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Abstract. High catalytic activity of Pt-Co nanoalloys in the oxygen reduction and other reactions is
usually attributed to their Pt-rich surfaces. However, identification of the precise near-surface structure
is by no means easily achievable experimentally. In this work we systematically analyzed the chemical
ordering and surface composition of PtyCos9x and PtxCoi40.x bimetallic nanoparticles by means of a
recently developed method based on topological energy expressions and electronic structure
calculations. Pt is found to segregate on the surface, especially on corner and edge sites, forming a one
atomic layer thick skin independently of the size and composition of the nanoparticle. In turn, the
subsurface shell of the particle is composed mostly of Co, whereas the core area has a mixed
composition, which depends on the overall stoichiometry. The formation of an outer Pt shell is
corroborated by thoroughly analyzed data of X-ray photoelectron spectroscopy experiments performed
with various photon energies on annealed Pt-Co particles prepared in vacuum by magnetron sputtering.
The core-shell structure of Pt-Co particles is calculated to be more stable than the respective L1,
structure. The obtained topological energy expressions are shown to depend only very moderately on
the nanoparticle size, which allowed us to apply them to determine the ordering in ~4 nm big PtxC0o1463.x
species. The presented results deepen our understanding of the intrinsic structure of Pt-Co
nanoparticles depending on their size and composition.

TOC image:
Pt shell in 4 nm particles based on DFT and XPES

TOC text:

PtyCo,y-core@Co-rich-subsurface@Pt-shell structure is identified in several nm large Pt-Co particles
using X-ray photoelectron spectroscopy and an optimization method based on density-functional
calculations.
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Introduction

Nanoalloys based on platinum have attracted much attention of researchers for the last decades due to
several important reasons. First, some of these materials have singular magnetic properties, e.g.
magnetic anisotropy above the “super-paramagnetic limit”, which render them interesting for high-
density information storage and electromagnetic devices."” Another reason is that Pt-based nanoalloys
can be remarkably active catalysts despite the lowered Pt-content and consequently reduced cost.® This
high activity is usually rationalized by preferential occupation of surface sites by Pt.” For instance, Pt-Co
nanoalloys are highly efficient catalysts in Fischer-Tropsch synthetic reactions and in low-temperature

8-11

fuel cells, amongst other applications.””" Recently we have shown that magnetron-sputtered Pt-Co

catalysts are very efficient (per gram of Pt) for the oxygen reduction reaction.™

For a deeper comprehension of the catalytic behavior of (magnetron-sputtered) Pt-Co nanoalloys,
the first step is the understanding of the structure of nanoparticles (NPs) of different sizes and
compositions present in the catalysts. The size and composition are often defined by the preparation
conditions. However, alloy NPs with a given size, composition and shape have an additional degree of
freedom, chemical ordering. The latter is the pattern, in which atoms of two metals occupy structural
positions imposed by the NP lattice. Naturally, more thermodynamically stable patterns are easier to
obtain experimentally. In spite of the recent progress in experimental structural analysis, such as
advances in electron microscopy techniques, it is still hardly feasible to precisely determine the three-
dimensional chemical ordering in a bimetallic NP based solely on experimental data.

As far as the most pertinent experimental works on the structural analysis of Pt-Co NPs are concern-
ed, it was found that PtCo forms an ordered L1, crystalline phase at the equiatomic composition.”™*®
The transition from disordered Al phase to ordered L1, phase was observed upon annealing during the
synthesis of the NPs.* However, several experimental studies identified Co core — Pt shell or Pt-Co core
— Pt shell NPs.'*'® Mayrhofer et al. found that segregation in Pt-Co nanocatalysts induced by CO
adsorption led to the formation of a Pt-shell around a Pt-Co core. The resulting catalyst particles
featured high activity despite the low Pt content.” Recently Xin et al.'® used pumped gas cell
transmission electron microscopy (TEM) observations to describe the surface segregation of Co in Pt-Co
NPs in oxidizing environments.

Computational search for the lowest-energy geometric structure and the lowest-energy chemical
ordering of a fixed geometric shape, which is referred to in the literature as global optimization
problem,**? has still been an uphill task for particles of several nm in size. Several theoretical studies
were dedicated to assess the structure of different sized Pt-Co NPs. For instance, Chui et al.* studied
the structures and atomic distributions of Pt—Co NPs of 500 atoms by classical molecular dynamic
simulations using interatomic potentials. There, structures of Co-core — Pt-shell NPs of different Pt:Co
atomic ratios were optimized using a thermal annealing technique. It was found that Pt preferred to
attain both surface and near-surface positions independently of the Pt:Co ratio. Mottet et al. have
carried out global-optimization and Monte-Carlo studies with interatomic potentials? in order to
investigate the structure of Pt-Co particles within the 1-3 nm size range. They found that structural and
chemical ordering depends on the NP size. For NPs of less than 100 atoms, the most stable are poly-
icosahedral-like species, whereas for NPs of more than 100 atoms the most favorable structures are
decahedral with a pseudo-L1, phase ordering in all the tetrahedral units with alternating pure
pentagonal ring layers along the fivefold symmetry axis. The same computational strategy has been
applied to describe order <> disorder transitions in 800-atom Pt-Co NPs.”* The size dependence of the

shape of Pt-Co NPs has also been supported by experimental results.***® Qin et al.”’ analyzed Pt-Co NPs
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of different sizes, shapes and compositions by means of Monte-Carlo simulations and showed that Co
atoms prefer to occupy bulk positions, whereas Pt tends to segregate on the surface.

Recently Baletto et al.?® used one-by-one atom deposition based on classical molecular dynamics
method combined with density-functional theory (DFT) calculations to explore new structural motifs in
Pt-Co nanoalloys composed of 55 - 155 atoms. A novel structural motif of two stacked poly-icosahedral
pancakes has been shown to have unexpectedly high stability. Monte-Carlo simulations by Chepulskii et
al.” based on local cluster expansions for bulk alloys predicted strong Pt segregation in the first (surface)
layer and Co segregation in the second (subsurface) layer with the formation of a core/Co/Pt or “onion
shell” profile. The structure of the core varied between L1, and random alloy depending on the
simulation temperature. In most of the aforementioned studies interatomic potentials were employed
to generate structures by molecular dynamics simulations, whereas Hu et al.* investigated the
electronic and magnetic properties of manually selected PtyCoy.x (N < 55) NP structures by means of DFT
calculations and found that Pt atoms tend to occupy surface sites forming an exterior shell. Noh et al.
also applied DFT calculations to approximately 430 systematically selected Pt-Co NPs of different sizes
and compositions. They concluded that the most thermodynamically stable NPs have onion structure, in
which the outermost shell consists of Pt.*!

