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Abstract

The structure of bimetallic NiCu nanoparticles (NP) is investigated as a function of their compo-
sition and size by means of Lattice MonteCarlo (LMC) and molecular dynamics (MD) simulations.
According to our results, copper segregation takes place at any composition of the particles. We
found that this feature is not size-dependent. In contrast, nickel segregation depends on the NP
size. While the size increases, Ni atoms tend to remain in the vicinity of the surface and deeper.
For smaller NPs, Ni atoms were located at the surface as well. Our results also showed that most
of the metal atoms segregated at the surface area were found to decorate edges and/or form islands.
Our findings agree qualitatively with the experimental data found in the literature. In addition, we
comment on the reactivity of these nanoparticles.

1 Introduction

The much (not all) energy needs and the environmental pollution problems, among many other factors,
have oriented the scientific research in the recent decades toward alternative technologies e.g. fuel cells,
for the generation of clean energy in order to ensure sustainable development in economic, social and
environmental aspects. In this context, electrocatalysis has become a much investigated topic with
an important amount of experimental and theoretical contributions, which not only explain different
phenomena but predict effects and propose new electrocatalysts for the reactions.

Promising new technologies, along with some advantages of fuel cells operating in alkaline media
[1, 2, 3, 4] have brought back alkaline fuel cells to the current scenario [5, 6]. Moreover, solvents are
important due to their influence on the nanoparticle structure and other physical and chemical properties.
For instance, they can preserve the structure of bimetallic particles during a catalytic reaction or increase
the catalyst life-time. For a deeper discussion about this topic, see [7] and references therein. Nowadays,
the role of the solvent and the electrode material are the most studied subjects. However, although
the advance is significant, several issues are still unclear. Therefore, essential information for a rational
development of electrode materials, which must be electrochemically stable and efficient in alkaline
conditions, must be provided. Specifically, the design of highly active electrocatalysts for the hydrogen
oxidation reaction (hor) operating at high pH has been the center of attention due to the well-known
kinetic issues associated with the hor [8, 9].

Among non-noble metals, Ni seems to be a viable option as an anode for the alkaline membrane fuel
cell technology because of the reduced cost and stability; although its lower activity for the hor than that
of Pt [10, 11, 12] is a clear disadvantage. Hence, an improvement of the electrocatalytic properties is
required. Bimetallic materials have been explored to tune the chemical properties of the electrocatalysts
to modify their activity for the reaction [13, 14, 15, 16, 17, 18]. In this context, Cu seems an interesting
choice to combine with Ni due to costs, corrosion stability in alkaline electrolytes and a weaker hydrogen
adsorption (respect with Ni) [19]. Until now and to the best of our knowledge, good and bad activities for
the hydrogen electrode reaction (HER) have been reported depending on the type of NiCu combinations,
as examples see [12, 20, 21, 22].

Bimetallic catalysts in the form of nanoparticles are widely used in several areas due to their selec-
tivity, high activity and stability. For such catalysts, an important issue is to obtain detailed description
about their surface state; particularly, potential active sites in which catalysis may occur. The reac-
tivity of bimetallic nanoparticles is significantly affected by their size, shape and composition. Hence,
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the elucidation of the nanoparticle structure with the focus on the surface layers and the segregation
of the components, is of paramount interest in both fundamental science and practical applications.
Regarding NiCu nanoparticles, fair information can be found in the literature. Experimental work is
mainly centered on the nanoparticle synthesis and their surface characterization using different tech-
niques [12, 23, 24, 25, 26, 27], while theoretical investigations are focused on structural properties and
the relation between shape, size and composition [25, 28, 29]. Although discussions about the segre-
gation of the components of the nanoparticles is always addressed from both perspectives, theory and
experiment [23, 24, 25, 26, 28, 29, 30, 31], theoretical studies oriented to that topic as well as the particle
reactivity remain scarce.

