the cathode side represents onc of

the major limitations for commercialization of this technology.

Numcrous rescareh efforts have indicated that the activity of Pt catalysts can be

improved by alloying Pt with transition metals such as Fe, Co or Ni. [4-131 In

recent studies we examined the extended surfaces of these alloys, and reported that

the high activity originated from the modified electronic structures of Pt, which
altered the adsorption of spectator specIes from the electrolyte and the binding

encrgics ofkcy reaction intermediatcs, and thus improved the reaction kinetics. [12

15J Despite the quest for more active systems, the stability of catalysts is less well

investigated, with the cxecption of a fcw studies that have offered some promising

directions. [3, 16, 17] It has also bcen rcported that Pt surface sites with low

coordination numbers, such as stcp cdges, corners, kinks, and adatoms, arc more

vulnerable to dissolution than the atoms arranged in the long-range ordered (Ill) or

(100) facets [181, as confirmed by scanning tunnelling microscopy (STM) studies

combined with eleetrochemical and infrared characterizations of Pt single crystal

surfaces covcrcd with adsorbed CO. [19] In all cases it has been found that the

adsorption of surface oxides takes place first on the low 6 coordinated Pt sites. Once
formcd, thc rathcr strong Pt-oxide interaction induces substantial morphological

changes of the topmost Pt laycr, triggering the decay in fuel cell performance.

Therefore, it becomes necessary to study the catalytically active materials on a more

fundamental level in ordcr to devclop advanced catalysts with not only high

activity, but also supcrior durability.
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Mullimelallic Au/FePI) Nanoparlicles as Highly Durable ElecfroCQlalysl

Considering that Pt-bimetallic materials have been extensively investigated it is

plausible to propose that multimetallic systems could offer unprecedented benefits

in catalysis by bringing together, in a controlled manner, highly diverse constituents

that might be utilized to alter and tune not only catalytic properties, but the

durability of thc catalyst as well. Here wc present an advanced catalyst based on

multi metallic Au/FcPt nanoparticles (NPs), which is catalytically active and highly

durable for the ORR. The choice of elements was partially based on the recent

reports of composite nanostructures for catalytic applications [20, 21}, but more on

our earlier studies of monodisperse Au NPs r22l. Au single crystals modified with

Pd thin films 1231, and Pt-bimetallic alloys. 112, 131 The initial experiments were

carried out on well-defined surfaces orbinary Au(l I I)-Pt and ternary Au(\ I 1)-FePt

systems. The obtained fundamental insight into the synergy between these materials
has enabled us to resolve, define and utilize the exact role of each constituent in a

ternary system. This has guided the synthesis of tailored NPs possessing favorable

coordination of surface active sites, distribution of elements and amount of Pt in the

system.

5.2 Results

Thin films of bimetallic FePt) (and/or Pt) were deposited in vacuum over a Au(lll)

substrate. The film thickness was chosen to be approximately five atomic layers in

order to mimic the advanced catalytic properties of the nanosegregated
concentration profile previously established for bulk Pt-bimetallic alloys. [12]

Figure 5.1 summarizes the results from the rotating disk electrode (ROE)

measurements obtained for these thin films and demonstrates that, in accordance

with the e1ectrochemical properties of individual elements, addition of each of these

metals induces extra functionality in the catalyst: I) Au is chemically stable in acidic

electrolyte and electrochemically inactive for the ORR (E > 0.6 V). Au is also inert
towards the adsorptionldesorption processes of underpotentially deposited hydrogen

Hupd (region I) and surface oxides OHad (region Ill, the potential range of interest

for the ORR), although the latter is evident in region IV between 1.2 < E < 1.6 V;

il) Pt is the only metal in this system that adsorbs underpotentially deposited

hydrogen (Hupd) (region I) and is aClive for the ORR with respectable, but not
satisfactory slability; iil) addition of Fe atoms in an alloy with Pt is knovro to induce

catalytic enhancemenlS for the ORR. 1131
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Figu"e 5.1. Electr'ochemical RDE characte,"izMion of Au(J 11) surface (g.·:ty) and Pt (g"een),
FePt3 ("ed) thin film surfaces suppo,·ted on Au(J ll) substrate in 0.1 M HCI04: (a) cyclic
voltammetl"ies show that the onset of oxide adsorption on Au is positively shifted by mo."e
than 600 mV vs. Pt, indicating that Pt is much mOl'e oxophilic than Au; (b) polarization
cUl'ves fol' the ORR lit 1600 rpm IInd (c) summal'y of specific activities fol' the ORR@0.9 V
vs. RHE, at 60°C with 1600 I"pm with a sw('ep rate of 50 mV/s.

The voltammetries depicted in Figure 5.1 a reveal that Pt is much more oxophilic

than Au, which is clearly visible from the difference in the onset potential of oxide

adsorption (a positive shift by 600 mY on Au vs. Pt demonstrates that Au is more

difficult to be oxidized than Pt). The same figure also shows Pt-like behavior of the

Au(lll)-Pt and Au(111)-FePt3 thin film surfaces with pronounced Pt-like Hupd
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Mullimelallic Au/FePI) Nanoparlicles as Highly Durable ElecfroCQlalysl

peaks (region I) as well as Pt-oxide adsorption/desorption peaks in the potential
region III 0.6 < E < 1.1 V. Moreover, the differences in voltammetry between Pt
and FeP!J thin film surfaces are clearly visible, i.e., suppressed Hupd region and
positive potential shift of the onsel of surface oxide formation for Au(III)-FePtJ.
[12, 13] Consequently, this is reOected by a considerably improved (-2.5 fold)
spccific catalytic activity for thc ORR measured on the Au(III)-FcPt) surfacc.
There was no change in activity between Pt-poly and Au( III )-Pt elcetrodes,

implying that the Au substrate does not alter the adsorption/electronic/catalytic
properties of the outermost Pt atoms (figure 5.lb and 5.lc).
In addition to the improvement in activity, it was also found that the ternary system

exhibited high stability during the electrochemieal experiments (sec section 5.7,
figures 5.14-5.17). Prolonged electrochemical characterizations and measurements
at extremely high ovcrpotentials relevant for the oxygen evolution reaction have

indicated the absence of Au atoms on the surface (Figure 5.18 and 5.19). Regardless
of the temperature range (20 to 60QC) or potential limit (which was as high as