As follows from the overview of the literature, both experimental and theoretical studies show a
rather mixed picture about the most stable chemical ordering in Pt-Co nanoalloys. In particular,
computational studies are limited either by the degree of accuracy of classical molecular dynamics and
interatomic potentials or by the computational cost of extensive DFT screening of NP structures. We
have recently proposed a methodological framework that provides an efficient way for the optimization
of chemical ordering in bimetallic NPs with almost DFT accuracy.*” The new approach is based on the
concept of the topological energy expression, Erp» (see the Methodology section for more details),
which accounts for a set of important structural features that determine the relative stability of
bimetallic NPs of a particular size and shape. These features include 1) energy gain/loss due to
heteroatomic bond formation, 2) distinct coordination numbers of atoms in different sites of the NP,
and 3) possible tetragonal distortion in L1, alloys. In the topological energy expression, one energetic
value (referred to as descriptor) corresponds to each of the aforementioned structural features, which
makes the interpretation of our results particularly straightforward.

Herein, we present a joint computational and experimental study of the near-surface chemical
ordering in Pt-Co NPs. We carried out a comprehensive computational structural analysis for both the
PtyCo79.x (19 £ X £ 60) and PtyCo1x (X = 96, 105) NPs of truncated octahedral fcc structure. To obtain a
deeper understanding of Pt-Co alloying at nanoscale we determined topological energy expressions for
various NPs. Descriptors obtained for Pt-Co NPs are found to depend mostly on the composition of the
NP, and much less on its size. This finding provided firm grounds for the optimization of chemical
ordering in much larger NPs, such as PtyCo1463.x (366 < X < 1097) also investigated in this work. Based on
our results we predict PtyCo,y-core@Co-rich-subsurface@Pt-shell structures to be the most
thermodynamically stable. Formation of such structures is confirmed by our X-ray photoelectron
spectroscopy (XPES) experiments performed with photon energies of 180, 650 and 5950 eV on annealed
sputtered Pt-Co films. We also analyzed the electronic structure (d-band center) and average
interatomic distances in the NPs as a function of the Pt:Co ratio. These results allowed us to characterize
chemical ordering in Pt-Co NPs covering a broad range of sizes and compositions.
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Methodology

Our methodology for the optimization of chemical ordering in nanoalloys with different compositions®
is summarized in the following. The energy of a given PtyCon.x NP is approximated by the topological
energy Erop defined by expression (1) that depends only on the mutual positions of X Pt and (N-X) Co
atoms in a predetermined lattice:

_ Pt—ConrPt—Co , Pt Pt Pt APt pt pt
Erop = Eo + €gond Neond + €cornerNcorner + €Ep6ENEDGE + €TERRACENTERRACE (1)

where NELZS0 is the number of heteroatomic bonds (nearest-neighbor Pt-Co pairs of atoms) in the

considered structure; NS pnver, Nibce, and NEtrz4cr are the numbers of Pt atoms on corners, edges
and terraces, respectively; E; is a constant (for each studied NP composition PtyCoyx) minimizing the
offset of the total energies of homotops calculated by the chosen electronic structure method versus
the corresponding Erop values from eq. (1).

To every characteristic number N; in eq. (1) corresponds an energetic factor ¢;, called descriptor.
Very importantly, each of these four descriptors has a well-defined physical meaning. 55350, for
instance, represents the energy gain as a result of mixing Pt with Co (per formed Pt-Co bond). The other
descriptors ef5rnErs Ebber and ebkrrack reflect the energy gain or loss resulting from the exchange of
a Pt atom on a corner, an edge or a terrace with a Co atom in the NP interior (given that the number of
heteroatomic bonds Ngg&%" remains constant). Therefore, the energy expression Erp can be tailored
for every NP structure with a given shape, size and composition through fitting the ¢; descriptors to the
total energies Ers of appropriate electronic structure (ES, e.g. DFT) calculations of several isomers
(homotops) via multiple linear regression.>* Note that the constant E, appears as the intercept in the
multiple linear regression procedure. For simplicity, when we discuss contributions of &;N; terms to the

energy of the global minimum, we refer to the E;op— Eo value.

Calculations of electronic structure total energies Ers for various NPs are the bottleneck of the
method, since they are time consuming for larger NPs. (Note, however, that calculations of a limited
number of bimetallic NPs composed of 140 atoms were affordable already in 20043* and in the
*37) On the other hand,
insufficient number of structures in the fitting set leads to poor statistical accuracy of the obtained ¢;

meantime notably larger NPs became accessible for the DFT supercomputing.

values. The accuracy of the individual descriptors ¢; can be estimated as 95% confidence intervals via
the bootstrap method.*® The overall precision & of the energies Erpp is estimated as twice the residual
standard deviation (RSD) between Egs and Erop energies for a set of N5y 2 10 structures not included in
the fitting procedure

5 = 2\/Z(EES_ETOP)Z_(Z(EES_ETOP))Z 2).
Nrgst—1

The accuracy (AE) of the expression (1) can be estimated by the energy difference between the
lowest-energy structure according to ES calculations and the global minimum structure according to the
topological energy expression. The energy difference between these two structures can be calculated
both as AE;p» (the energy difference between the two homotops using the energies given by the
topological expression) and AEg (the energy difference between the two homotops using DFT energies).
Since different structures with the same N; numbers by definition yield the same E7pp, but can have
slightly different E;s due to minor effects not accounted for in the topologic energy expression, it is more
consistent to calculate the accuracy (AE) as AE;op using values obtained from eq. (1).
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A topological energy expression constructed for a given system can be used for the optimization of
its chemical ordering within a predetermined lattice. Monte-Carlo simulations are carried out in steps of
simultaneous exchanges of n random atoms of Pt with n random Co atoms. The number of atoms to be
exchanged is selected in a random way with the probability p(n)~ n~3/2. It was shown that even very
significant barriers in the configurational space can be overcome using these moves.*

The temperature during a Monte-Carlo simulation is chosen in such a way that the system spends
<50 % of the time in the lowest-energy configuration. For a particular PtyCoynx NP a configuration was
considered to be global minimum, if a move from it to a lower energy structure failed after 10 * X(N —
X) multiple exchange moves.

During the Monte-Carlo simulations, when the program finds a structure with lower energy than
the previously calculated ones, the geometry is written into a file. Ny structures featuring the lowest
Erop energies were calculated by the chosen ES technique described in the next section. The resulting set
of Egs energies is used to estimate the precision 6 of the E;o» employed in the Monte-Carlo simulation. If
the resulting & was above 200 meV, the test set of structures was added to the fitting set and new
descriptors were determined. Then global optimization with the new energy expression led to a new
test set generated in the aforementioned way, and the precision & of this new E;op was estimated on
these new structures, which had not been included in the fitting.