Without doubts modern experimental methods are a powerful source of information for structure
characterization of metal nanoparticles, but in practice the interpretation of experimental data is not
straighforward. Thence, the role of computer simulations via Monte Carlo (MC) and Molecular Dynamics
(MD) methods, is of great importance for clarification. In this context, the lack of understanding and
information stimulates us to investigate the behavior of NiCu NPs by means of MC and MD simulations.
Structure characterization of binary NiCu nanoparticles of different size and composition, as well as the
effects of surface segregation have been considered. Finally, an analysis about the nanoparticle reactivity
to be used as electrocatalyst for the hydrogen oxidation reaction is discussed.

2 Methodology

2.1 Monte Carlo Simulations

Atomistic Monte Carlo simulations based on the lattice model have been performed to investigate the
structure of binary NiCu nanoparticles. The geometry of the particles follows the shape of a truncated
fce cube, with perfect (111) and (100) surface faces. Surface defects (steps, vacancies, kinks) were not
modeled for simplicity. The MC method was used in two different versions. In the first one (lattice Monte
Carlo, LMC) the lattice geometry of NPs is fixed and a selected Ni atom exchanges its position with
the nearest Cu atom at each simulation step. In this method a linear interpolation was used to define
interatomic separations in bimetallic systems, rni—cu = X(Cu)rcu—cu + (1 — x(Cu))ryi—ni, where rey—cu
and ryj_n; are distances between the nearest atoms in the copper and nickel crystals. This approximation
works well because the difference in the crystallographic structure of Cu and Ni is small. In the second
MC version, the position of each atom in the NP was randomly shifted at each simulation step. The
standard Metropolis scheme was employed; and the atomic interactions were described by the Embedded
Atom Method (EAM) [32, 33], which is one of the most reliable pair potentials used in simulations for
metal nanoparticles. Nanoparticles with two different effective radius values were considered: 2.2 nm
(small NP), 6.6 nm (big NP). The total number of atoms was varied from 2057 to 8554. The Cu content
ranged from 0.1 to 0.9 for the small NPs and 0.25 to 0.9 for the big ones. The LAMMPS code [34]
was used for all the simulations. An NVT ensemble was assumed in all MC simulations; the number of
steps was varied from 1.5 x 10° to 2 x 10 depending on the NP size. A value of 6.7 A was used for the
cutoff radius. Several different initial configurations of the Ni and Cu atoms (core-shell and randomly
distributed) were considered in order to avoid artificial final structures. Most of the simulations were
performed at room temperature.

For a more detailed analysis of the structure, we have calculated two different distribution functions
(see also Ref. [25]). The radial distribution function of the metal atoms, which is defined as follows eq.
17

Naze(r)
- / 1
() = e 1)
where Me = Cu, Ni; Njs.(r) is the number of metal atoms in a spherical segment at a given (r + 0r)
interval; N4 is the total number of metal atoms; and the angular distribution function, which can be
defined in a similar way eq. 2,

NMG(ga QD)
nMe(97 90) = T Niot (2)
Me
where Me = Cu, Ni; Nps.(6,¢) is the number of metal atoms in an angular sector restricted to (6 +
00) and (¢ + dp). npe(f, @) exhibits the degree of heterogeneity of atom distribution on the particle
volume, hence, it behaves as an indicator of island formation.
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2.2 Molecular Dynamics Simulations

The binary NiCu nanoparticles have also been studied by simulated annealing followed by a classical
molecular dynamic simulation at room temperature as well. The simulations were performed using
OpenMD code [35] under a condition of constant temperature (NVT ensemble). The interactions between
the atoms in the bimetallic clusters were described through the embedded atom method (EAM) [36]. The
temperature of the system has been controlled using a Nosé-Hoover thermostat. The time step was set as
1 fs in the simulations. According to our procedure, for each cluster size, a simulated annealing has been
performed wherein the temperature varies from above the melting point of the NP to room temperature
with a temperature step of 20 K, where the temperature was maintained for 8 ps in each step. After the
simulated annealing, a molecular dynamics at 300 K has been performed to verify constant energy and
temperature (production time: 1000 ps).

