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Synthesis, electrochemical characterization and molecular dynamics

studies of surface segregation of platinum nano-alloy electrocatalystsw
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Alloy Pt–M (M = Co, Ni) nanocatalysts, supported on carbon Vulcan XC-72, were synthesized

using the carbonyl chemical route. A high dispersion on such substrate was revealed by

transmission electron microscopy (TEM). Alloy formation on the nanometre scale length was

shown by high-resolution transmission microscopy (HRTEM) and energy dispersive X-ray

spectroscopy (EDX) on a nanoparticle. The metal M in Pt–M nanoalloys segregates preferentially

on the nanoparticles’ surface, as determined by the hydrogen adsorption electrochemical reaction.

An increased tolerance towards methanol of such nanoalloy materials was observed for the

oxygen reduction reaction (ORR) in acid media. To better understand the structure and

segregation phenomena of these nanoalloys, molecular dynamics (MD) with a self-optimized

reactive force field was applied.

1. Introduction

The use of electrocatalysts based on platinum, for anodic and

cathodic reactions, is very popular.1–7 Research has been

focused on multi-metallic catalysts in order to enhance

selectivity and reactivity. Alloying one or various metals to

platinum allows for a modification of its electrochemical

properties, and therefore leads to changes in the catalytic

behavior as compared to that of platinum alone.8–11 In this

way, catalytic enhancement of Pt-based catalysts could be

positively induced by the second metal and the mechanism

may occur through various phenomena, such as (i) electronic

effects, which refer to changes in physicochemical properties of

the topmost surface atoms, i.e. work function, d-band center

position vs. Fermi level,12 d-band occupancy (ligand effects),13,14

strain effects15,16 that modify the electronic properties via the

tensile strain of the surface atoms; and (ii) structural

effects,17,18 which include correlation between surface atom

arrangements, interatomic distances and the statistics of

exposed crystal planes as well as statistics of the presence of

sites with different coordination numbers at a given particle

size. No doubt, all these factors will operate in the course of

reactions making the electrocatalysis and reaction mechanism

highly complex. From synthesis point of view, the main

methods for preparing multi-metallic catalysts, that are currently

used in the field of electrocatalysis, are e.g., colloidal,19–23

micro-emulsion24–28 and the carbonyl chemical route.29–36 The

problem with particles of nanometric size is the fact that they

are usually not thermodynamically stable and might change

over time or during reaction conditions, and corrosion-

induced dissolution of alloying components leads to surface

roughening. The thermodynamic instability can, furthermore,

be due to the excess surface energy, with the result that these

particles tend to coagulate, to aggregate themselves or agglo-

merate at the time of their stabilization, making materials

synthesis one of the most important parameters to control.

The catalysts reported in this work are bimetallic nano-

particles Pt–M (M = Ni, Co) synthesized by the carbonyl

chemical route. This route of synthesis is rarely used in spite of

the interesting prospects that it presents.32,33,36–38 In the

present work the chemical synthesis and physical–chemical

characterization of these nanoalloy materials are combined

with theoretical approaches to get more insights into the

stability of the catalyst.

2. Experimental section

2.1 Materials synthesis

The platinum carbonyl, [Pt3(CO)6]n
2� (n= 10, 6, 5, 4, 3, 2, or 1),

initial synthesis developed by Longoni et al.29,30 was used as a

chemical precursor to generate one metal center nanoparticles

or alloy nanoparticles: Pt1�x–Mx, where M=Ni, Co. In short,

Pt and M–carbonyl complexes were synthesized simultaneously
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using methanol as a solvent through the reaction of Pt and

metallic salts with CO at about 55 1C for 24 h with constant

mechanical stirring until the solution turned green. The

amount of sodium acetate added to the mixture was adjusted

so that the sodium acetate/Pt molar ratio was 6 to 1. The

general chemical reaction can be written as:

(3/2)n[PtCl6]
2�+ (3/2)nMCl2 + (12n+ 1)CO+ (12n+ 2)OH�

- [Pt3/2M3/2(CO)6]n
2�+12nCl�+(6n+1)CO2+ (6n+1)H2O

After the synthesis of Pt–M carbonyl complexes,8,39 carbon

powder (Vulcan XC-72 prior treated under nitrogen at 400 1C

for 4 h) is added to the solution, in order to obtain the

desired catalyst loading on carbon of 20 wt%. One stage of

impregnation of the catalyst onto the support is then carried

out by agitating the mixture under an inert atmosphere of

nitrogen for 12 h. The powder was recovered, after solvent

evaporation, heated at 300 1C for 90 min under hydrogen

atmosphere, and then rinsed with Milli-Q water, in order to

eliminate the impurities, such as NaCl, formed during the

reaction. Finally, it is dried under nitrogen. The catalysts, with

20 wt% loading on carbon, were thus: Pt/C, Pt–Co (4 : 1)/C,

Pt–Co (2 : 1)/C, Pt–Co (1 : 1)/C and Pt–Ni (2 : 1)/C.