-1.7 V versus the reversible hydrogen electrode, RHE), the surface did not suffer
any change in composition. Based on the fundamental properties of Au and Pt, it is
always expected to have diffusion of Au bulk atoms toward and over Pt surface

atoms due to the difference in surface segregation energies.l24] However, this was
not the case for Pt or Pt-bimetallic thin films on the Au substrate. These results
provide important insights and show that the multimetallic system, comprised of a
PtlPt-bimetallic surface layer over a Au substrate, is highly stable, despite the

standard thermodynamic arguments mentioned above.
Scvcral csscntial findings were obtained from the well-defined extended ternary

systems such as: I) the multilayered Pt-bimetallic thin film could govern the
catalytic properties to the same extent as in the case of bulk Pt-bimetallic systems;

ii) the Au substrate could replace buried non-functional Pt atoms; iit) an
dectrochemically morc inert Au substrate could facilitate the stabilization of the

topmost Pt atoms. These findings were used as a guide in designing and
synthesizing an advanced nanoscale electroeatalyst. In order to synthesize
multimetallic NPs with the preferred surface coordination and concentration profile,
wc aimed toward shape-controlled Au NPs coated with a Pt-bimetallic alloy. [25
27]
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Chapter 5

5.3 Core shell particle synthesis and analysis

Au particles

TEM

':. "~;". ",

.. ~"'
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2DO"C
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FigUl'e 5.2. Synthesis and cha.-actel"ization of cOI"e/shell Au/FePt) Ps. (a) Schematic
iJlustration of core/sheD AuIFePt3 Ps s)'nthesis. TEM, HRTEM and XRD chal'actel"ization
of: (b) 7 nm Au, (c) 7/1.5 nm cOI"e/sheIl Au/FePt) Ps and (d) 10 nm FePt3. The twinning
boundarics for five-fold symmetr)' axes were marked by dash lines in the HRTEM images of
Au and AuIFePt3 NPs, where the insets show their respective fast Foul'icl' transform (FFT)
pattems with multi-fold symmeh"}' deady identified. The positions of (lIl) and (200) peaks
fOI' Au (I'ed) and FePt3 (black) al"e mal"ked with dotted lines I"espectively in the XRD
pattems.
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Au NPs were prepared via the reduction of chloroauric acid (HAuCI4) by Terl

butylamine-borane at room temperature [22], while epitaxial coating by FePtJ was

done by mixing Au Ps with platinum acetylacetonate, Pt(acach, at 120°C in the

presence of oleic acid and oleylamine, followed by adding Fe(CO)s and further

growth at 200°C (Figure 5.2a). The molar ratio ofFe(CO)s to Pt(acac)2 was adjusted

to control the composition of the coating,[28] with a ratio of 0.8 : I giving

Fe: Pt = J : 3 (Figure 5.12 and 5.20). Similar synthetic conditions without Au seeds

were used to obtain Pt and FePt3 NPs of the same size in order to eliminate particle

size effect [29-32] in the following study. As-synthesized NPs were incorporated

into carbon black (900 m2/g), and the organic surfactants were removed by heating

the NPs/carbon mixture in oxygen rich atmosphere.

(hll

.....

(e)

(f)

.......\ .."::::\
\..~,~

Figure 5.3. (a - d) Representative HRTEM images of icosahedral Au/FePt3 P viewed along
different directions with (e, f) the cOITesponding orientation of model particles. (g) The
alTangement of atoms ext.-acted from the facets al"ound a five-fold symmeh'y axis of an
icosahedron and (h) its FFT pattern. The multi-fold symmetry in the FFT pattel"ll can be
compal"able with those shown in FigUl'e 5.2.
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lHAADF - STEM Au Pt ,. overlap.~ ••••
10nm 10 nm 10 nm 10 nm

Figure 5.2 depicts the morphology, structure and size of the AuJFePt3 NPs with the

standard deviation in size distribution less than 5%. The average diameter of the

monodisperse Au NPs increased from 7 to 10 nm after the FePt3 coating

(figure 5.2b), indicating that a 1.5 nm thick layer has been deposited over the Au

seeding NPs (Figure 5.2c). High resolution TEM (HRTEM) images in figure 5.2

reveal substantial differences in morphology among the particles. The Au NPs

possess an icosahedral shape [22] while the FePt3 NPs have a cubo-octahedral

shape that is typical for Pt and Pt-bimetallic NPs. From figure 5.2 it is also obvious

that the icosahedron-like morphology of the Au seeds is retained after coating with

the FePt3, as evidenced by the presence of fivefold symmetry axis, which is

considered to be the characteristic feature of this type of morphology (figure 5.2c

and 5.3).[33-35]

(a)

(b) (d) -Pt
-Au
-Fe '.

~
u;
C

S
.5

(c)

FigUl'e 5.4. Elemental distribution analysis of cOI'e/shell Au/FePt3 Ps: (:1) HAADF-STEM
ch:u'aetel'izarion and elemental mapping of An (gl'een), Pt {I'cd) and theil' ovel'lap; (b), (c)
the elemental maps of Au and Pt for a single core/shell particle and (d) line profile 
elemental distl'ibution along a single particle.
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Although it is difficult to distinguish Au from Pt in HRTEM images (figure 5.2c)

due to the negligible contrast between these two elements, the concentration profile

of multimetallic particles was established by elemental analysis carried out by

scanning transmission electron microscopy (STEM). Figure 5.4a shows the high

angle annular dark field (HAADF) STEM image and elemental mapping of Au and

Pt in the NPs, indicating that Au (green) is surrounded by Pt (red) (additional

images are given in figure 5.5; however, the signal for Fe is rather weak and

mapping of Fe is statistically challenged). Figure 5.4b and 5Ac present elemental

mapping of Pt and Au in a single -10 om NP, while figure 5Ad shows the line

profiles for all three elements obtained by scanning e-beam across the NP. It can be

seen that the Au peak (green line) is about 3 nm narrower than the Pt peak (red

line), confirming the coating thickness of about 1.5 llill.