Computational details

Electronic structure calculations have been performed using the periodic plane-wave code VASP.*® The
employed gradient-corrected exchange-correlation functional PBE*® was found to be one of the most

42 The projector

appropriate among common functionals for the description of transition metals.
augmented wave approach was applied to treat the interaction between valence and core electrons.*®
We carried out calculations with plane wave basis sets defined by 268.0 eV energy cut-off. Our
benchmarks for Pd-X NPs have shown a negligible effect of the cut-off energy increase to 415.0 eV on all
chemical ordering optimization results.?> The one-electron Kohn-Sham states were smeared by 0.1 eV
using the first-order method of Methfessel and Paxton;* finally, converged energies were extrapolated
to the zero smearing. All calculations were performed at the -point in the reciprocal space only. The
relaxation of all atoms was carried out during the geometry optimization until forces on each of them
became < 0.2 eV/nm. The minimal separation between NPs in adjacent supercells exceeded 0.7 nm, at

35,45

which the NP-NP interaction was found to be negligible. Since cobalt is a magnetic element, spin

polarized calculations have been carried out throughout.

Experimental details

The PtCo catalyst films with a thickness equivalent to 10 nm have been prepared by simultaneous DC
magnetron sputtering of Pt and Co. The deposition has been carried out in Ar atmosphere of a total
pressure of 6 x 10™ Pa at 20 W power applied to both the Co and Pt targets giving a growth rate of the
PtCo film of 3.3 nm'min™". The soft X-ray photoelectron spectroscopy (SXPES) study was performed at
the Materials Science Beamline, Elettra synchrotron light facility in Trieste, Italy. The bending magnet
source provides synchrotron light in the energy range of 21-1000 eV. Hard X-ray photoelectron
spectroscopy (HAXPES) measurements were performed at the BL15XU beamline of the SPring-8
synchrotron facility in Japan. The X-ray was monochromatized at 5950.2 eV by using a Si (333) channel-
cut post-monochromator. The total energy resolution AE = 280 meV was determined from the Fermi
edge of an Au reference sample. All the SXPES and HAXPES experiments were performed ex situ in
ultrahigh vacuum (UHV) experimental chambers operating at base pressures around 5 x 10° mbar, and

the spectra were taken at the grazing photon incidence and normal emission geometry. The PtCo film
5
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morphology observations were performed by means of Atomic Force Microscopy (AFM) and
Transmission Electron Microscopy (TEM) using a Bruker Multimode 8 microscope and a 200kV JEOL
2100F microscope, respectively.

Results and discussion

We carried out calculations as outlined above to analyze the chemical ordering in PtyCo79.x and PtyCo140.x
NPs of truncated octahedral fcc structure, which is in line with the Wulff construction at the considered
NP sizes. However, we also showed that the factors governing the chemical ordering (the actual
descriptor values) do not change much for different shapes.32 We investigated PtyCoq.x NPs of different
compositions (19 < X < 60) and also performed calculations for PtyCo140.x (X = 96, 105) particles to assess
the transferability of descriptor values between NPs of different size. For all considered NPs the
precision, §, of topologic energy expressions was found to be better than 200 meV (i.e. better than 2
meV per atom). That is, topologic energy expressions were found to describe sufficiently accurately
alloys composed of metals with notably different atomic sizes. (Bulk-optimized interatomic distances in
bulk Pt and Co are 281 and 247 pm, respectively.*) Finally, on the basis of the results showing that the
particle size has a quite limited effect on the actual descriptor values, we predicted the chemical orde-
ring in notably larger PtyCo1463.x (366 < X < 1097) NPs of ca. 4 nm, which are too big for DFT calculations.
We showed that the formation of Pt skin in medium-sized Pt-Co nanoparticles may be hindered by Pt
accumulation in the NP core. For instance, the 100% perfect Pt skin does not form in Pt;Co,; NPs smaller
than 5 nm, because the core composition stays around Pt;Co, in this size range.

Results for PtyCo;9.x Nanoparticles

Four different compositions of PtyCos9x NPs have been analyzed that correspond to approximately 1:3,
1:1, 2.2:1 and 3:1 Pt:Co ratios. These compositions are typically used in catalytic experiments and with
these compositions we covered the spectrum of Pt-rich, Co-rich and equiatomic compositions.

Table 1. Descriptors (g;) in the topologic energy expressions for PtxCo,9x and PtxCoisox
nanoparticles as well as the corresponding precision (6) and accuracy (AE) values (all in meV). 95%
confidence intervals of &; are also given, e.g. —671’%8 means that the interval is -96 + -34 meV. Ng7 is
number of structures used to perform the fitting of the descriptors.

Pt19C0¢0 Pt40C039 Pts4Coys PtsoCo1o PtssC0O44 Pt10sCO3s

ebbny? —67133 —3012 —25%1%  —35%10 —51*2 —4518,

ebt rNER —13091137 —436193¢ —523%9%1, —5961& | —587%23 —6671%,

ekt r —1230%398 —8847133 -—720%118 —714%13% | —680%88, —733*&8

L —— —918+194  —327%8 —415%117 —525%23 | —504%22 —464737
Ner 23 46 35 52 21 35
precision, & 118 150 187 154 137 155
accuracy, AE 48 89 68 95 116 74

Pt;sCo4. We carried out the analysis of the descriptor contributions for a Co-rich NP of 79 atoms, in
which the ratio Pt:Co is 1:3. The results showed that Pt atoms tend to segregate on the surface (Figure
1). The energy gain corresponding to the occupation of 6-coordinated corner and 7-coordinated edge
positions by Pt is rather similar (1309 and 1230 meV, respectively), whereas the energy gain for terrace
positions is smaller, 918 meV (Table 1). When we analyze the structure of the global minimum Pt;5Cog
NP, we note that both the subsurface and the core parts consist of pure cobalt, whereas all Pt atoms are
located in low-coordinated surface positions (Figure 1, Table 2). These Pt atoms occupy only edge and

6
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corner positions, while terraces are fully composed of Co. The calculated energy contributions to the
global minimum for corner and edge positions of Pt atoms are 49% and 24%, respectively (Figure 2).
Since no Pt atoms are found in terrace position in the global minimum structure, there is no energy gain
from that channel. The energy of heteroatomic bonds was calculated to be 67 meV. Although this value
seems rather small, as the number of heteroatomic bonds is high (115 in this case), the overall
contribution of Pt-Co bonds to the energy is quite substantial (around 25%).