2.2 Physical–chemical characterization

XRD spectra were obtained at ambient temperature with a

Bruker diffractometer D5005, working with the wavelength

Kal of copper (l = 1.54252 Å). The measurements were made

on the catalyst deposited as a layer on a silicon wafer (511).

The various catalysts were analyzed with TEM and EDX on a

Philips CM 120 microscope equipped with a LaB6 filament.

The composition of the catalytic particles was examined by

EDX with the TEM microscope by using a 10 wt% Pt–Co

(1 : 1)/C (E-TEK) commercial catalyst as a reference. In order

to obtain structural data, the catalysts were further characterized

by HRTEM with a Philips CM 200 FEG (Field Emission Gun)

microscope. The TEM samples were prepared by ultra-

sonically dispersing the catalysts in ethanol and then mounting

the dispersed particles onto copper grids covered with a holey

carbon film and then dried.

2.3 Electrochemical measurements

For electrochemical measurements, an ink made up of a

catalytic powder, water and Nafions was deposited onto

glassy carbon disks with a catalyst loading of 56 mg cm�2 of

Pt1�x–Mx. The aqueous phase was eliminated by evaporation

under a nitrogen stream. This type of electrode preparation

allowed for a diffusion layer thickness smaller than 1 mm.24

The electrochemical cell employed was a standard one with

three electrodes, thermostated at 28 1C, connected to a

computer-controlled potentiostat (mAutolab standard II,

AUTOLAB). The measurements were done using a mercurous

sulfate electrode (MSE = 0.682 V/SHE) as reference. Unless

otherwise indicated, the results are quoted to the reversible

hydrogen electrode (RHE). The current density–potential

curves were obtained after some cycles of stabilization in

the base electrolyte 0.5 M H2SO4 and between 0.06 and

1.2 V/RHE.

2.4 Theoretical calculations

The semi-empirical potentials that were used to describe the

different interactions between Pt and Ni or Co were generated

by optimization against a rather extended set of first principles

QM calculations. The so-called training-set contained the

structures and energies of various pure Pt, Ni, or Co as well

as mixed systems calculated by the density functional theory.

These combined bulk systems, extended surfaces (i.e., slabs),

and finite clusters of pure Pt and Pt : Ni or Pt : Co alloys,

respectively. Details of the systems, which entered the training-

set, can be found in references.40–44 Instead of pre-defining

the bonds within a system and fixing these connections

throughout the simulation, ReaxFF uses the bond lengths to

evaluate a bond-order relationship for all connections. This,

together with the calculation of pair-wise non-bonded

Coulomb and van der Waals interactions for every atom

pair, makes the approach capable of investigating structural

features as well as simulating bond formation and dissociation

processes.

Following the experimental systems, particles with 1.5, 2.0,

2.5 and 3.0 nm in diameter were generated by cutting

spherically-shaped nanoparticles out of PtxNi1 or PtxCo1
(x = 1, 2, 3) fcc-bulk crystals. Before the actual simulated

annealing studies on the changes in particle morphology, each

nanoparticle was equilibrated at 300 K for 12 ps using 0.25 fs

time-steps. The systems were then annealed at 1000 K, 1250 K,

or 1500 K for Pt : Ni and additionally at 750 K and 500 K for

Pt : Co with a temperature gradient of 0.05 K per step until

the target temperature was reached, held for 75 ps and then

cooled with a temperature gradient of �0.01 K per step until

the system temperature reached 300 K again. The relatively

high annealing temperatures were applied to give qualitatively

different amounts of kinetic energy to the systems allowing

them to overcome kinetic barriers involved in structural

changes or reorientations, respectively. For each particle size,

particle composition, and annealing temperature, a set of 100

different particles were investigated in order to achieve reason-

able statistics.