4 6 8 10

Position (nm)

Figure 5.5. More images fol' element mapping of Au/FePt3 P by HAADF-STEM. The
concenh·ation p"ofile is deal"ly seen by the ovel"lapping image (left) of Pt :Illd Au. Below,
additional line p.·ofile is given fo.· a single AufFePt3 plllticle that .·eve:t1s the coMing thickens
and its concentJ·ation profile.
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The concentration profile was also verified by the structural and optical

characterizations of the Au/FePt3 NPs. The X-ray diffraction (XRD) patterns of the

Au seeds, Au/FePt3 and FePt3 NPs have typical peaks offcc crystals (Figure 5.2 and

S11). By taking a close view of the XRD patterns, we find that the (Ill) peak of

Au/FePt3 NPs is downshifted compared to that of FePt3 NPs, and the spacing

between the adjacent (Ill) planes are calculated to be 0.235 nm, 0.227 om and

0.223 nm for Au, AulFePt3 and FePt3 NPs respectively according to Bragg's law. A

similar trend can also be established for (200) and other peaks. This observation

implies that the average Pt-Pt bonding length in the AuIFePt3 NPs is slightly larger

than that in FePt3 NPs. Such an increase of metallic bonding radius in the coated

FePt3 could originate from alloying at the AuIFePt3 interface where no clear

boundary exists and an intermixed phase is formed between Au and FePt3 (which

has also b en contlrmed by HAADF STEM analyses, tigure 5.8). Additionally,

optical properties of AulFePt3 NPs were investigated by UV-Vis spectroscopy

(figure 5.6). The 7 om Au NPs have a strong surface plasmonic absorption peak at

520 om. [36] In contrast, the AulFePt3 Ps show a featureless spectrum similar to

the FePt3 NPs. This, plus the elemental analysis, proves that the Au seeds are

entirely coated by FePt3 in the multimetallic NPs.

::s
l'tI-C
o
;:
0-...
o
f1l.c
«

7 nmAu

7t1.5 nm Au/FePI
3

10 nm FePI
3

400 500 600 700

Figure 5.6. UV-vis spectra of Au/FePt3 and Au Ps dispel"Sed in hexane. 7 nm Au Ps show
a surface plasmon resonance peak al'ound 520 nm, but AuIFePtJ Ps have no visible feature
in the UV-vis spectrum (just like FePt3 Ps). This confirms that the Au seeds were entirely
coated by FePtJ, and no Au atoms al'e pl'esent on the surface of multimetallic pm'tides.
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(111)
, ,
: Au,
,,
,,

: FePt,
,,

,,,,,,,

AulFePt,

26

Figure 5.7. Whole nlDge of XRD patteI'Ds for Au, FePt3, and Au/FePtJ NPs. In addition to
(ll J) and (200) peaks shown in Figure 5.2, shift for high-:mgle peaks (220) and (311) 3I'e
mal'ked hcrc (dashcd Iincs: orangc fOl' Au, and bluc for FcPt3), Particularly, thc pattcI'D for
AuIFcPt3 NPs shows no extra peak at thc positions of Au (220) and Au (311) pcaks,
indicating ncithcr frcc Au nor dimmer-likc Au-FcPt3 Ps cxist aftcl' coating.

Figurc 5,8. HAADF-STEM analysis of the interfacial alloying in thc AuIFcPtJ NPs. Thc Au
map shows -Snm corc of pure Au (ycllow) and -1 nm thick laycr of mixcd Au-Pt-Fc (red).
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5.4 Electrochemical characterization

Electrochemical characterization of the Ps was done by ROE with a glassy carbon

disk (figure 5.9). Based on the cyclic voltammetries obtained for different catalysts

the AuIFePt3 behaves just like Pt and FePt3 NPs, indicating that the multimetallic

particles have a Pt-rich surface. The catalytic perfonnance of AulFePt3/C for the

ORR is similar to its bimetallic counterpart FePt3/C, with an improvement factor of

> 3 versus PtlC catalyst, which is consistent with the results measured on well

defined extended surfaces. Additional insights for the Au/FePt3/C NPs were

obtained from the electrochemical CO oxidation and cyclic voltamrnetry by

opening potential up to 1.7 V (figure 5.21). A perfect match between Hup<! and CO

stripping charge combined with the absence of Au redox peaks at 1.35 and LIS V

prove that there is no presence of Au atoms on the surface of the multimetallic

particles. The electrochemical results indicate that a highly efficient chemical

coating of the Au substrate has produced a homogeneous layer of the Pt-bimetallic

alloy without Au atoms in the topmost surface layer.
150 "0
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Figure 5.9. Electrochemical RDE chal'acterization of Pt/C (grey), FePt3/C (blue) and
AufFePt3fC (I'ed) catalysts in O.IM HCI04: (a), (b) c)'dic voltammetries, (c) specific
activities at 1600 I'pm fOI' the ORR at different elech'ode potentinls (Tnfel plot) nnd (d)
summnl'y of specific activities fOI' the ORR t 0.9 V vs. RHE, lit 600C with 1600 I'pm with n
sweep I'lIte of20 mY/so
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The most vital feedback from the electrochemical characterization has been

obtained from the durability measurements. These experiments were designed to

imitate the operating conditions of fuel cells and were carried out by cycling the

potential between 0.6 V and 1.1 V (versus RH E) in an oxygen saturated electrolyte,

Figure 5.1 Oa-c shows the summary of the electrochemical properties of Au/FePt3/C

compared with PtlC and FePt3/C before and after 60,000 potential cycles. No

significant loss in surface area or specific activity was observed for AulFePt3/C, in

contrast to FePt3/C and Ptlc. Of particular note is that the initial specific activity of

the AulFePt3/C catalyst was as high as that of FePt3/C, but after the potential

cycling the activity of FePt3/C dropped much more than the activity of AulFePt3/C

did. After the potential cycling the multimetallic catalyst has 7 times higher specific

activity, and more than one order of magnitude higher mass activity than Ptlc.