For the sake of clarification, our studies have been performed by means of two well-known methods
- MD and LMC - with different technical procedure: while in MC the nanoparticle geometry remains
in a rigid fcc lattice, and only Ni and Cu atoms are allowed to reordered according to their energetics,
the whole particle is allowed to move in the MD. Beyond the obvious differences, the general behavior
should be comparable. Both in the MC and MD simulations solvent was addressed neither explicitly
nor implicitly. It should be mentioned that the hydrophilic properties of the Ni and Cu surfaces do not
differ much. Therefore, the solvent effect does not seem to lead to significant changes of our conclusions
based on the model calculations.

3 Results and discussion

Firstly, we have investigated by MC the dependence of the structure on the composition, and as conse-
quence surface segregation phenomena. Results corresponding to particles of 2057 atoms (diameter =
2.2 nm) and 8554 atoms (diameter = 6.6 nm) with a variable composition of (10 - 90) and (25 - 90) at.
% Cu respectively are reported in this contribution. Fig. 1 and Fig. 2 show the geometries obtained for
each nanoparticle size at four different compositions: 10, 20, 50, 90 at. % Cu. The selected structures
are representative of all other investigated nanoparticles and compositions.

Our simulations show a remarkable surface segregation of copper atoms for the bimetallic particles
at all the studied sizes and compositions. Experimental studies based on Auger Electron Spectroscopy
[24], atom probe field ion microscope [31] and Low Energy Ion Scattering [37] are in accord with our
results. The segregation was found to be rather symmetrical, i.e. there is no special direction pointing to
more (or less) preferable sectors at the nanoparticle surface. This conclusion is supported by a detailed
analysis based on the angular distribution functions.

The structure of the nanoparticles resembles a ” core-shell” type, although with some specific features.
This result is in agreement with theoretical and experimental evidences, which show that the configu-
ration inside the alloys looks similar to a “diffuse” core-shell patern [27, 29, 38]. Cu atoms are mainly
distributed at the surface region, whereas Ni atoms are found inside the particles (see Fig. 1 and Fig. 2,
specifically the cross sections of each NP). The explanation of this behavior is based on the energetics: a
combination of two metals with an important difference in their cohesive energy favours the core forma-
tion of the metal with significantly larger cohesive energy (e = 4.44 eV /atom > £C4 = 3.49 eV /atom)

coh ™ X
[39] and the shell formation of the metal with relatively small surface energy (EN. . =2.45 J/m? >
ESY, = 1.83 J/m?) [40]. Therefore, the cohesive and surface energies in the bimetallic nanoparticles act

in the same direction and favour the Cu segregation at the NP surface. In addition, Cu-Ni positive
mixing energies reported in [41] favor the segregation of Cu to the sites with lower coordination. In
this context, surface segregation phenomena shows a nice dependence on the coordination of the particle
sites with the copper composition. At low Cu concentration, segregation occurs preferably on the lowest
coordinated sites: edges and corners (Fig. 1(a,b), Fig. 2(a) and Fig. 3). The initial segregation on the
vertices and edges, which are less saturated by the nearest coordination bonds (in comparison with the
faces) looks natural from the view point of enthalpy factor. This observation is in qualitative agreement
with the results of MC simulations for NiCu nanoparticles of cubic shape reported earlier by Mainardi
and Balbuena [28] (see more details in SI, Fig. 3S). Of course, nanoparticles consisting of 319 atoms
are too small and all observations about the structure of this system are qualitative. The aim of this
study is only to compare our predictions with those reported previously in [28]. In part, according to
our results for cubic nanoparticles the segregation activity (i.e. the occupation of NP surface by Cu
atoms) of three different faces increases in the following order: (110) < (111) < (331). This result agrees
quite well with conclusion made by the authors in Ref. [28]: (110) < (111) < (331). Since the amount
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(d)

Figure 1: Three-dimensional images of nanoparticles consisting of 2057 atoms at different compositions:
a) 10 at. % Cu (grey) and 90 at. % Ni (green) b) 20 at. % Cu and 80 at. % Ni ¢) 50 at. % Cu and
50 at. % Ni d) 90 at. % Cu and 10 at. % Ni. Left side: nanoparticle geometrical structures, right side:
nanoparticle cross section.

of copper increases, the facets get "covered” with Cu atoms, only after all the borders are occupied
(Figs. 1(b-d), 2(b-d) and 3). Despite the total square (S) of (100) faces that prevails in our particles
(S(100)/S(111) = /3 from pure geometrical reasons), it can be readily seen in Fig. 3 that the (100) face
is more active than the (111) one in the terms of segregation.