3. Results and discussion

3.1 Structural characterization

Fig. 1 shows TEM images of hydrogen heat-treated Pt–Co

(4 : 1)/C and Pt–Ni (2 : 1)/C samples. The ratio of platinum to

M (Ni or Co) is indicated by numbers in (Pt : M). The particle

size analysis of the corresponding samples is displayed in the

same figure. The average sizes are 2.40 � 1.06 nm and

2.43 � 0.92 nm for Pt–Co and Pt–Ni particles, respectively.

Similar analyses were also performed on other catalyst

particles with different stoichiometries (see Table 1). In spite

of the agglomeration that can be induced by the heat treat-

ment, the generated alloy nanoparticles’ size is between 1.7

and 3 nm. As summarized in Table 1, the determined alloy

compositions by means of EDX are very close to the nominal

values. The surface average dispersion,D, was calculated using

the relation based on the Borodzinski and Bonarowska

model45 (D = 2.64/(drel)
0.81). D is a function of the particle

size (drel = dvs/dat, where dat is the atomic diameter and dvs is

D
ow

nl
oa

de
d 

by
 F

ri
tz

 H
ab

er
 I

ns
tit

ut
 d

er
 M

ax
 P

la
nc

k 
G

es
el

ls
ch

af
t o

n 
18

 A
pr

il 
20

11
Pu

bl
is

he
d 

on
 0

5 
A

pr
il 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0C
P0

23
84

A
View Online

http://dx.doi.org/10.1039/c0cp02384a


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys.

the mean surface diameter obtained from the particle size

distribution for each catalyst).

Fig. 2a and b depict HR-TEM images of Pt–Co (4 : 1) and

Pt–Ni (2 : 1), respectively. The inset in each image represents

the fast Fourier transform (FFT) of a single particle in the

image. Structural analysis from the FFT indicates that

the Pt–Co particle has an fcc structure on its [110] zone axis.

The lattice spacing indicated in the image has a value of 2.25 Å,

which can be attributed to (111) planes. The structure is very

similar to that of platinum. A similar structure was observed

for the Pt–Ni (2 : 1) catalyst as well, as revealed in Fig. 2b and

the corresponding FFT (see inset). The measured (111) lattice

spacing is 2.23 Å. In addition, by focusing the electron beam

on very small spot sizes, typically 5 nm, EDX spectra can be

obtained from one single particle, as shown in the right side

of the representative ones for Pt–Co and Pt–Ni catalysts,

respectively. Pt and Co lines are visible and most particles

give similar spectra. Similarly, in the case of Pt–Ni catalyst

particles, Pt and Ni lines are also visible in the spectra of most

of the individual particles. This means that most particles in

these catalysts are bimetallic and there is strong evidence that

they form alloys to keep the fcc structure.

Fig. 3 displays the XRD spectra of 20 wt% loading of Pt/C,

Pt–Co/C and Pt–Ni/C powders. The spectra obtained are

limited to the first two observable Bragg peaks (111) and

(200). The position of these peaks shifted to higher 2y angles

is an indication of the alloy formation in the fcc structure of

Fig. 1 TEM image and size distribution for (a) Pt–Co (4 : 1)/C and

(b) Pt–Ni (2 : 1)/C. Both catalysts with a loading of 20 wt%.

Table 1 Composition, comparison of mean particle size and structural parameters of Pt-based alloy catalysts

Catalyst/C Composition (%), EDX Size/nm, TEM D (%) Sizea/nm, XRD ab/nm Pt–Ptc/nm

Pt 100 1.75 � 1.02 60 2.67 0.392 0.278
Pt–Ni (2 : 1) 68.2 : 31.8 2.43 � 0.92 46 2.72 0.389 0.275
Pt–Ni (1 : 1) 45.7 : 54.3 2.64 � 1.82 43 4.20 0.387 0.274
Pt–Co (4 : 1) 81.7 : 18.3 2.40 � 1.06 46 1.92 0.388 0.274
Pt–Co (2 : 1) 66.9 : 33.1 2.86 � 1.06 40 2.84 0.386 0.273
Pt–Co (1 : 1) 47.9 : 52.1 2.93 � 1.62 39 2.55 0.384 0.271

a Crystallite. b Lattice parameter. c Mean distance.

Fig. 2 HRTEM pictures with FFT for (a) Pt–Co (4 : 1)/C and

(b) Pt–Ni (2 : 1)/C with a metal loading of 20 wt% with their

corresponding nanoparticle EDX analysis.