.....
_"RerC)'CiflCl

f....,

n 1
PVC FoPyC AulFePt,'C

(d)
Initial morphology

PtlC

(e)
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Figurc 5.10. Stability charactcrization of thc Pt/C, FCPt3/C and AulFePt3/C catalysts by
60,000 potential cyclcs bchveen 0.6 V and 1.1 V vs. RHE in ox}'gen slltUl'ated 0.1 HCI04

elech'ol}'te at ZO"C with a sweep nlte of 50 mVIs: (a-c) SummaI'}' of the specific SUl-race uea,
spccific and mass activitics and (d-t) TEM charactcrization of thc catalysts bcfol'c and after
the potcntial cycling.
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In order to understand the enhanced stability of AuIFePtJC catalyst and get detailed

insight into the degradation mechanism, TEM characterization was performed

before and after the stability studies (figure 5.10d-f). No observable change can be

seen for AulFePt3 .Ps before and after the 60,000 potential cycles, neither in size

nor shape (figure 5.1 Of and TEM images in figure 5.1 J). However, after the

potential cycles, the size of Pt and FePt3 NPs has been substantially changed

(Figure 5.1 Od and 5.1 Oe). Big particles of over 20 nm in diameter are formed, due to

the Pt instability and well-known phenomena of Ostwald ripening during

electrochemical cycling. [3] These results provide remarkable evidence for the

devastating morphology changes suffered by FePt3/C and PtJC catalysts, which

have had a direct influence on the decay in catalyst performance. On the contrary,

the multirnetallic AulFePt3 NPs do not suffer from any obvious change in

morphology or performance, and represent a highly durable electrocatalyst for the

ORR.

Figurc 5.11. TEM imagcs of thc thrcc catalysts aftcr thc stability test of 60,000 cycles from
O.GV to 1.1 V vs. RUE. In the case of AulFePtiC, though some Ps stack togethel', they can
still be individually distinguishcd from cach othcr.

5.5 Discussion

Since the catalytic activity of AuIFePtJiC is at the same level as that for FePt3/C, it

is not likely that the Au core directly affects the electronic/adsorption/catalytic

properties of the surface Pt atoms. This is consistent with what we observed in thin

films, i.e., the activity ofa Au(l I I)-Pt surface did not differ from that ofa Pt-poly

surface, suggesting unchanged electronic properties of the topmost Pt atoms. For

that reason, the mechanism of stability improvement observed in the AuIFePt3

system should be considered as being due to the synergy between the particle

morphology and its unique concentration profile. Thus it is plausible to propose that
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Mullimelallic Au/FePI) Nanoparlicles as Highly Durable ElecfroCQlalysl

the Au core plays a key role in the durability enhancement while the topmost Pt

atoms, electronically altered by the subsurface Fe, provide the high catalytic

activity.

oleVlamine
oleic acid ~ 20Cl"C

<;.A;"./F,;'~pt~, ....._.:_ •• • •• • •••....:.:..-
::-. t
•• •••••.. .•. ..-. ... -......- :"""_,0
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Figure 5.12. Scheme of Au/FePtj I"P s}'nlhesis. Pt(acac)2 was the,·mall}' ,·educed bJ
oll'}'lamill(, to Pt, and simulhtnl'Ousl}' Fl'(CO)5 dl'composl'd to Fl'. Pt and Fl' lIuckatffi
(coaled) onl' Au seeds inlo Au/FePlj NPs. III Ihl' ahselln' of All seeds, FI'Pt j NPs can g'·ow
Ulllk .. th(' SlIml' s}'nth('tic conditions IInd sill' can hI.' cOlltl'olll'd.

As discussed above, wc have demonstrated the control of morphology through

seed-mediated growth using the distinctive icosahedral Au seeds; direct synthesis

without Au seeds produced FePt} NPs of cuba-octahedral shape (figure 5.12), the

most common morphology for Pt and Pt-bimetallic catalysts reported in the
literature.

Considering that surface atom solubility is highly dependent on its coordination

number (the number of nearest ncighbors) [18, 29, 37], the low-coordinated atoms

arc more sensitive to oxidation and dissolution in eleetroehemieal environments.

[18, 19] In particular, an atom on a (Ill) facet has a coordination number of 9,

versus 8 for (100) facets, 7 for edge sites and 6 for corner sites on a cuba-octahedral

particle (figure 5.13). Correspondingly, the spatial arrangemcnt of thc topmost

atoms in an icosahedron-like panicle would diminish the numbcr of low

coordinated surface sites and increase surface average coordination number

compared to cubo-octahedral particles (figure 5.13 and 5.22), e.g., 12 atoms with

81



Chapter 5

the coordination number of 6 on an icosahedron vs. 24 on a cubo-octehedron.

Therefore, it is reasonable to expect that the surface atoms of an icosahedron-like

AulFePt3 NPs are less vulnerable to dissolution than those of cubo-octahedral FePt3

NPs, thus enhancing the durability ofthe multi metallic catalyst.

(a) (b)

Figure 5.13. The detailed anal)'sis of the coordination number distribution of Pt surafcc
atoms ora 10 nm NP in (a) icosahedl'al 01' (b) cuboocahedral shape. There are 29881 atoms
in the cubo-octahedl'al P, and 28741 atoms in the icosahedl'al P. Stastical,'csults (listed
in section 5.7) show that the sUl'face oficosahedron has highcr avcrage coordination numbcr
tban that of cubo-octahedron.