It should be noticed that this behavior is mainly observed for low Cu content (=< 20%). For higher
amounts, the particles exhibit enriched or fully covered facets (Fig. 1(c,d) and Fig. 2(c,d)). As an
example, the radial and angular distributions of a particle at two different concentrations of copper are
shown in Fig.4, which clearly supports our previous explanation. For completeness, the behavior of all
invetigated particles with configurations, cross sections and angular and radial distributions are presented
in SI. As can be seen from Figs. 1S and 2S, the segregation profile of Cu is not monotonous and reveals
at least one main maximum. This qualitatively agrees with the conclusions in [26, 33]. Tt is interesting
to note that authors in [29] found a Janus-like structure for a NiCu nanoparticle (x(Cu) = 0.5) using
MD simulations at T = 10 K, while we have never observed any similar structure in our model systems
at no temperatures.

In addition, our results confirme that the segregation of Ni is much weaker than that of Cu. Indeed,
depending on the amount of copper, this behavior is clearly identified at both studied sizes. For Cu
contents <~ 20%, its amount is not enough to cover all the particle surface; then, Ni atoms are expected
at the surface as well. This is a region where both Ni and Cu atoms co-exist. For higher Cu contents
(>= 20%), the particle surface is entirely occupied by copper, and no segregation of nickel atoms is
detected at the surface. For instance, in a nanoparticle with 30 at.% Cu, the Ni atoms reside in the
vicinity of the second layer, (see Fig. 1S in SI); similar results were reported by Wang et al., where Cu
surface segregation was observed, while Ni segregates to the planes below the surface [42]. Finally, at


http://dx.doi.org/10.1039/c7cp04641c

Page 5 of 13 Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/C7CP04641C

(d)

Figure 2: Three-dimensional images of nanoparticles consisting of 8554 atoms at different compositions:
a) 10 at. % Cu (grey) and 90 at. % Ni (green) b) 20 at. % Cu and 80 at. % Ni ¢) 50 at. % Cu and
50 at. % Ni d) 90 at. % Cu and 10 at. % Ni. Left side: nanoparticle geometrical structures, right side:
nanoparticle cross section.

fairly low Ni concentration, most of these atoms are found disordered in the central area of the particle
(Fig. 1S and Fig. 28 in the SI). These findings are in accordance with most of the theoretical and
experimental work reported in the literature [24, 31, 43]. It must be mentioned that there still exists
some discrepances between authors, some of them report oscillatory behavior in the depth profile [23, 26].
For instance, by using Ultraviolet Photoemission Spectroscopy (UPS) Ling et al. explained that the Cu
enrichment region shows at least one oscillation [26]. At the same time other report evidence that Ni
segregates at the surface of NiCu alloys at significantly low Ni concentration [30, 44]. Note that there
are some differences in the computational results obtained in [25] compared with the present ones, due
to different models considered to describe the interaction parameters of the Morse potentials applied in
[25], which seem to overestimate the tendency of both Cu an Ni atoms in the bimetallic NPs to form
island-like structures. Moreover, according to the previous results [25], Ni atoms come to the first surface
layer at small Ni content in the bimetallic nanoparticles.