Pt;,Co34. For the Pt-Co NPs of approximately 1:1 composition segregation of Pt on the surface of
NPs was found to be favorable, and the corresponding energy gains were 884 meV for each Pt atom on
7-coodinated edge positions, 436 meV for Pt on 6-coodinated corners and 327 meV for 9-coordinated
terrace positions (Table 1). The respective contributions to the energy of the global minimum of the NP
are 43%, 33%, and 10% (Figure 2). The contribution of each of 116 heteroatomic bonds to Epp is 30
meV, which gives 14% contribution to the overall energy gain. Note that the calculated value of

ebENEY = —30%2 meV for Pt,Coso yields the formation energy of L1, bulk PtCo alloy of EMX = 4 «
ehins? = —121%3% meV per atom, which is in agreement with the experimental value of EM!X =

—1401’%% meV per atom.*® The global minimum (Table 2, Figure 1) has the subsurface shell consisting
exclusively of Co atoms, whereas the only present in this structure core site is occupied by a Pt atom.
Most of the Pt atoms segregate on the surface, preferentially on corner and edge positions.

Pt;,Co,s. Descriptor contributions to Ergp in the case of Pts;Co,5 NPs (with Pt:Co ratio equals to ap-
proximately 2.2:1) has been calculated. The highest descriptor energy corresponds to Pt segregation on
7-coordinated edge positions (720 meV), and such segregation was also found to be favorable to 6-
coordinated corner and 9-coordinated terrace sites (the energy gains being 523 and 415 meV, respecti-
vely). The relative energy contributions to E;op are 27%, 36% and 26%, respectively. Heteroatomic Pt-Co
bonding has a 25 meV contribution per bond, which represents 10% contribution to E;op.

OPt

Figure 1. Exterior shells of the lowest-energy structure of PtyCo,9x Nnanoparticles (19 < X < 60) according
to results of density-functional calculations. The interior parts are not shown, since in all these particles
they consist completely or almost completely (>95%) of cobalt atoms.

Pt;,Co19. The analysis of the contribution of different descriptors to E;pp for Ptg;Coig NPs showed
that Pt is stabilized in any low-coordinated site compared to interior positions (Table 1). The highest

7
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energy gain corresponds to 7-coodinated edge positions (714 meV), but the contributions are also high
for 6-coodinated corner atoms (596 meV) and 9-coordinated terrace atoms (525 meV). The calculated
respective contributions to the energy of the global minimum are 21%, 35%, and 32% (Figure 2). The
energy for each of the heteroatomic Pt-Co bonds was calculated to be 35 meV, which adds up to ca. 11%
of the overall stabilization. As one can see in Figure 1, in the global minimum structure the NP outer
shell is almost fully composed of Pt (with only one Co atom occupying a corner position), whereas the
interior consists of Co atoms (only one Pt atom is located in the center of the NP, Table 2).

In summary, our analysis showed that Pt clearly tends to occupy surface positions in 79 atom Pt-Co
NP of any composition. Considering the contribution of different descriptors to Eyop (Figure 2), we can
state that ef5pyer and efb-r ones are the most stabilizing. At the same time the contribution of
ekt erace is found to be more important in Pt-rich NPs than in Co-rich ones, since the latter do not
expose many terrace Pt atoms. Heteroatomic bonds give ca. 10-25% contribution. Note that all
optimized PtyCoy9.x NPs exhibit the subsurface shell composed entirely of Co.

In order to evaluate the stability of NPs with L1, crystal structures, the term & 4vgr ZLAYERSlNiPt -
NiC°| was added to the topologic energy expression, where Nipt and Nic" are the numbers of atoms of Pt
and Co in the layer i of a NP and the sum is taken over all layers perpendicular to the {001} direction. The
term |Nl-Pt - Nl-C°| is larger when layers are composed entirely or mainly of Pt or Co and the term is
closer to zero for layers composed of both elements in equal proportions. Therefore, the formation of a
layered structure is favored, if €; g;ypr < 0.

Table 2. Structural characteristics of the most stable homotops with the lowest E.s for different PtyCos9.x

NEEVE? - number of heteroatomic bonds; NoSener, NEbcEs

and PtyCoi40.x truncated octahedral NPs.
NEE eraces N&tgsurrace, NESre - number of Pt atoms in corner, edge, terrace, subsurface and core
positions, respectively. For every nanoparticle composition, the first row represents the absolute

numbers, whereas the second row gives the relative percentage of the possible maximum value.

NEENS ® NéSrner  Ngpee  Ntgrrace  NSUrrace ° Nsgpsurrace©  Nére  Ninrerior”
Pt15C0og0 115 12 7 0 19 0 0 0
34% 50% 58% 0% 32% 0% 0% 0%
Pt40Co3g 116 19 12 8 39 0 1 1
35% 79% 100% 33% 65% 0% 100% 5%
Pts4,Coys 128 22 12 20 54 0 0 0
38% 92% 100% 83% 90% 0% 0% 0%
PtgoCo1g 124 23 12 24 59 0 1 1
37% 96% 100% 100% 98% 0% 100% 5%
PtosCOy44 244 24 24 44 92 0 4 4
38% 100% 100% 92% 96% 0% 67% 9%
Pt105CO3s 244 24 24 48 96 4 5 9
38% 100% 100% 100% 100% 11% 83% 20%

® The percentage of Pt-Co bonds is given with respect to the total number of bonds in the particle;

" N&trace = NErnEr + NEScE + NEERRacE is the total number of Pt atoms on the surface;

* Nhtrerior is the number of Pt atoms not exposed on the NP surface, N&fpoyrrack is the number of Pt
atoms in the shell located immediately below the surface, and NfSrr = Nh rerior — N&tssurrace-
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However, the g 4ygg Values we obtained for Pt,,Cosg NPs from the fitting process were in the range
of 1-3 meV, i.e. negligible. For PdZn NPs,** which were shown to have layered L1, structure, much larger
in magnitude & 4y descriptors of ca. 100 meV were obtained. Hence, for the Pt-Co NPs Monte-Carlo
simulations with these extended topological energy expressions did not lead to L1, layered structures as
global minima. Furthermore, we calculated the relative energy of a manually constructed L1, layered
structure of Pt;;Coss NP and found that its energy was 4.6 eV higher than the global minimum we
obtained. Our results clearly indicate that the formation of L1, layered structures is unfavorable
compared to the PtyCo,.y-core@Co-rich-subsurface@Pt-shell structures obtained in our calculations.