Fig. 3 XRD spectra of Pt/C, Pt–Co (4 : 1)/C and Pt–Ni (2 : 1)/C.

The vertical line shows the angle position of Pt(111).
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platinum. No diffraction peaks corresponding to the presence

of cobalt (47.401 (101)) or nickel (44.491 (111)), or of their

oxides were observed. The structural observations by TEM

and XRD of our samples either heat-treated or not show that

the alloy synthesis, via the carbonyl chemical route, is the

result of a molecular chemical precursor: [Pt3/2M3/2(CO)6]n
2–,

as schematized by the chemical equation (see Experimental

section). Some relevant structural data, such as crystallite size,

using the Debye–Scherrer equation, and mean-interatomic

Pt–Pt distance are summarized in Table 1. One observes that

the calculated particle size values from XRD data are, within

experimental errors, in agreement with those obtained by

electron microscopy.

3.2 Electrochemical surface characterization

Fig. 4 shows an interval of the cyclic voltammograms, after

stabilization, carried out in 0.5 M H2SO4, on an electro-

chemical window from 0.06 to 0.4 V/RHE with 50 mV s�1,

for Pt/C, Pt–Co/C and Pt–Ni/C, respectively. As shown in

Fig. 4, the electrochemical response in the hydrogen region is

modified by the presence of the second metal, as also observed

by others.8,11,46–48 In this potential range, hydrogen adsorbs

solely onto platinum sites, the associated charge, QH, was

determined by integration of cyclic voltammetry curves, see

Table 2. To calculate the active Pt atoms on the surface (nmol)

from QH, charge associated to a monolayer of hydrogen onto

platinum of 210 mC cm�2 was taken.49 Furthermore, the

dispersion, D, and a mean density of atoms of 1.415 �
1015 atoms cm�2 were also used considering that particles

are cubooctahedra, i.e., consisting of (111) and (100) surfaces.50

The atomic surface composition is deduced from these data

(see Table 2). One observes that the surface composition of

Pt–M which deviates from the bulk composition, deduced via

EDX, cf. Table 1, is enriched with M (M = Ni, Co).

Besides analyzing the particle morphology, the oxygen

reduction reaction (ORR) has been studied in the absence

and presence of methanol (see Fig. 5A and B). Fig. 5A depicts

a series of current–potential curves for Pt, Pt–Ni (2 : 1) and

Pt–Co (4 : 1) using the rotating disk electrode technique at

900 rpm. Very similar current–potential curves were obtained

with other alloy compositions, indicating that the presence of

any non-platinum atoms segregated at the surface is not

detrimental for the ORR. Moreover, the situation is different

when methanol is present as shown in Fig. 5B, since it is well

known that the presence of methanol depolarizes significantly

the ORR. Indeed, the current–potential characteristic of

oxygen reduction in the 0.5 M H2SO4 + 0.1 M CH3OH

electrolyte at 20 mV s�1 under quiescent conditions reveals

Fig. 4 Voltammograms in 0.5 M H2SO4 at 50 mV s�1 of 20 wt%

Pt/C, 20 wt% Pt–Co (1 : 1)/C, 20 wt% Pt–Co (2 : 1)/C, 20 wt% Pt–Co

(4 : 1)/C and 20 wt% Pt–Ni (2 : 1)/C.

Table 2 Surface composition deduced by the hydrogen accessibility
onto the platinum surface, and CH3OH oxidation peak intensity.
(a) not measured

Catalyst/C QH/mC

Active Pt atoms
on the surface
from QH/nmol

Atomic
surface
composition

CH3OH oxidation
current peak/
mA cm�2

Pt 2.20 14.73 100 5.7
Pt–Ni (2 : 1) 1.46 7.53 51 : 49 3.6
Pt–Ni (1 : 1) 1.17 1.18 38 : 62 (a)
Pt–Co (4 : 1) 1.76 9.04 61 : 39 4.5
Pt–Co (2 : 1) 1.54 6.87 47 : 53 3.7
Pt–Co (1 : 1) 0.99 4.32 29 : 71 1.6

Fig. 5 (A) Rotating Disk Electrode (RDE) current–potential curves

for the oxygen reduction in 0.5 M H2SO4 saturated with O2 at

5 mV s�1 at 900 rpm. (B) Linear voltammograms for the oxygen

reduction reaction (ORR) in 0.5 M H2SO4 + 0.1 M CH3OH saturated

with O2 at 20 mV s�1. Arrows show the scanning direction.
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that atomic surface composition (cf. Table 2) modulates the

degree of tolerance of Pt. The methanol oxidation peak

decreases in the order Pt/C > Pt–Co (4 : 1) > Pt–Ni (2 : 1)

and shifts toward positive potential values. Just as for the

hydrogen zone, the intensities of the peaks are proportional to

the amount of platinum present on the catalyst surface.

