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ABSTRACT: Achieving control of the nanoscale structure of
binary alloys is of paramount importance for the design of novel
materials with specific properties, leading to, for example, improved
reaction rates and selectivity in catalysis, tailored magnetic behavior
in electronics, and controlled growth of nanostructured materials
such as graphene. By means of a combined experimental and
theoretical approach, we show that the complex self-diffusion
mechanisms determining these key properties can be mostly
defined by kinetic rather than energetic effects. We explain how in
the Ni—Cu system nanoscale control of self-diffusion and
segregation processes close to the surface can be achieved by finely tuning the relative concentration of the alloy constituents.
This allows tailoring the material functionality and provides a clear explanation of previously observed effects involved, for
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example, in the growth of graphene films and in the catalytic reduction of carbon dioxide.

B INTRODUCTION

Binary alloys and their surfaces, interfaces, and junctions are
intensively employed in the design of new technological
nanodevices and nanostructured materials, with a large impact
in many technological fields. Biocompatible materials, coatings,
and electronic and magnetic devices are just a few examples
among a large ensemble of possible applications that exploit the
unique geometric, electronic, magnetic, chemical, mass trans-
port, and segregation properties of binary alloys." Specific
examples are the use of nickel—aluminum alloys for nano-
electronics or protective coating purposes,z_4 platinum—
thodium bimetallic compounds for their peculiar electro-
catalytic properties,®® and titanium-based alloys for mechanical
and biological applications.”® Another remarkable case is the
recently observed ability of Ni—Cu to catalyze graphene growth
from segregated carbon,” where precise control of the graphene
layer morphology and growth process was achieved by fine-
tuning the percentage of Ni atoms in the alloy. The effect is
linked to the synergetic combination of the different carbon
solubility in the two metals, together with the interplay between
competing segregation effects.'"’ Additionally, the graphene/
Ni—Cu system shows peculiar oxidation resistance that has
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recently been investigated."' Ni—Cu alloys and ultrathin Ni
films deposited on Cu substrates also exhibit magnetic
properties that can be tailored by controlling the thickness of
the Ni film and by properly selecting the crystallographic
termination of the underlying Cu substrate."> Ni—Cu systems
may additionally play a role in the catalytic synthesis of valuable
fuels, for example, methanol or methane, obtained by selective
reduction of carbon dioxide.">™"” In the case of methanol
synthesis, indirect control of Ni segregation at the Cu surface at
high temperature is achieved by governing CO adsorption.””**

Due to the above motivations, the Ni—Cu diffusion and
segregation processes have been extensively investigated.
However, despite all the devoted efforts, a thorough
comprehension of the interplay between segregation, diffusion,
and aggregation is still lacking. Little information is available
concerning the small differences in the energy barriers defining
many possible, competing mechanisms, and the role of kinetics
is expected to be relevant. Fundamental studies in the literature
report intermediate or “static” measurements with little
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dynamic or kinetic exgerimental information. In a recent
significant contribution, 3 the structure and the energetics of
the buried Ni/Cu(001) interface are investigated and the
energy differences between different Ni—Cu exchange config-
urations, as well as the strain relaxations, are found to be rather
small, yielding single-atom energy differences of only a few tens
of millielectronvolts between different geometric configura-
tions, separated by energy barriers that can be overcome
already at, or slightly above, room temperature when Ni—Cu
exchange occurs close to the surface. It was therefore tentatively
proposed that the atomic-scale structure of the Ni/Cu interface
under reaction conditions is determined by kinetics rather than
by energetics.”> Providing a clear assessment of this open point
represents the main drive of the present work. We prove that
the nanoscale alloy structure is indeed determined by kinetics,
which in turn, is mainly driven by the Ni concentration,
providing a simple explanation to the observed tailoring
capabilities of the alloy properties.

Concerning the evolution of Ni concentration on single
crystal Cu terminations under ultrahigh vacuum (UHV)
conditions,”****~*” it is already known that the growth of a
Ni ad-layer with no intermixing requires Ni evaporation at low
substrate temperatures (140—170 K) due to the low barrier for
atomic Ni penetration into the Cu subsurface layers. A first
annealing to intermediate temperatures (up to 300 K) yields Ni
adatom diffusion and coalescence into two-dimensional (2D)
Ni ad-islands in the submonolayer regime, while alloying at the
Ni/Cu interface takes place at higher Ni coverage. Both surface
alloying (i.e., in the first layer) and Ni diffusion into the Cu
bulk occur for higher temperatures. The experimental
information about the Ni depth profile is generally obtained
ex situ or by means of indirect techniques such as temperature
programmed desorption (TPD) of CO and H, used as
probes,*"** or high-resolution electron energy loss spectrosco-
py (HREELS) of adsorbed CO,** which exhibits different
coordination at adatom (ontop) and ad-dimer (bridge) Ni sites.
However, the strong interaction of adsorbed molecular probes,
such as CO, with Ni cannot be neglected, since it influences the
segregation process itself, thus limiting the validity of the
conclusions drawn from the observed behavior.