Results for PtxCo.40.x Nanoparticles

Furthermore, we analyzed the descriptor contributions for two different NPs of 140 atoms with Pt:Co
ratios of approximately 2.2:1 and 3:1. In a previous study** we analyzed the dependence of descriptors
on the size for Au-Pd NPs and we obtained similar descriptor values for truncated octahedral fcc NPs of
79 and 140 atoms. Through the analysis of descriptors for Pt-Co NPs, we were able to evaluate how
descriptors depend on the particle size in the case of a different nanoalloy, composed of elements with

notably different atomic radii.
100
80
60
R W Terrace Pt
a W Edge Pt
m Corner Pt
2 m Bond Pt-Co
0
Pt96c°44 Pt105C035

o

o

Pt, Co
19 60
Pt,.Co,, Pt,,Co,, s
60 19

Figure 2. Relative energy contributions (%) to the global minima of PtyCo9.x and PtyCo149.x NPs according
to the topologic energy expressions calculated as &;N;/ Y. ;N;.

PtysCo44. This composition was chosen to evaluate how the obtained global minimum is related to
the hypothetic NP structure with seamless Pt shell, since there are in total 44 interior positions in the
corresponding truncated octahedral fcc structure. The Pt:Co ratio is 2.2:1. The analysis of descriptor
contributions to Erpp for PtysCoss NP showed that like in the case of 79 atom NPs, Pt is stabilized in any
surface site, when segregating on the surface from the interior. Just as in the 79 atom NP of similar
Pt:Co ratio, Pts4Co,5, the highest energy gain corresponds to 7-coodinated edge positions (680 meV), but
the contributions are also high for 6-coodinated corner atoms (587 meV) and 9-coordinated terrace
atoms (504 meV). The calculated respective contributions to the energy of the global minimum are 21%,
25%, and 34% (Figure 2). The energy lowering for one heteroatomic Pt-Co bond was calculated by E;gp to
be 51 meV; and this in overall represents a 19% contribution to the total energy. We can see in Figure 3
that the surface of the global minimum structure for PtysCo44 is almost fully covered with platinum, that
is, only 4 of the available 96 surface positions are occupied by cobalt atoms, whereas the subsurface
shell consists of pure cobalt and NP core is Pt,Co,. It is remarkable that some Pt atoms are located in the
PtssCo4s NP core despite that some terrace positions are still available for them. In consistence with the
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descriptors showing that the energy gain corresponding to Pt segregation on surface sites follows the
edge > corner > terrace order, those four surface Co atoms all occupy terrace positions.

Pt;;5Co3s. We also performed the analysis of the chemical ordering in Pt;psCoss NPs with a 3:1 Pt:Co
ratio, which is frequently used for materials that catalyze oxygen reduction reactions in fuel cells.*”*®
Descriptor contributions are the highest in magnitude for the segregation of Pt on 7-coodinated edge
positions (733 meV), followed by 6-coodinated corners (667 meV) and 9-coordinated terrace sites (464
meV). The relative contributions to the energy of the global minimum are 27%, 24%, and 31% (Figure 2).
Pt-Co bond formation is characterized by 45 meV; which in overall gives 17% energy contribution. In the
global minimum, the surface is fully covered with platinum, whereas the remaining Pt atoms are located
either in the subsurface shell or the NP core. Note that the concentration of Pt in the core, 83%, is
several times higher than in the subsurface shell, only 11%. The majority of Co atoms occupy subsurface
positions with only one Co atom located in the core.

Figure 3. Surface shell, subsurface shell and core of the lowest-energy structures of the PtgsCo4s and
Pt105Co3s nanoparticles according to results of density-functional calculations.

Descriptor dependence on the composition and nanoparticle size

One of the main objectives of this work is to assess how descriptors change as a function of both the
Pt:Co content and the size of the NPs. This information is crucial, in particular when one needs to predict
chemical ordering for larger NPs, electronic structure calculations of which still remain computationally
unfeasible. The dependence of descriptors on the size and composition is presented in Figure 4.

One can instantly notice that descriptors substantially depend on the composition of the NP, that is,
the binding in Co-rich NPs is quite different from that in Pt-rich NPs. In Co-rich NPs the heteroatomic
bonds are stronger and the energy gain associated with surface segregation of Pt is also higher.
However, changes in the absolute descriptor values do not lead to qualitatively different NP structures
for different compositions. In all the analyzed NPs Pt definitely tends to occupy most of the surface
positions, and edge and corner positions are preferred over terrace positions. Note that in practice the

chemical ordering in Pt-Co nanoalloys may be affected by the reaction environment.*”*®

In order to explore the alloying effect on properties of Pt and Co components and to account for the
observed descriptor dependence on NP composition, we have calculated variations of the average
nearest neighbor interatomic distances and metal d-band center with the NP composition. Our results
for the interatomic distances at all investigated nanoparticle stoichiometries show that Pt-Pt and Co-Co
distances do not reveal any trend with increasing Pt concentration (r(Pt-Pt) = 2.63-2.70 A and r(Co-Co) =
2.46-2.60 A). At the same time Pt-Co distances somewhat increase with Pt content (r(Pt-Co) = 2.53-2.73

10
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A), because Pt bonds with interior Co atoms dominant in Pt-rich NPs are longer than Pt bonds with
surface Co atoms common in Co-rich NPs (Figure S1). This finding can account for the different
descriptor values obtained (Figure 4) for Co-rich NPs compared with those of Pt-rich or 1:1
compositions. Note also that NPs with higher Pt content contain more of the longer Pt-Pt bonds and less
of the shorter Co-Co bonds, so the overall NP size increases with growing Pt content.
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Figure 4. Dependence of a) eb535°, b) ef8 pnirs €) €Ebcp, d) €Rtnp4cr and e) ES calculated mixing energy
per atom for PtyCo9x (colored lines) and PtyCoi40x (dashed black lines) NPs on the Pt-Co composition.
Error bars represent 60% confidence intervals of the &; calculated via the bootstrap analysis. If such
confidence intervals for two &; values do not overlap, the probability that these descriptors are not
different is less than ((1 - 0.6)/2)” = 4%.
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Variation of Pt and Co d-band center positions with NP composition is directly related to the change
in the adsorption properties of surface Pt atoms.* According to our calculated data, the Pt d-band
center moves upwards, from -2.54 eV to -2.41 eV with the growing Pt-content in PtyCosqx NPs (Figure
S2). To put the magnitude of this shift, 0.13 eV, in perspective we note that d-band center positions of
Cu and Pt metals (with respect to the corresponding Fermi energies) differ by less than 0.1 eV.>**
However, already this seemingly small difference can result in a very distinct catalytic activity. For
instance, a shift of Pt d-band center in a Pt-Ni surface alloy vs. pure Pt by 0.16 eV was reported to
correspond to the increase of the dissociative O, adsorption energy by almost 0.7 eV.* Detailed
calculated data of the interatomic distances and d-band centers relative to the Fermi energies are
provided in the Electronic Supplementary Information.