Using the same chemical route to synthesize the Pt–M

catalyst (with M= Cr), Yang et al.9 also found M segregating

to the surface for their particles with an increase in the content

on the surface corresponding to that of M. The behavior of

these compounds is similar to the one we obtained in the case

of ORR in the presence of methanol. For Pt–Cr (1 : 1), the

methanol peak is reduced to a ratio of 7 and shifted to more

positive potentials with respect to the Pt/C catalyst. With

Pt–Co (1 : 1), the same behavior is observed, with a ratio of 4.

For the different Pt–M alloys obtained by the carbonyl

chemical route (with M = Cr, Ni, Co and Sn), two different

behaviors are obtained: a segregation of Pt on the surface, like

for Pt–Sn39 or an increase in the content of M on the surface

for the other metals.9

These behaviors are also noticed by different results in

XRD: for the addition of Sn to the platinum, the diffraction

peaks are shifted towards lower 2y angles and for the Cr, Ni

and Co, the diffraction peaks are shifted toward higher

values.8,9,51

Predictions of surface segregation phenomena in bimetallic

nanoparticles Pt–M (M = Ni, Re, Mo),52 and Pt–Co53 have

also been reported.

3.3 Theoretical studies on the structure of PtNi and PtCo

particles

Motivated by the experimental measurements on the surface

composition of the different Pt-based alloy particles, we

investigated the structure as well as the segregation behavior

of differently sized (1.0–3.0 nm) PtxNi1 and PtxCo1 (x=1, 2, 3)

alloy nanoparticles using ReaxFF,54,55 a reactive molecular

dynamics (MD), with a self-optimized force field. As described

in the method section, PtxNi1 and PtxCo1 (x = 1, 2, 3)

nanoparticles with 1.5, 2.0, 2.5 and 3.0 nm diameter were

annealed to 750, 1000, 1250, and 1500 K. These four different

particle sizes correspond to a total number of 36, 114, 297, 585,

and 1031 atoms. Fig. 6 exemplarily shows the initial bulk-

truncated structures for Pt2Ni1 particles as well as the final

relaxed particles after annealing to 1000, 1250, or 1500 K. For

in-depth statistical investigations we have chosen the 2.0 nm

nanoparticles of PtxNi1 and PtxCo1 (x = 1, 2, 3), whereby for

each composition a set of 100 different systems has been

investigated. In this case, randomly distributing the corres-

ponding amounts of Pt and Ni (or Co) atoms in a large

simulation box and allowing the interactions between the atoms

to form a particle generate the initial structures. Afterwards

multiple annealing cycles to 1500 K for Pt : Ni and to 750 K for

Pt : Co alloys were performed.

In the following we will first provide an in-depth discussion

for the PtxNi1 (x = 1, 2, 3) systems, followed by a short

summary of the results for the PtxCo1 (x = 1, 2, 3) alloys. The

corresponding analyses for the latter systems can be found in

the ESI.w

Using the obtained particles, we first analyzed the distribution

of different particle morphologies, i.e. the shape-distribution. As,

in principle, every different shape results in a specific overall

binding energy of the particle, the latter property has been

used for this analysis.

Fig. 7 shows the energy distributions for PtxNi1 (x= 1, 2, 3),

where the absolute shift between the curves is caused by the

difference in particle mixtures, allowing different amounts of

Pt–Pt, Pt–Ni, and Ni–Ni bonds. It is interesting that even after

multiple annealing cycles at rather high temperatures, each of

these curves shows a relatively broad distribution with their

maxima near the particular average (dashed vertical lines),

indicating that a whole variety of different particle shapes are

present even though they do not correspond to the overall

global (and thermodynamic) energy minimum morphology

Fig. 6 Hard-sphere models of the Pt2Ni1 nanoparticles with different

diameters. Each column shows the initial bulk-truncated structure as

well as the final relaxed particles after annealing to 1000, 1250, or 1500 K.