B METHODS

Experimental Section. The Cu(110) sample was cleaned under
UHV conditions by standard sputtering and annealing recipes. Ni was
evaporated at a substrate temperature of 170 K from a pure, resistively
heated Ni filament. A subsequent annealing of the surface up to 270 K
yielded a good (1 X 1) ad-layer ordering without inducing Ni—Cu
mixing for a Ni coverage lower than 2 ML. The deposition rate was
calibrated by means of a quartz balance and a flux of 0.5 ML/min was
adopted. Low energy electron diffraction (LEED) measurements were
performed in a multipurpose UHV setup with a base pressure of 5 X
107" mbar. Core-level photoelectron spectroscopy experiments were
performed at the SuperESCA beamline of Elettra, the third-generation
synchrotron radiation source in Trieste (Italy). Ni and Cu 3p core
levels were measured at normal emission using 200 eV photons. A
Phoibos hemispherical electron energy analyzer was used to collect the
spectra with a time resolution of about 10 s in the time-resolved
experiments. Binding energies were calibrated with respect to the
Fermi level. After subtraction of a linear background, spectra were
analyzed using a Doniach—Sunji¢ function,” convoluted with a
Gaussian envelope in order to account for experimental resolution,
inhomogeneity, and temperature-induced broadening. C and O 1s
spectral regions were always checked in order to ensure sample
cleanliness both prior and after Ni evaporation.

First-Principles Calculations. Calculation of equilibrium geo-
metries, barriers, energies, and diffusion/segregation paths were
performed within the framework of density functional theory (DFT)
in the spin-polarized generalized gradient approximation using the
Perdew—Burke—Ernzerhof exchange-correlation functional.” We used
the plane-wave-based PWSCF codes of the QUANTUM-ESPRESSO
(QE) distribution,® with publicly available ultrasoft pseudopoten-
tials.>" Slab geometries with a five-layer Cu slab plus a vacuum space of
about 15 A, that is, three times the slab thickness, were used to
simulate the Ni—Cu surface. On the basis of a comparison of structural
parameters and electronic properties, it was concluded that the third
layer of a five-layer slab could be already considered bulklike. This was
further confirmed on the basis of tests performed with a seven-layer
slab. Most of the calculations were performed employing supercells
with a 3 X 2 in-plane periodicity, with 1—5 Ni adatoms, corresponding
to a coverage of 1/6—5/6 ML. Larger supercells were used to describe
some mechanisms such as adatom surface diffusion and Ni diffusion in
bulk Cu. Ener§y barriers were calculated using the Nudged Elastic
Band method.>* Other technical details (energy cutoff, thresholds,
smearing, k-point set for Brillouin-zone sampling) are similar to those
described in refs 14—17.

B RESULTS AND DISCUSSION

In this work, Ni and Cu segregation and aggregation were
investigated on the Cu(110) single-crystal termination. After
standard sputtering and annealing cycles under UHV
conditions, the Cu(110) sample was cooled down to 170 K
for Ni ad-layer evaporation from a hot Ni filament. On the basis
of the results reported in refs 21 and 22, at this temperature, Ni
adatoms can diffuse on the Cu surface, thus forming 2D Ni ad-
islands thanks to the strong Ni—Ni attractive lateral interaction,
without penetrating the bulk. Mild annealing to 270 K yields
surface reordering, as confirmed by a sharp (1 X 1) LEED
pattern. In Figure la, Cu and Ni 3p X-ray photoelectron
spectroscopy (XPS) spectra obtained as a function of the Ni ad-
coverage are shown. Fitting of the data yields the core-level
binding energy evolution (Figure 1b), indicating a shift of 200—
250 meV toward lower binding energies of the Ni 3p;,, peak at
submonolayer Ni coverage regimes with respect to the bulklike
situation (4—6 ML). In parallel, there is no significant shift of
the Cu core level. Due to the intrinsic width of the p
components, surface, bulk, and interface contributions cannot
be resolved from the single experimental peak. For this reason,
the reported value accounts for the overall shift of the single
visible peak.

In a subsequent set of measurements, starting from a surface
Ni coverage of 0.75 ML, XPS was used to monitor the time
evolution of the Cu and Ni core levels in real time, at selected
fixed temperatures. After preparation of the Ni ad-layer, the
sample temperature was suddenly raised to the selected target
value, following a steplike profile; a spectroscopic “movie” of
the segregation process was then obtained in real time from the
intensities of the corresponding spectra. In Figure 2, the
evolution of the Cu (right) and Ni (left) 3p core-level
intensities is reported as a function of time for different
temperature values. The observed decay behavior of the Ni
signal can be ascribed to the finite inelastic mean free path (1)
of the photoemitted electrons, which upon diffusion of Ni
atoms into the Cu bulk, have to cross the upper layers in their
travel to the crystal surface. In parallel, the Cu signal intensity
raises as the Cu concentration at the surface increases.