Another important measure of the binding strength of the alloying Pt and Co is their mixing energy
(per atom), ", We calculated it for all PtyCos¢.x compositions as £ = [79 E(PtyC079.x) — XXE(Ptss) — (79
— X)xE(C075)]/79%, where E(PtyCo7s.y) is the total energy of the PtyCos.x NP and E(Pt;s), E(Coys) are the
energies of the respective monometallic NPs with the same structure calculated with the same plane-
wave basis as that for the PtyCoqx NP. The minimum of ES mixing energies (= -390 meV) corresponds to
1:3 Pt:Co ratio. The latter is related to the fact that in Co-rich the NPs all Pt atoms segregate on corner
and edge positions, causing a very strong stabilization reflected in the lowest mixing energy. Similar
mixing energies (= -300 meV) were calculated by Noh et al. for 0.7-1.5 nm Pt-Co NPs.*!

Our results show that the dependence of the descriptors on the NP size is almost within the
statistical accuracy of the calculations and hence in the first approximation it can be neglected. This is in
line with previous findings that (with few exceptions) other physical properties of NPs larger than 1.5
nm already depend rather smoothly on their size and start to converge to a certain value.>**”** There-
fore, we find appropriate to use the descriptors determined for particles of 1-2 nm for reliable predict-
ions of the chemical ordering in (much) bigger NPs. Note, however, that the dependence of chemical
and catalytic properties on the size of transition metal or oxide NPs is notably more complicated.>*>®

Table 3. Structural properties of the most stable homotops with the lowest Egs for different PtyCo1463.x
truncated octahedral NPs. NESRE? = number of heteroatomic bonds; NESpnver, NEbces NFErrACE.
N psurrace, NESre = number of Pt atoms in corner, edge, terrace, subsurface and core positions,
respectively. For every NP composition, the first row represents the absolute numbers, whereas the
second row is the relative percentage of the maximum value.

Ng:)_l\flg ’ NI(?:)RNER NS:)GE N;%RRACE Ngll}RFACEb Ngll}BSURFACEC NEEREC IV;)I\tITERIORc

PtsesCO1097 1922 24 98 244 366 0 0 0

25% 100% 91% 55% 64% 0% 0% 0%
Pt;5,C0.3, 3546 24 108 408 540 32 160 192

46% 100%  100% 93% 94% 8% 33% 22%
Ptio0sCOs0 3864 24 108 440 572 162 269 431

50% 100%  100% 100% 100% 40% 55% 48%
Ptios;CO366 3524 24 108 440 572 184 341 525

45% 100%  100% 100% 100% 46% 70% 59%

® The percentage of Pt-Co bonds is given with respect to the total number of bonds in the NP; °
NE&trrace = NErner + NEScE + NEErrack is the total number of Pt atoms on the surface; © Nf\rerior
is the number of Pt atoms not exposed on the NP surface, N&tzsyrrack is the number of Pt atoms in the
shell located immediately below the surface and N&rr = Nirerior — Nétssurrace-

12
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Chemical ordering in Pt-Co nanoparticles formed of 1463 atoms

In particular, we used the descriptor values obtained for PtyCosq.x and PtyCo140.x NPs for bigger =4 nm
PtyCo1463x particles. The chemical ordering was optimized in Pt3sC01097, Pt73,C0731, PtigoaCOs60 and
Pt1097C0365 NPs with Pt:Co ratios of 1:3, 1:1, 2.2:1 and 3:1, respectively. The application of descriptors
derived for smaller NPs to large species is possible only when their shape is preserved. This causes a cer-
tain discrepancy between the octahedral shape of the considered = 4 nm large models and the more
spherical shape of experimentally observed NPs (discussed later). Nevertheless, this discrepancy does
not seem to be critical as it does not affect the agreement between experimental and theoretical
results.

As can be seen from the results in Table 3 and Figure 5, the surfaces of Pt10p3C0460 and Pt;097C0366
NPs are fully formed of platinum, and cobalt only occupies interior positions, consistent with the picture
we obtained for smaller NPs. Note that the concentration of Pt in subsurface shells of these NPs is
always notably lower than in their core. Even in the Co-rich NP Pt355C04497, all the corners and most of
the edges are occupied by Pt atoms and surface Co atoms occupy mostly terrace positions.

The chemical ordering of the PtyCoi463.x NPs presented in Table 3 and Figure 5 is optimized using the
descriptors set for PtyCoss.x NPs. Notably, the chemical ordering calculated with the descriptors obtained
for PtyCo140.x NPs reveals only minor differences. For both Pt;503C0460 and Pt;097C03¢6 Species the skin fully
consists of Pt atoms, independently of whether the descriptors for PtyCo,q.x or PtxCo140.x Were used.

tRBBBRBBRY
CRRBRBBRBBUD -

Figure 5. The structures of Pt3ssC01997 NPs and Pty9;C0366 With optimized chemical ordering.
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For a particular case of NPs with equal proportions of Pt and Co, we performed a more thorough
investigation at various nanoparticle sizes. From the results in Figure 6 one can see that NP edges are
populated solely by Pt already in NPs of = 1 nm, whereas full occupation of corner sites by Pt is achieved
in 2 nm large species. The majority of terrace sites are also occupied by Pt for NPs larger than 2 nm.
However, an outer Pt shell is not formed even in = 4.5 nm NPs — there is always a small fraction of Co on
the surface. The reason for the delayed surface saturation by Pt can be seen in the composition of the
interior region. According to our calculations, in the core-shell NPs Pt concentration is less than 10% in
the subsurface shell, whereas in the core it is around 32%. Such a significant amount of Pt in the core
does not leave enough Pt to fill all surface positions. Hence, for equiatomic Pt-Co NPs we predict the
emergence of Pt,Co,-core@Co-rich-subsurface @Pt-rich-shell structures at sizes between 2 and 5 nm.

Note that on the one hand the employed method may account for mechanical relaxation and
associated stress or strain in large NPs only in an indirect way. On the other hand, the used approach is
powerful enough to reliably describe the underlying chemical driving forces leading to the formation of
Pt,Co, composition of NP core instead of purely Co core. Hence, we trust the validity of the presented
results, even if they are based on the extrapolation of DFT data computed for smaller NPs. Our results
for PtyCos9x and PtyCois0.x NPs, for which explicit DFT calculations are performed, also support the
emergence of the PtyCo,y-core@Co-rich-subsurface@Pt-shell arrangements as the most thermodyna-
mically stable ones. Indeed, such NPs as Pt;C03q, PtsoCo19 and PtgsCo,s feature some Pt atoms in the
core region when there are available sites for Pt on the terraces. Concomitantly, subsurface shells of
such NPs are commonly composed solely of Co.