Blue colored atoms represent Ni, while all remaining are Pt.

Fig. 7 Energy distributions of the 2.0 nm PtxNi1 (x = 1, 2, 3)

particles obtained after multiple annealing to 1500 K. For each

composition the dashed vertical line indicates the average energy.
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given by a Wulff-type particle. Furthermore, out of the

statistical sample only a very few set of particles assumed this

shape. This example already shows that nanoparticles undergo

drastic morphological changes as soon as enough kinetic

energy is available, leading to a wide variety of mostly

non-Wulff-type cluster structures which we can assume to

have different catalytic properties. The final particle structure

certainly depends on the procedure of the annealing simulation

(i.e., temperature, speed of heating and cooling down, etc.).

Therefore, only a rather small portion of nanoparticles

assumes the global minimum configuration. However, in a

real system one should expect a broad distribution of particle

sizes and shapes. This behavior has also been observed experi-

mentally, for instance with Ag particles on a SiO2 support.
56

We then analyzed the distribution of Pt and Ni atoms within

the particles, which in principle should reflect potential segre-

gation effects. Fig. 8 shows the ratio of Ni atoms versus Pt

atoms separately analyzed for the surface and the bulk. For a

homogeneous distribution of Pt and Ni within the particles

one should expect a Ni : Pt bulk ratio of 0.33, 0.5, and 1.0 for

Pt3Ni1, Pt2Ni1, and Pt1Ni1, respectively. However, our simula-

tions show drastic deviations from this behavior (see the top

plot of Fig. 8). In all cases the amount of Ni in the bulk seems

to be increased compared to the overall particle composition,

indicating a certain Pt surface segregation.

This effect seems to be more pronounced for Pt3Ni1, where

the ratio increases by roughly 50% to B0.5. For Pt2Ni1

and Pt1Ni1 particles this increase is only 30% and 15%,

respectively, which already shows that the strength of the

surface segregation effect depends on the bulk composition

of the particles.

Furthermore, the nanoparticle surfaces are composed of

faces with different orientations, which usually have their

particular segregation behavior, the entire surface is not

composed of Pt, but shows a certain, though reduced, amount

of Ni atoms. This reduction is clearly seen in the bottom plot

of Fig. 8 that shows the averaged Ni : Pt ratio at the particle

surface. The segregation behavior is illustrated with a 2 nm

Pt2Ni1 particle that had been multiple annealed to 1000 K.

(111) faces are fully covered with Pt, (110) and (100) planes

still contain certain amounts of Ni (see Fig. 9). Between the

latter two surface orientations, the (110) planes seem to be

dominated by Ni surface segregation. However, as the particle

surfaces usually have more (111) than (110) or (100) faces, we

obtain the overall segregation behavior shown in Fig. 8, which

is in agreement with the behavior observed experimentally for

different PtxNiy single crystal surfaces.57–60

Finally, we have analyzed the atom coordination in the bulk

and at the surface to obtain a qualitative understanding of the

bulk morphology and the surface faces of the nanoparticles.

Fig. 10 shows the corresponding structural analysis. The top

plot indicates that all particles have a pronounced maximum

at a coordination number of 12, which we found to be due to

fcc-like bulk morphologies. However, some of the bulk atoms

(especially Pt) also have higher coordination numbers of 13 or

even 14, which is due to some distortions within the particles’s

cores as well as the cutoff bond distance of 3.2 Å used in our

analysis.

We have also repeated the analyses with different bond

distance cutoffs, but found the most reliable behavior for 3.2 Å.

Small changes around this value only led to minor changes in

the curve. The surface atoms show a relatively broad distri-

bution of coordination numbers around 8–9. While for an

atom of a (111) face one would expect a coordination of 9,

atoms in (110) and (100) planes should be 6-fold and 8-fold

coordinated, respectively. The averaged behavior shown in

Fig. 8 Ratio between Ni and Pt in the bulk (top) and at the surface

(bottom) for all 2.0 nm PtxNi1 (x = 1, 2, 3) particles.