To support our conclusions on Ni segregation in NiCu nanoparticles, we have performed MD simula-
tions of two NPs with different sizes and at two different temperatures, 900 K and 20 K (see SI, Fig. 4S).
The initial geometry used at T = 20 K was previously obtained by simulations at the high temperature
(900 K). Nanoparticle composition and temperature values correspond to experimental conditions using
NiCu NPs as described in [45] (heated nanoparticles were sharply cooled). One can see that in all cases
segregated Ni atoms are observed not farther than the second layer of the surface region, while the first
surface layer is occupied by the Cu atoms. The facetted structure of the NP surface is detected as well
(see SI, Fig. 4S). It can be assumed that Ni segregation observed in experiments [30, 44] might be
probably treated as a non-equilibrium effect (i.e. the system needs more time to attain equilibrium).

According to our results and to shed light for a better understanding, smaller bimetallic particles have
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Figure 3: Dependence of the surface concentration of Cu and Ni atoms, Xeurface(Me), on the total Cu
fraction, x(Cu), in the NiCu nanoparticles. Xeurface(Me) (Me=Cu, Ni) is the fraction of the Me atoms
in the first surface layer of the NP and x(Cu) is the fraction of Cu atoms in the whole NP. The total
number of atoms in the NPs is 8554.

been simulated by classical MD according to the methodology explained in Section 2.2. The particles
were investigated at two copper contents of ca. 20% and 80%, and six different sizes with the following
number of total atoms (N): 174, 288, 420, 540, 640, 784.

Fig. 5 and Fig. 6 show the average structures and the corresponding cross sections of both nanopar-
ticle sets obtained by MD. As expected, and due to methodological reasons, the obtained particles show
a special feature: the bond lengths between the atoms is not uniform, i.e. the particles exhibit no
symmetry and no smooth surface is found.

Our results demonstrate that surface segregation of both atoms (Ni and Cu) always appears at small
particle sizes (< 800 atoms), Fig. 5 and Fig. 6, bottom rows, and indicate that the surface is mainly
formed by copper with a certain amount of nickel. Regardless of the proportion of Cu/Ni atoms, Cu is
always detected inside the particles. Most of the Ni or Cu atoms segregated at the surface were found
to form small island-like structures mixed with random distributions (Fig. 5 and Fig. 6).

Both methods show faceted particles. In MC, the particle are highly ordered and faceted by con-
struction, while in MD the particles exhibit facets, which are not perfectly defined and quite random
(Fig. 5 and Fig. 6, top rows). Finally, a common neighbor analysis [46] (Adaptative CNA method [47])
allows us to identify the structure-type of atoms distributed in the nanoparticles. Results are displayed
in Fig. 7 and Fig. 8 for 20 and 80 at. % Cu, respectively. It can be seen that the smallest particle
show an important disorder with increasing size, the particles tend to a higher order crystalline structure.

Particle reactivity and hydrogen oxidation reaction (hor)

It is well-known that the hydrogen oxidation reaction (hor) in alkaline media consists of the following
elementary steps, Tafel (3), Heyrovsky (4), and Volmer (5):

Hy = 2H a4 (3)
OH_ —|— H2 = H2O —|— H(ads) —|— e (4)
H(ads) + OH™ S HQO +e (5)

Processes (3) and (4) are alternatives, which often compete. The reaction always evolves through an
adsorbed intermediate (Haqs)) on an active site on the metal electrode. Although (OH™) is one of the
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Figure 4: A nanoparticle consisting of 2057 atoms at two compositions: a) 20 at. % Cu and 80 at. % Ni
b) 80 at. % Cu and 20 at. % Ni. Left side: radial distributions for Ni(blue) and Cu(bordeaux). Right
side: angular distributions, red and blue colors represent high and lower content of copper, respectively.

o 0<o< 2N 20

reactants in the hor, the oxygenated species might also be produced by the electrochemical adsorption
of a hydroxyl from the solution onto the surface of the metal electrode (6):

OH™ = OH(ads) +e— (6)

where the adsorbed species (Haqq) and OHaq4)) will combine to generate water as a product (7).