NP size, atoms
79 225 483 885 1463 2%49 32‘75

-

o

o
I

Corners Terraces
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o
I

% of sites occupied by Pt
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20 e
L et 1 n

03 2 34 5

NP size, nm

Figure 6. Distribution of Pt atoms among various sites of 1:1 Pt:Co nanoparticles as a function of the
particle size. Core encompasses all atoms located in neither the surface nor the first subsurface shells.

Structure of PtCo nanoparticles revealed by X-ray photoelectron spectroscopy

In order to experimentally verify the formation of a thermodynamically stable Pt-Co core-shell
structure, we prepared a 10 nm thick Pt:Co = 1:1 film on a glassy carbon substrate. The TEM cross-view
image of the film presented in Figure 7 shows the formation of almost spherical NPs of about 8 nm in
size. The sample stoichiometry (1:1) was determined by the energy dispersive X-ray (EDX) spectroscopy.
Atomic Force Microscopy (AFM) analysis demonstrates a nano-granular structure of the catalyst films
formed by NPs that was preserved during the sample annealing, see Figure S3 of the annealed film in
the Electronic Supplementary Information.

14



Page 15 of 21 Physical Chemistry Chemical Physics

Figure 7. High resolution TEM cross-view image of the PtCo film.

Recently, it has been demonstrated that photoelectron spectroscopy at variable photon energy can
be successfully used for non-destructive depth profiling of bimetallic catalyst NPs.>” In the present work
we used soft X-ray (SXPES) and hard X-ray (HAXPES) synchrotron radiation photoelectron spectroscopy
of the Pt 4f and Co 3p emission for Pt and Co depth profiling. Figure 8 shows the photoemission spectra
obtained at excitation energies E,, = 180, 650 eV and 5950 eV. The PtCo samples were investigated as
prepared and after vacuum annealing at 770 K for 10 minutes. The peak at binding energy (BE) of 58.5
eV corresponds to metallic (or alloyed) cobalt, whilst cobalt oxide would be seen at 60.5 eV.”**° The
doublet at 71.1 — 74.4 eV is associated with Pt 4f;5), emission.® By considering the effective escape
depth, usually called as photoelectron inelastic mean free path (IMFP) A(E,), the probability P that an
electron can escape without energy loss can be expressed as P = exp[-d/(A(Es)cosa)], where d is the
escaping depth, @ is the angle of emission of the detected electrons with respect to the surface normal
and E, is the kinetic energy of an electron excited from the level A.®* The so-called sampling depth D =
3Acosa corresponds to the surface layer in which 95% of the detected electrons is produced. A(E,)
values and consequently the sampling depth can be determined using the so-called TPP2M formula.®
For example, in the case of the used excitation energies, Pt 4f photoelectrons travelling in Pt exhibit Ap; =
3.8, 8.3 and 47 A, respectively. In general, in the range of energies we used the sampling depth
increased with the photon energy E,, and therefore with E, (E, = E;,,— BE,).

D A R R

® ‘as prepared’

— 770K

Co 3p

Ep, = 5950 eV
Co(0,) 3p

Intensity (arb. u.)

0.5+

E,, = 180 eV [
“ -v"'/‘\

BE (eV)

Figure 8. SXPES and HAXPES Pt 4f and Co 3p spectra of the magnetron sputtered PtCo film and the film
annealed at 770 K for 10 min.
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For a simple evaluation of the average Pt:Co concentration ratios ny/nc, in the probed surface
region, we used experimentally determined ratios of Pt 4f and Co 3p peak areas /»/Ic, by applying
calculated photon energy dependent Pt 4f and Co 3p photoelectron excitation cross-sections Op; 4(Ep.)
and o 3p(En).>

analyzer transmission function (proportional to 1/E) were assumed to be constant because of the similar

We considered the PtCo sample as a homogenous alloy, whereas Ap¢, and the

values of binding energies for Pt and Co, Ep; and Ec,:

npt _ Ipt Oco (3)
Nco opt Ico

The cross-sections 0, and gy and Pt:Co concentration ratios np/nc, are listed in Table 4.

Table 4. Co 3p and Pt 4f photoionization cross sections (03, and th4f)62'63 and Pt:Co concentration
ratios (npy/nc,) determined for the as prepared and annealed PtCo films as a function of the photon

energy E,, and/or the sampling depth D.

EnfeV) /D(A) Oco 3p Opt 4f Npy/Neo

As prepared  Annealed

180/ 11 0.922 2.28 0.98 3.20
650/ 25 0.17 2.06 1.77 2.59
5950/ 140 - - 1.00 1.00

The Pt:Co concentration ratios in Table 4 clearly show that for the annealed PtCo film the surface
region is rich in Pt and the relative Pt concentration decreases with D (we note that in the case of non-
homogeneous samples mainly the topmost surface layer contributes to the detected photoemission
signal). In the case of the as prepared sample the situation is different, and for the most surface
sensitive case we can observe higher Co concentration. This difference can be explained by the
formation of a topmost cobalt oxide thin film covering the Pt-rich subsurface, since the oxidized Co can
be clearly seen from the Co 3p spectra recorded for the as prepared sample at the highest surface
sensitivity (E,, = 180 eV, Figure 8), while only metallic Co is observed after annealing.

Surface sensitive SXPES analysis showed that sample annealing led to the redistribution of the Pt
and Co concentration profiles, see Table 4, i.e. that ny/n¢, was treatment dependent. On the other
hand, bulk sensitive HAXPES did not reveal any variation in the Pt:Co concentration ratio: the spectra
measured before and after annealing were identical and the integral concentrations of Pt and Co were
constant, see Figure 8 and Table 4. Moreover, no CoO, intensity was detected by the bulk sensitive
HAXPES in the case of the as prepared sample, confirming that Co oxide seen in the SXPES Co 3p
spectrum was present in the form of a very thin surface overlayer.

The HAXPES data clearly shows that the total cobalt concentration does not change in the sample
during the annealing process. It indicates that no Co was removed, e.g. as volatile oxide species. In fact,
thermal decomposition of the CoO, species takes place during the annealing. This result is confirmed by
the O 1s SXPES spectra before and after annealing (Electronic Supplementary Information, Figure S4),
where the O 1s peak in the “as prepared” spectrum disappeared during the sample annealing.