In accordance with surface segregation energies in transition metals [38], a gold

enriched surface would be expected in this system. However, no trace of surface Au

was found from lemental mapping and electrochemical measurements, signitying

that the stable topmost layer consists of Pt atoms only, while interfacial alloying

between the Au core and the Pt-bimetallic shell might occur in the subsurface

layers. A similar divergence in surface composition from the thermodynamically

favorable state was also reported for RhJPd core/shell Ps, and it was found to be

strongly dependent on the nature of the reactive environment. [24] For the given

electrochemical conditions, apparently Pt is easier to be oxidized than Au

(figure 5.1), which provides the driving force for Pt atoms to stay on the surface in a

highly oxophilic environment. Therefore, we propose here that the counterbalance

between the two opposing forces; the rather strong interaction between Pt and

surface oxides on one side, and the tendency of Au to segregate over Pt on the other

side, have induced ano her beneficial stabilization mechanism of the topmost Pt

layer (figure 5.23 and 5.24). It turns out that these two opposing energetic driving

forces are of comparable magnitude, according to first-principles calculations. In
particular, the surface-adsorbed 0 or OH groups, in proximity to Au atoms (for

example, at sufficiently high 0 coverages), can reverse the thermodynamic driving

force for Au to segregate to the surface of a Pt lattice. In effect, as discussed above,
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the energetic preference for Au to be on the surface of Pt in vacuum is canccllcd out
by thc reduced arfinity of Au for adsorbed oxygen containing species. These results,
in turn, imply that Au will remain below the Pt surface during electrochemical
operation at potentials sufficicntly high to causc adsorption of oxygen containing
specics. Thus, the adsorbatc-indueed segregation has led to the formation of a Pt
skin layer, which is electronically/catalytically altered by subsurface Fe while
stabilized by subsurface Au.

The existence of subsurface Au atoms makes an additional contribution to the
durability enhancement of the Pt skin layer by modifying the well-known place
exchange mechanism.[ 18, 391 This mechanism operates for Pt at electrode

potentia Is relevant to the ORR and involves migration of atomic oxygcn from
surface to subsurface positions. Place-exchange is considered to be one of the
precursors for Pt dissolution, yet in the case of AulFePt3 particles it is eITeetively

hindered due to the presence of Au atoms in subsurface layers, i.e., Au cannot be
oxidized in the given potential range that is relevant for the ORR (sce figure 5.1 a,

potential regions III and IV), and therefore, occurrence of Au in the subsurface
layers would make the formation of subsurface oxides less energetically favorable
and hence suppress the dissolution of Pt (Figure 5.25). Supplementary evidence in

support of this mechanism has been obtained through a Density Functional Theory
(OFT) model of subsurface atomic oxygen adsorption in FePt3( Ill) alloys (figure
5.26). When a Au atom is substituted for Pt in the subsurface layer, the strength of
subsurface oxygen binding decreases in magnitude by about 0.15 cV. This decrease

is expected to make oxygen place exchange thermodynamically less feasible,
thcrcby rcducing Pt loss in thc tcrnary systcm undcr this well-known Pt-dissolution

mechanism.
Although there is the cITect of particle morphology and surface coordination, wc

believe that the unique compositional profile of AulFePt3 NPs should be the
dominant factor contributing to the observed durability enhancement, as it alternates

the encrgctics and kinetics related to the dissolution processes of Pt in the
elcetroehemieal environments, which is revealed by our first-principle theoretical
studies. The proposed durability cnhancement III this study is quite unique, and
diITers from the recent report in which Au nanoclusters were deposited on Pt
particle surface. [16] In that case the stability enhancement was assigned to the

raised oxidation potential of Pt by Au. In contrast, the ternary catalyst described
here does not suffer any loss of Pt active sites due to the presence of surface Au
clusters and thus provides highly efficient utilization of Pt. The fine balance among
the key factors such as the proper order of synthesis steps, stoichiometric ratio
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between the elements, and the temperature for FePt overgrowth have enabled the

formation ofNPs with controlled shape, size, and composition profile, which do not

only preserve the beneficial catalytic properties of Pt-bimetallic alloy surfaces, but

also exhibit superior durability performance by using a minimal amount of Pt in the

system. Most significantly, the dramatic activity enhancement is illuminatcd by the

improvement factors of over 7 in specific activity and morc than onc order of

magnitudc in mass activity for AulFePt3/C versus Pt/C aftcr extensive potential

cyeling.

5.6 Summary

In summary, wc havc developed a synergistic approach toward advanccd fuel-ccll

catalysts by combining the studies of well-defined surfaces and nanomatcrial

synthesis. Based on the knowledge gained from FePt thin films deposited on Au

single-crystal substTatcs, tailored AulPt-bimetallic nanopartieles havc been dcsigned

and synthcsizcd by an organic solvothermal method. The morphology control and

preferrcd composition profile were achieved through cpitaxial growth of Pt

bimetallic alloy over Au seeds. Compared to FePtylC and Pt/C, the multimetallic

AulFePt.l catalyst showed superior durability while preserving the beneficial

catalytic activity of Pt-bimetallic alloys. This work reveals the great potential of

utilizing muhimctallic nanostructures m tuning the catalytic and durability

properties of nanoeatalysts. The developed synergistic strategy reported here could
also be gencralizcd to connect fundamental studies and novel nanomatcrial

synthesis for advanced catalytic and other applications.
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5.7 Appendix

5.7.1 Part 1 Experimental Methods and

Characterizations

5.7.1.1 Nanoparticle Synthesis

5.7.1.1.1 7nmAu NPs
A solution of 10 mll,2,3,4-Tetrahydronaphthalene (tetralin, anhydrous 99%, Sigma

Aldrich), 10 ml olcylamine (70%, Sigma-Aldrich), and 0.1 g HAuC4-3H20 (99.9985%

Au, Strem) was prepared in air at 15°C and magnetically stirred under N2 now.

0.5 mmol of Tcrt-butylamine-borane (97%, Sigma-Aldrich) complex was dissolved in

tetralin (I mL) and oleylamine (I mL) and injected into the precursor solution. The

reaction initiated instantaneously and the solution changed to a deep purple color within

5 s. The mixture was allowed to be aged at 15°C for I h before 60 ml acetone (ACS

grade, SOH) was added 10 precipitate the Au NPs. The Au NPs were collected by

centrifugation (8500 rpm, 8 min), washed \....ith acetone and redispcrsed in hexane (ACS

grade, SDH).