Fig. 9 Hard-sphere model of a representative 2 nm Pt2Ni1 particle

after multiple annealing to 1000 K. The system shows that the different

low-index surfaces have deviating segregation properties. Blue colored

atoms represent Ni, while all remaining atoms are Pt.
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Fig. 10 explains the maximum at 8–9 as well as the relatively

broad distribution. However, it also indicates the overall

domination of (111) faces that had already been deduced from

the segregation analysis in Fig. 8. Interestingly, for all particle

mixtures Ni atoms tend to prefer coordination numbers of 8 or

slightly greater. Taking into account that (111) planes are

usually fully covered with Pt, this would mean that Ni prefers

(100) planes as well as step edges.

The simulations for the PtxCo1 (x = 1, 2, 3) alloys were

performed analogous to the PtNi systems. The in-depth

analysis for the 2 nm particles, which due to the weaker Pt–Co

interaction was limited to 750 K, shows a similar energy

distribution (Fig. S1 in the ESIw), being again indicative of a

broad variety of particle shapes. In contrast to the PtNi

systems, the PtxCo1 (x = 1, 2, 3) nanoalloys show a different

segregation behaviour. Analysing the Pt : Co ratio and the

coordination numbers at the particle’s surface and bulk

(Fig. S2 and S3 in the ESIw) shows a pronounced surface

segregation of Co to the surface of Pt1Co1 and Pt2Co1 alloy

particles, which is less indicative of Pt3Co1 particles. This is

in qualitative correspondence to the experimental analysis

(see Table 2). Interestingly, after annealing some of the

particles with higher Co-contents show a phase separation

between Pt and Co, leading to Pt-rich and Co-rich regions

within the particle or even two separated Pt and Co particles.

This behaviour can be rationalised by comparing the cohesive

energies61 of pure Pt (5.84 eV), pure Co (6.89 eV) and Pt3Co1
(5.51 eV). Due to the large difference between the cohesive

energies of Co and Pt one would expect a tendency of Co-rich

PtCo particles to maximize the number of Co–Co bonds,

which would lead to a phase separation. Certainly, as the

Co-content in the alloy particles is reduced, this tendency is

weakened. Future work will address exactly this issue.

3.4 Surface segregation

Bulk analysis of synthesized materials (Table 1) reflects the

nominal atomic composition of PtNi and PtCo alloy catalysts.

However, the atom surface ratio by means of hydrogen

underpotential deposition (Hupd), Fig. 4, clearly reveals that

such ratio is far from expected values. Considering an average

particle size of 2.6 nm, the number of atoms within the fcc

model (cubo-octahedral structure) is 621, where 43% (270) are

surface atoms. Rationalizing these figures,Hupd shows that Pt,

Ni and Co atoms are all distributed at the surface far from the

theoretical nominal value. Indeed, on all nanoalloy samples

the general trend is that a surface segregation phenomenon

takes place. This experimental observation validates the

calculations depicted in Fig. 8 (bottom), e.g., for PtxNi (x = 2).

While our MD simulations reveal a tendency for Pt to

segregate to the surface of PtNi alloys, for PtCo alloys we

find the opposite trend, namely Co surface segregation. This is

in agreement with our experiments showing that cobalt atoms

preferentially segregate to the surface for PtCo (2 : 1) and

(1 : 1). On the other hand, the tolerance towards methanol

during the ORR process is the best, as observed for Pt : Co

(1 : 1) cf. Fig. 5B, for a slight increase of cobalt surface atoms.

4. Conclusions

In this work, Pt, PtCo and PtNi catalysts were synthesized by the

chemical carbonyl route. The physical–chemical characteriza-

tions strongly support the fact that this route of synthesis favors

nanoalloy formation at the molecular level. The change of the

Pt–Pt mean distance in the Pt : M product gives an account of

the same phenomenon. However, the atom distribution at the

particles’ surface is determined by the size and alloy Pt/M ratio.

This latter was assessed by surface electrochemistry, clearly

indicating the surface segregation phenomenon. An insight into

this phenomenon was provided by molecular dynamics simula-

tions, indicating a tendency of Pt surface segregation for the

Pt–Ni alloys and Co surface segregation for Pt–Co alloys, both

being dependent on the Pt : M ratio of the alloys. From

materials point of view, it is clear that the present material

improved, to some extent, the tolerance to methanol, although

they probably do not fulfill the electronic conditions for a full

selectivity. Nevertheless, the way to improve platinum by diluting

it in such alloys seems feasible via the carbonyl chemical route for

the oxygen reduction reaction process.
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Fig. 10 Atomic coordination of bulk (top) and surface (bottom)

atoms for the different PtxNi1 nanoparticles averaged over the 100

investigated particles.
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