H(ads) + OH(ads) = H2O (7)

In accord with these considerations we focus on reactions (3), (6) and (7). The reactions (3) and
(6) proceed in parallel. The electrochemical step (6) is assumed to be fast due to strong orbital overlap
effects, which result in decreasing the activation barrier [48], and the chemical bond breaking process
(3) is most likely the rate controlling step. D. Strmenik et ol [14] demostrated that the OH,qs) is a key
reactant in the hor in alkaline media, and catalysed the hydrogen oxidation reaction rate by promotion of
hydroxyl adsorption. Therefore, a rational design of Ni-Cu bimetallic materials should allow to optimize
the Hage) / OH{aqq) energetics to tune the reaction rate.

Therefore, to understand the particle reactivity, several nickel-copper slab configurations, which might
be found in the NPs, were modeled within DFT (see SI for technical details and Table 1 for modeled
geometries) to evaluate the effects that influence the hydrogen adsorption and the electrocatalytic prop-
erties of the substrate. Ligand effect, due to lattice constant mismatch (a§* > ai'), and chemical
interactions between both metals play a crucial role in the adsorption process as reported in [49]. Thus,
as a first approximation, to evaluate the reactivity of the nanoparticles, the changes in the electronic
structure of the bimetallic configurations were analysed. A comparison of the surface d bands for the
bare and combined systems is shown in Fig. 9. The DOS of the d band changes with the combination of
both metals in comparison with the pure ones. The bands appear to be shifted to more positive energies
(Fig. 9: red, green and yellow lines) compared to the pure Cu surface (Fig. 9: black line). The misfit of
the lattice constant induces a geometrical effect that causes a change in the electronic properties.
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Figure 5: Average structure (top row) and cross section (bottom row) of the studied clusters. The
particles in both rows follow the sequence: Ni14QCU34, NiQQQCU59, N1337Cu83, Ni434CU106, Ni510011130,
Nig24Cuygg. Colour references: Ni atoms are represented by green balls and Cu atoms are represented
by gray balls.

Figure 6: Average structure (top row) and cross section (bottom row) of the studied clusters. The
particles in both rows follow the sequence: N134Cu140, Ni59011229, NiggCU337, NilOGCU434, NilgocU510,
NijgoCugas. Colour references: Ni atoms are represented by grey balls and Cu atoms are represented by
gray balls.

Figure 7: Common neighbor analysis [46] (Adaptative CNA method [47]). Cross section view of the NiCu
clusters obtanied from the MD simulations. The particles in the row follow the sequence: NijyCusy,
NiQQQCU59, N1337CU83, Ni434CU106, Ni510011130, Ni624CU160. Colour references for the balls match the
structure type according to: unknown coordination structure (white), fcc (green), hep (red), others.

Figure 8: Common neighbor analysis [46] (Adaptative CNA method [47]). Cross section view of the
NiCu clusters obtanied from the MD simulations. The particles in the row follow the sequence:Niz;Cuy g,
Ni59011229, NiggCUgg’y, NilOGCU434, NilgocU510, Ni1600u624. Colour references for the balls match the
structure type according to: unknown coordination structure (white), bee (blue), fee (green), hep (red),
others.
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Figure 9: Density of states projected on the surface d bands for systems under study. For detailed
information about each system structure (NilCu, Ni2Cu, IMLCu/Ni) see Table 1 and SI. The vertical
line indicates the position of the Fermi level.

Indeed, for nanoparticles like the ones obtained in our simulations, we expect several values of lattice
parameters, which are between the lattice constant of the pure metals. Moreover, the modifications in
the electronic structure are a consequence of the chemical interplay due to the direct contact between
nickel and copper. Then, it is expected that the d band profiles for the bimetallic structures tend to
the d band of the pure metal found in higher amount (e.g. Fig. 9: black and blue lines!). The upshift
of the d bands to more positive energies and the narrower profiles might be generally associated with a
higher reactivity implying an improvement of the chemisorption properties. This fact is in accordance
with the values of adsorption energies for OH shown in Table 1. A similar trend was also found for the
H adsorption (not shown in the present contribution).