5.7.1.1.2 7/1.5 nm Au/FePt3 NPs
30 mg of7 run Au NPs were mixed with 10ml octadccene (90%, Sigma-Aldrieh), 0.1 g

Pt(aeae)2 (98%, Strcm), I rnl olcylarnine and I rnl oleic acid (90%, Sigrna-Aldrieh) at

120°C. 0.03 ml Fe(CO)s (99.5%, Strem) was added under N2 aunosphere, then the

temperature was raised to 200°C. The solution was cooled down to room temperature

afier 30 minutes. 50 ml iso-propanol (99.5%, Sigma-Aldrieh) was added to precipitate

the NPs and the product was collected by centrifuge (6000 rpm, 5 min). The obtained

AulFePt3 NPs were washed with ethanol (denatured ACS grade, SOH) and rcdispcrsed

in hexane. Similar recipe without adding Au seeds was used to synthesize 10 nm FePt3

NPs. Synthesized NPs were Incorporated mto carbon black (900 m2/g), and the organic

surfaetants were removed by hcating the NPslearbon mixture in oxygen rich

atmosphere. Total metal loading was adjusted to be 20% for all catalysts used in this

work.
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5.7.1.2 Material Characterizations
TEM images were collected on a Philips EM 420 (120 kV). HRTEM Images were

recordcd using a Jeol JEM-2010 (200 kV). XRD patterns of the partiele assemblies

were collected on a Broker AXS 08-Advance diffmctomctcr with Cu Ka radiation (l =

1.5418 A). UVlvis spectra wcrc rccorded 00 a Perkin Elmer Lambda 35 spcctrometer.

STEM and e1emenlal analysis were carried out on FEI Tecnai F20ST analytical electron

microscopy at Argonnc National Laboratory. Additional analyses were done with JEOL

2200FS TEM/STEM at Oak Ridge National Laboratory equipped with a CEOS

aberration (probe) corrector. The microscope was operated at 200kV in high angle

annual dark field (HAAOF) scanning transmission electron microscopy (STEM) mode.

The probe size was -o.7A and probe current was -3OpA during HAAOF-STEM

imaging. When accumulating EOS data, to increase probe current to -400-500pA, the

probe size was -2A. A Brukcr-AXS X-Flash 5030 silicon drift detector was the EOS

system.

5.7.1.3 Electrochemical Study
The catalysts wcrc dispersed in dcionized water (double-filtered, Milli-Q, p :::

18.2 MO cm) by sonication. A drop of the catalyst suspensions was deposited onto a

glassy carbon disk (6 mm in diameter) and dried in Ar stream. The Pt loading was

15 ug/cm2 (Pt/disk) in all cases. All cyclic voltammograms and polarization curves were

recorded with sweep rates of 20 and 50 mVIs using an Autolab 302 c1ectrochemical

analyzer. 0.1 M perchloric acid (prepared by diluting ultra pure perchloric acid (7001n,

OmniTrace Ultra™, EMD) with deionized waler) was used as the electrolyte. The

prolonged potential cyeling was done at 2ifC in order 10 diminish the inOuence of

contaminants and electrolyte evaporation, which could be significant at elevated

temperatures. All potentials arc given versus reversible hydrogen electrode (RHE).

5.7.1.4 Theory and Simulations
The DACAPO code [40] was used for all tOlal energy calculations in this study. A four

layer slab, periodically repeated in a super cell geometry with six equivalent layers of

vacuum between any two succC$sive melal slabs, was used; the RPBE [401-optimizcd

Pt3Fe lattice conslant is 3.96 A. A (2x2) unit cell was employed. The top two layers of

the slab were allowed to relax until the total force on all atoms was less than 0.04 eV/A

in any Cartesian direction. Adsorption was allowcd on onc of thc two exposed surfaces
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of the metal slabs, and the electrostatic potential was adjusted accordingly [41]. Ionic

cores were described by ultrasoft pseudopotentials [42], and the Kohn-Sham one

electron valence states were expanded in a basis of plane waves with kinetic energy

below 340 eV; a density cutoff of 500 eV was used. The surface Brillouin zone was

sampled with an 18 Chadi-Cohen k point grid. The convergence of the total energy with

respect to the cut-off energies and the k point set was confumed. The exchange

correlation energy and potential were described by the generalized gradient

approximation (GGA-RPBE) [42]. The self-eonsistent RPBE density was determined

by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the

Kohn-Sham states (kBT = 0.1 eV), and Pulay mixing of the resulting electronic density

[43]. All total energies were extrapolated to knT = 0 eV.

5.7.2 Part 2 Electrochemical Properties of Well-Defined
Surfaces

5.7.2.1 Electrochemical characterization of Pt and FePts
thin films on Au(111) substrate

5.7.2.1.1 Au(111)-Pt

--Blank CV before ORR
0.08 __ Blank CV after ORR

-~
E
o
~
E-

0.04

0.00

-0.04

-0.08

0.0 0.2 0.4 0.6 0.8 1.0 1.2

E (V vs RHE)

FigUl'e 5.14. Blank CV fOI" 1.5 nm Pt thin film suppoltcd on Au(lll) bcfol"c (black), and
aftel' (blue) ORR measurements at 20 aud 60°C. The integrated charge of Hupd is found to be
210 IlCcm'2, which is equal to the expected value for polycl'ystaUine Pt surface.
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The cyclic voltammogram of the Au(111)-Pt surface in Ar saturated electrolyte is

identical before and after the ORR experiments. 0 change in integrated charge of

underpotentially deposited hydrogen (BlIpd) demonstrates stable behavior ofPt atoms on

the Au substrate, confinning that the surface composition stays the same.

Electro-oxidation of the fully covered CO adlayer over Au(lll)-Pt surface revealed

that the integrated charge from th CO stripping peak of 420 flCcm-2 matches the

surface area obtained from HlIpd. That was additional confinnation that surface was

fully covered with Pt atoms. In addition, cyclic voltammetry does not change before

and after experiments with CO indicating that the surface composition is not affected.
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Figure 5.15. (a) CO stripping performed 011 Au(111)-Pt thin film. The integrated charge of
CO stripping is 420 /JCcm,2, which is a pel'fect match with expected value for polycrystalline
Pt. (b) Blank CV measUI'ed before (blue) :lDd MtN' (I'ed) CO stripping. They lU'e simiJal' to
each othcr, and the H.1,,\ I'cgion is identical showing no I'eduction in exposed Pt sul'facc arca.