We cannot use HAXPES data for the Pt:Co concentration ratio calculation, since reliable data of
photoemission cross sections are not available. However, the identical shape of the Pt 4f — Co 3p spectra
before and after annealing indicates a constant /p/lc, ratio and can be explained by both the high
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sampling depth and the conservation of the integral values of Pt and Co concentrations. Hence, surface
redistribution of Pt and Co concentrations cannot be detected in this case. We can set the Pt and Co
concentration ratio to the default value of 1, as the Pt:Co integral stoichiometry (1:1) is known from the
quantitative EDX analysis.

The simple depth profiling presented above gave us a rough picture of PtCo core — Pt shell structure
formed upon vacuum annealing; however, for the experimental verification of the theoretical model of
the Pt-Co nanoparticles with one monolayer thick Pt skin (shell) coating Pt-Co alloy we had to perform a
precise quantitative analysis of the photoemission data. We calculated the signal intensity ratios Ys/Yc,
that would be detected by the spectrometer for single layer Pt skin - PtCo, core particles and compared
them with measured experimental values /,/lc. In agreement with the TEM and AFM analysis, we
considered the particle diameter of 8 nm and we approximated their shapes by hemispherical
structures.

For Pt.Co, particles in the form of a core alloy covered by a Pt monolayer of thickness dp; (2.8 R), a
relative core Co concentration ¢, can be determined by calculating the number of Pt atoms "consum-
ed" for the Pt skin formation and by considering the total number of Pt and Co atoms in the particle. The
Co photoemission signal Y, detected by the analyzer can then be calculated using the formula

Y, = FT(Eco)oco(En)fico | [y exp (= 1oz ) d2 | exp (- =) (@)

Acopt(Eco)cosa Apt(Eco)cosa

Here Acopt(Eco) and Apt(E¢,) are IMFPs of the Co 3p photo-excited electrons travelling in the Pt.Co,
alloy and in the Pt overlayer, respectively, and o is the emission angle. F is the photon flux and T is the
analyzer transmission function. In case of Yg; the signal is composed of two parts, Pt 4f emission from
the core PtyCo..y alloy and from the Pt skin:

z

Acopt(Ept)cosa

Yot = FT(Ept)opt(Eny) [fodpt exp (— ) dz + fip; f;t exp (— ) dZJ (5).

Apt(Ept)cosa

Similarly, Acope(Ept) and Api(Epy) are IMFPs of the Pt 4f photo-excited electrons travelling in the
PtyCo.y alloy and the Pt overlayer, respectively. A is the Pt concentration in the core calculated in a
similar way as fic, above. We assume Pt skin to have thickness dy = 2.8 A and Pt concentration of 1.
Since the Pt 4f and Co 3f electrons are collected simultaneously, F is constant and T(E) = K/E, where K is
an analyzer transmission constant. In the case of spherical particles, the emission angle d is a parameter
dependent on the escaping beam position and the total value of Y can be obtained by numerically
integrating Y“ over the hemispherical particle surface with the variable o (0 — 90 degrees) depending on
the distance from the particle centre. By calculating the Yp; /Y, ratio, the unknown parameters F and
the transmission coefficient K are eliminated.

Table 5. Detected (Ip;/I,) and calculated (Yp;/Y¢,) photoemission intensity ratios obtained at different
excitation energies E;,.

ExfeV)  Ipi/Ico  Ype/Yeo

180 7 12

650 29 31
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In Table 5 we compared the detected signal ratios with the calculated ones. There is a generally
good agreement, particularly for higher photon energies. The reason for somewhat larger calculated
values Yp/Yc, may be related to neglecting the presence of the subsurface Co-rich shell predicted by the
DFT calculations in our XPES analysis. Consideration of a Co-rich subsurface region should slightly
increase the Co signal Y, at the expense of Y, and therefore make Yp/Yc, smaller relative to the simpler
case of just Pt-Co core and Pt shell. This effect would be more notable for lower photon energies.

By comparing the aforementioned calculations with experimental photoemission depth profiling we
can conclude that the model of spherical alloy particles formed by a homogeneous Pt,Co,.y alloy covered
by a monolayer Pt skin corresponds very well to the real structure of PtCo thin films. It is also in
agreement with the PtCo particle structure obtained by DFT calculations presented in this work. The
difference between the sizes of real nanoparticles (larger) and those considered by theory (smaller)
appears to be not critical, because it is expected that the thermodynamically equilibrated structure
observed for large particles should be even more easily obtained for smaller ones.

Conclusions

We have comprehensively analyzed near-surface chemical ordering in Pt-Co nanoparticles, which
represent materials of major importance in catalysis and other applications. For the analysis we applied
a method recently developed by some of us, which is based on topological energy expressions that
depend on the mutual positions of Co and Pt atoms in the NP structure. The energetic parameters
(descriptors) in the topological energy expressions were fitted to the energy of a series of low-energy Pt-
Co NPs structurally optimized by DFT calculations. The effect of alloying on the geometric and electronic
structures of the NPs was also analyzed.

More specifically, we calculated the optimal chemical ordering in PtyCosox NPs with four different
compositions 1:3, 1:1, 2.2:1 and 3:1; the same method was also applied for larger PtxCo140.x NPs with
Pt:Co ratios 2.2:1 and 3:1. The generated descriptors (parameters in the topological energy expressions)
were found not to depend strongly on the NP size, therefore it was possible to apply the descriptors
obtained for 1-2 nm particles for the optimization of notably larger PtyCoi463.x Species. Our results show
that independently of the size and composition of the Pt-Co NPs, Pt tends to segregate on the surface
and prefers to occupy corner and edge positions, whereas surface Co atoms tend to occupy terraces.
The subsurface shell was found to be almost purely Co in most of the cases, whereas the core of the NPs
contained Pt atoms even when some terrace positions were available for them. These results were
supported by X-ray photoelectron spectroscopy experiments performed on Pt-Co nanoparticles with
various photon energies and information depths. Contrary to some previous experiments or computati-
onal studies based on interatomic potentials, the formation of Pt-Co NPs with layered L1, structures was
not found to be favorable. The chemical ordering in the lowest-energy Pt-Co NPs can be described as a
PtyCo,.,-core@Co-rich-subsurface@Pt-rich-shell structure. The latter result obtained by this powerful
method deepens the understanding of the structure of highly important Pt-Co nanomaterials.
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Electronic Supplementary Information (ESI) available: Graphs of the calculated average interatomic
distances and d-band center positions in Pt-Co nanoparticles. AFM images and SXPES O 1s spectra of
prepared by magnetron sputtering films of Pt-Co nanoparticles.
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