System System identification igls)?;itiitzn Eaas/eV
@ Cu(111) fec -2.88
@ IMLCu/Ni(111) fec -2.98
Q NilCu fec -3.18
@ Ni2Cu top -3.20
w Ni(111) fec -3.23

Table 1: Geometrical structures that mimic parts of the NPs. Cu atoms in grey, Ni atoms in green, O
atoms in red and H atoms in white. Adsorption energies for the OH are reported for the most stable site
found in each configuration.

In very recent work [50], the maximum of catalytic activity for the hydrogen oxidation reaction on
the NiCu nanoparticles was observed at nearly x(Cu) = 5%. As can be seen from Figs. 1-3, at this
composition, all ridges and apexes of the nanoparticles are occupied by the Cu atoms; further increasing
of x(Cu) results in reducing the nickel fraction on the faces. As the reactivity of Ni in hydrogen reactions
is higher as compared with copper, such observations might explain qualitatively the experimental data
[50].

It is evident from Table 1, on the other hand, that bare Cu is the worst surface for adsorption, whereas
pure Ni is the best one. The energetics for the Cu-Ni mixtures are found in the middle. Therefore, the

1Tt is interesting to note that in the case of a ML of Cu on Ni(111), the geometrical effect is a contraction of the
monolayer due to the lattice constant mismatch, where aON‘ < aOC“. Therefore, geometrical effects are less pronounced,
being the chemical interaction the main one. For a detailed explanation, read [49]
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presence of copper atoms to the nickel structure allows the tuning of the energetics in the OH and H
adsorption. It is well-known that hydrogen adsorbs stronger on Ni(111) (AG = -0.3 eV) compared to
Cu(111) (AG = 0.1 eV) [19, 51]. On the other side, the adsorption of OH is highly favored on both
metals. Even more, the heat of reaction (7) (AE = 0 eV for Cu and AE = 0.3 ¢V for Ni) and its
activation barrier (AE, = 0.68 eV for Cu and AE, = 0.90 eV for Ni) have been calculated for the pure
metals (for technical details see SI), and our results show that the water formation (7) on the copper
surface proceeds faster and is more favorable from the viewpoint of thermodynamics.

Hence, the addition of copper atoms to Ni nanoparticles might destabilizes the hydrogen adsorption
on Ni as well as the hydroxyl adsorption; and favors the combination reaction (7). The improvement
should occur for low copper concentration, where both type of atoms exist on the surface (Fig. 1(a,b)
and Fig. 2(a)); as the amount of Cu increases, the particle tends to resemble a core-shell type with the
Cu atoms localized mostly on the surface (Fig. 1(c,d) and Fig. 2(b-d)). Since hydrogen adsorption is
not favorable on pure copper [19], an attenuation in the reaction should appear compared to the Ni-Cu
surface.

4 Conclusions

We found that the copper atoms in the NiCu nanoparticles exhibit a surface segregation even at very small
Cu content. This feature is not size-dependent; the segregation profile along the NP radius reveals at
least one maximum. In contrast the nickel segregation is strongly size-dependent. This effect disappears
with increasing bimetallic nanoparticle size and the Ni atoms can reside only in the vicinity of the second
surface layer and deeper. Finally the reactivity of NiCu nanoparticles in the electrochemical hydrogen
oxidation results from a very delicate balance between the surface electronic structure (position of d-
band with respect to the Fermi level, electronic density profile) and the adsorption energies of H and
OH species. Both these factors significantly affect the rate of electrochemical and chemical steps (3)-(5).
Again, nickel is more active than copper in the electrochemical step, OH™ = OH(,q5) +€7. On the
other hand, in the resulting chemical stage (Haqs) + OHaas) & H20) copper is more active as compared
with nickel, i.e. provides the lower activation barrier. This is the reason why the best catalysis in the
electrochemical hydrogen oxidation takes place at a certain (compromise) surface structure which results
basically from the copper segregation. A more comprehensive treatment of the mechanism of hydrogen
oxidation at the bimetallic nanoparticle surface should rest on a combination of the quantum mechanical
theory of charge transfer with molecular modeling [52]; work which is in progress and will be addressed
in a future contribution, as well a natural extension of our work to study the effect of the solvent.
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