5.7.2.1.2 Au(111)-FePt3

Cyclic voltammetry of Au(lll )-FePt in Ar saturated electrolyte does not change

before and after the ORR experiments, Figure 5.16. The H llpd features are broader

than in the Au(l 1I)-Pt thin film, with the integrated charge density of 180 )..lCcm,2,

which is lower than that of Au(l 1I)-Pt. This fits with previous results obtained on

bulk alloys [13] in which the H llpd region of Pt-bimetallic alloy surfaces was found

to be lower than that of polycrystalline Pt. Additionally, no change in integrated

charge of HlIpd demonstrates stable behavior of Pt atoms on the Au substrate,

confirming that surface composition of Pt-bimetallic thin film stays the same.
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Figure 5.16. Blank CV for Au(1l1)-FePt3 thin film before (black) and aftcr (bluc) ORR
measUl'ements at 20 and 60°C. Similal' to the Pt film on gold, from the absence of change in
Hopd al'ea it can be determined that there was no loss of Pt surface al'ea dul'ing
measurement of the ORR.

Electro-oxidation of a fully covered CO adlayer on the Au(lll )-FePt3 surface

revealed that the integrated charge from the CO stripping peak of 420 !lCcm·2

matches the surface area obtained from Au(l1 l)-Pt and polycrystalline Pt surfaces.

The difference between the integrated charges for Hupd and CO stripping originates

from altered electronic properties of the Pt topmost atoms. Due to changed

electronic/adsorption properties [13] only the total charge of Hupd is affected 

decreased with about 30 !lCcm·2, while total coverage of COad due to strong Pt-CO

interaction remains the same as in the case of pure Pt surfaces. This is additional

confirmation that the Pt-bimetallic thin film completely covered the geometTic

surface area of the Au(lll) substrate. In addition, cyclic votammetry does not

change before and after experiments with CO, indicating that the surface coverage

of Pt atoms stays the same.
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Figur'c 5.17. (a) CO stl"ipping pcr"for"mcd on Au(1l1)-FcPt3 thin film, showing a singlc CO
Sh'ipping fcatm·c. Thc integr"ated char'gc of CO sh'ipping is 420 pCcm-2, equal to thc values
obtaincd on Au(lll)-Pt and polycrystallinc Pt. (b) Blank CVs mcasu"cd bcfo.·c and aftcl'
CO sh'ipping show that the Hupd r'cgion is identical without I'cduction in cxposed Pt su.-facc
arca.

5.7.2.1.3 The absence of Au atoms on the Au(111)-FePt3 surface
Figure 5.1 summarizes the electTochemical characterization of well-defined

extended thin film surfaces on the Au(lll) substrate. From this summary it is

obvious that, in accordance with the electrochemical property of the individual

elements, addition of each of these metals induces extra functionality in the catalyst.

In addition, the Au surface atoms are chemically stable in acidic electrolyte and

inert towards the adsorption/desorption processes of Hupd (region I), while

reversible adsorption/desorption of surface oxides is evident in the region IV

between 1. J < E < 1.6 V. This redox couple at 1.35 V and J.15 V could be

effectively used as a signature for the presence of Au surface atoms. In order to

make a systematic electrochemical analysis of these thin film surfaces, we extended

the potential window up to 1.65 V vs. reversible hydrogen potential. In figure 5.18,

a voltammogram of Au(l1 1)-FePt3 is shown, which was recorded in the extended

potential region. No detectable peaks that would indicate the presence of Au were

found.
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Figure 5.18. (a) CV for Au(l11)-FePtJ thin film with 1.5 nm thickness by opening the
potential to 1.65V. The CV does not show chal'acteristic features for the presence of surface
Au. (b) Compa.-ison of CVs befo.'e (black cUl've) and after (green cUl·ve) ORR at 20 and
GO"C, CO st!'ipping and inn'easing the uppe.· potential limit measuremellts.

In addition, comparison between CVs (figure 5.18b) before and after the whole

series of electrochemical measurements, such as ORR at 20 and 60°C, CO stripping

and measurements in an extended potential range up to 1.65 V, confirms that during

the course of the measurements the Hupd area has not changed and the thin Pt

bimetallic film remains stable without noticeable change in surface composition.

In order to demonstrate that Au surface atoms could be detected if they are exposed

to the electrolyte we performed electrochemical measurements with a different film

thickness. Based on these results it was possible to conclude that surfaces of FePt3

films that are thinner than 1 nm have some Au atoms on the surface. This is clearly

visible from thc cyclic voltammctry in figurc 5.19, whcrc thc Au oxidation is

clearly visible, indicating the presence of Au surface atoms. From the integrated

Hupd charge of 170 j..lCcm-2 it was estimated that the Au surface composition was

about 5%, This example confirms that this methodology can be efficiently used to

detect Au surface atoms.
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Figure 5.J9. CV for Au(J lJ)-FePtJ thin film of <J nm by opening the potential to J.65V. It
shows clearly that, in contradictory to An(J 11)-FePtJ thin film of].5 nm shown above, some
gold is exposed on the surface as seen by the An-OH'd redox couple at 1.35V and 1.15 V.

5.7.3 Part 3 Properties of Multimetallic Nanoparticles

5.7.3.1 Elemental analysis of Au/FePh nanoparlicles:

Figure 5.20. EDX pattem of Au/FePtJ Ps. The atomic composition of the
Fe 17%, and Pt 55%.
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5.7.3.2 Electrochemical Characterization
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Figure 5.21. Electrochemical characterization of AulFePtyC nanoparticle catalyst. (a) CVs
befOl'e and aftel' electl'ochemical chal'actel'izations (no SUl'face atoms of Au after opening
potential to 1.65 V); (b) CO stripping curve for regular 7/1.5 nm AuIFePt3/C NPs; (c) and
(d) CVs recorded for regular and AulFePtJ/C with thinner FePtJ coating catalysts
I'espectively by opening the uppel' potential limit to 1.65 V.

The integrated Hupd charge obtained from regular particles was found be in perfect

agreement with the charge calculated from CO stripping. In figure 5,21a, CVs

before and after electrochemical characterizations for ORR at 20 and 60°C, CO

stripping and measurements in extended potential range up to 1.65 V, confirm that

during the course of the measurements the Hupd area has not changed and the Pt

bimetallic coating remains stable without noticeable change in surface composition,

However, the double layer region has increased (blue curve in insert a) after

opening and cycling potential to 1.65 V. This is due to the oxidation and

consecutive roughening of the carbon support at elevated potentials, A very
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important finding is given in figure 5.21c, which depicts that no Au features are

visible in the CV with upper potential opened to 1.65 V, confirming the formation

of stable Pt surface free of any Au atoms.

We investigated another type of Au/FePt3 NPs with bimetallic coating thickness

less than 1.0 run, which were obtained by controlled synthesis with reduced

precursors (0.05 g Pt(acac)2 and 0.015 ml Fe(COh) and lower growth temperature

(180°C), The particles with thinner coating, however, show characteristic gold

features in the CV when the upper potential limit is opened to 1.65 V (figure 5.2Id),

indicating that PtM-coating does not completely encapsulate Au core. This

illustrates that, if present on the NP surface, Au atoms could be detected by cyclic

voltammetry.

5.7.4 Part 4 Mechanism of Stability Enhancement

5.7.4.1 Nanoparticle Shape

T:tble 5.1. TheOl'etical calculation of avel'age coordination numbel' of sUl'fnce atoms fOl'
different sha e of nano articles of 10 nm in size,

6 24 12
7 396 0
8 726 570
9 3176 3420
to 0 0
11 0 0
Total number of surface 4322 4002
atoms

Average coordination 8.632 8.849
number
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FigUl'e 5.22. Avel'age cOOI"dination oumbel' of the SUl'face atoms val'ies as a fucntion of the

total numbel" of atoms in the pal-tides with a cub~octhedl'al, or icosahedral shape.

5.7.4.2 Stability enhancement through adsorbate induced
segregation of Pt

l'

2

2'

Figure 5.23. (Top view) Density Functional Theory calculations of subsurface and sUI'face
Au atoms on a Pt(111) sUI"face: (1-1') A top view of Au segregation from the subsUI"face to
the SUI"face la)'er; the energy change fCH" this pl'ocess is - -0.4 eV in vacuum
(thel'modynamically favorable). (2-2') A top view of Au segregation from the subsurface to
the surface layer in the presence of adjacent oxygen on the surface. The segregation energy
in this case is ::: 0.0 eV (thel'mod)'namicall)' unfavo.-able), and Au atoms movemeot to the
surface is supressed. Higher coverages of ox)'gen (as would be observed at elevated electrode
potentials) are expected to further inhibit the movement of Au to the surface. All
calculations al"e done on a (3x2), 5-layel' unit cell with the top three layel's relaxed, The
RPBE functional is used with a Monkhol"St-Pack k-point grid of (3,4,1); ultrasoft
pseudopotentials al'e emplo)'ed, and a planewave cutoff of 340 eV (density cutoff of 500 eV)
is also used.
Grlly spheres denote Pt, yellow denotes Au and red denotes O.
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Pt is much more oxophilic than Au, this means that Pt surface atoms oxidize at

more negative potentials than Au surface atoms. The onset of oxide adsorption on

All is shifted positively with more than 600 mY (figure 5.la).

- Pt -Au - Fe -0

..... segregation trend of Pt into the bulk

..... segregation trend of Au onto surface

....... driving force that diffuses Pt into the bulk

....... driving force induced by strong Pt - OHad interaction

Figure 5.24. (Side View) Schematic ilIustl'ation of the stability enhancement mechanism

All atoms tend to segregate on the surface due to the lower surface energy of All

than Pt, but under the given electrochemical conditions (0.6 < E < 1.1 V),

oxygenated species (e.g., 0, OH) are binding strongly to surface Pt, which provide

the driving force for Pt atoms to stay on the surface in the highly oxophilic

environment. Such a counterbalance between the two opposing forces (see figure

5.24); the rather strong interaction between Pt and surface oxides on one side, and

the tendency of Au to segr gate ov r Pt on the other side, stabilizes of the topmost

Pt layer.

5.7.4.3 Stabilization of Pt surface atoms through the
hindered place exchange mechanism

Gold cannot be oxidized in the given potential range that is relevant for the ORR

(0.6 < E < 1.2 V), and therefore occurrence of Au in the subsurface layers would

make the formation of subsurface oxides less energetically favorable and hence

suppress the dissolution ofPt.
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••• • p3ttlw:Iv of piatt! adIar1lll! for Oll\IIl@n

PIa«! aochan~ m.ed'lanblm 1$ hinder«! by$ubsJrf'a«! All

Figul'e 5.25. (Side View) Schematic illustrations of stability enbancement mechanism of Pt
SUI'face atoms in multimetallic Ps

5.7.4.4

(al

OFT calculations of the subsurface atomic oxygen
adsorption in FePt3(111) alloys with subsurface Au

(bl (cl

Figul'e 5.26, (Side View) Most favol'able absorption of subsUl'face oxygen. (a) FePt3 alloy
with 0.5 ML of Fe in the fi"st subSUl"face laye... (b) AuIFePt3 alloys with 0.5 L of Fe and
0.25 ML of Au in the fil"st subSUl"face taye,". (c), the ovel"all thel'modynamic driving fOI'ce fOI"
subsurface oxygcn formation. Gray spbcl'cs dcnotc Pt, yellow dcnotcs Au, I'cd denotcs 0,
and magcnta denotcs Fe.
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Figure 5.26 (a) corresponds to a elassic Pt skin-type structure. When a Au atom is

substituted for Pt in the subsurface layer (b), the strength of subsurface oxygen

adsorption decreases in magnitude by about 0.15 eV. Since the corresponding

strength of surface Pt-oxygen binding is nearly the same in both cases, the overall

thermodynamic driving force for subsurface oxygen formation (i.e., the subsurface

minus thc surface oxygcn binding energies) also decreases in magnitude by a

comparable amount due 10 the presence of subsurface Au. Oxygen place exchange

thus becomes thermodynamically less favorable, thereby reducing Pt loss in the

ternary system under this well-known Pt-dissolution mechanism.
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