From the above considerations, it follows that the Ni and Cu
signal intensities are related to the composition profile of the
sample in the direction perpendicular to the surface. In order to
obtain quantitative information, we can model the diffusion and

dx.doi.org/10.1021/ja307294p | J. Am. Chem. Soc. 2012, 134, 16827—16833



Journal of the American Chemical Society

(a) TTI|II!l]lllllllll‘llllllll\l
hv =200 eV

Ni Coverage (ML)
0.00

==
E =—
N .
%
M 1.82
_/_/\_./'_///\—/\—/LLL_ 3.10

6.0

LlllllLIIIIII|IIII|IIII|IIJJI

80 75 70 65 60 55
Binding Energy (eV)

Ni 3p

—
O
~

L L B L B R A |

%; E ............... o7 Z
-~ r490p L —165.85 &
5 Fe ° S ] s
2 7485f. @
w r g.
2 7a80f 1 2
2 F ] o
o 74751 o] ]
N L 4 [(=]
r r 8 ] <
=3 F o o ® Cu3lpy, ] —_
© TaT0f £ O Ni3pys 65.65 g
o E ] S

I B R B N B

0 1 2 3 4 5 6

Ni Coverage (ML)

Figure 1. (a) Cu and Ni 3p;, and 3p, /, doublets core-level spectra for
increasing Ni coverage (from top to bottom). (b) Cu (left axis) and Ni
(right axis) 3p;/, core-level binding energies as a function of the Ni ad-
layer coverage. Dashed lines in (b) are drawn to guide the eye.

segregation processes considering exchange mechanisms
between adjacent layers, including the initial Ni ad-layer. In
general, the average Ni concentration of the n-th layer (6,5,)
will be determined by the flux balance of Ni atoms from and to
the (n — 1)-th and (n + 1)-th adjacent layers. This yields an
infinite system of time-dependent differential rate equations,
each describing the n-th layer concentration evolution for Ni:

a0,
ot = _en(l - Hn—l)Rn,n—l - gn(l - 0n+1)Rn,n+l

+ en—l(l - Hn)Rn—l,n + 9n+1(1 - gn)Rn+l,n (1)

The quantities R, ,, are the exchange rates from the n-th to
the m-th layer and are related to the prefactors (v,), the
exchange barriers (AE,,), and the temperature by the
Arthenius law R,, = veexp(—AE,,/kgT). In general the
barriers AE, ,, can depend on the concentrations 6, and 6, and
on other configuration details (local composition, defects,
steps), but in our model, we consider constant average values.
We also set v, to a standard value of 10'* s, equal for both Ni
and Cu rates and consistent with reference literature.** We will
show that close to the surface, as it might be expected, the
direct and reverse diffusion rates are not equal (R, ,,; > R,i1,.),
while deeper into the crystal bulk R,,.; = R, = Ry due to
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Figure 2. Time evolution of the normalized Ni and Cu 3p core-level
intensities at selected, fixed temperatures after Ni deposition at 170 K.
Initial Ni coverage: 0.75S ML. Photon energy: 200 eV. Both
experimental data (dots) and best fit modeling (lines) are shown.

symmetry reasons, where Ry = Veexp(—AE, g /kgT). It is
interesting to note, for the sake of generality, that in the latter
case the model equations describing the process converge to
00,
— =[60,,, — 26, + 6,_,]R,,
ot |: n+1 n n l] bulk (2)
which is indeed the discretized form of the Fick’s second law of
diffusion
00 _ 0%
Z =D

ot ox’ 3)
with Ry = D/2. In our case n = 0 refers to the ad-layer, and
60(0) coincides with the initial Ni coverage in ML. R_,, and
Ry_, are set to zero, since during the experiment, no Ni
deposition nor evaporation occurred. In the present case, the
initial condition is 8,(0) = 0.75 ML and 6,.,(0) = 0 ML. The
experimental signal Sy;(t) extracted from the Ni 3p,, peak area
was normalized (Sy;(0) = 1) and can be expressed as follows:

Snilt) = %{90(0 + g G,(t)[(1 — 6,(0))e(n=DAx/2
+ 65(0)e "]} @)
while for Cu we can write
Scalt) = 14 a(1 = Sy(1)) )

where the proportionality coeflicient between the Ni and Cu
signals (@) accounts for the different photoionization cross
section. Measurements were performed with a photon energy
of 200 eV, corresponding to an average photoelectron mean
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free path 1 of 4.3 A for both Cu and Ni,** to be compared with
the Cu(110) interlayer distance Ax = 1.245 A. Consequently,
when fitting the experimental data in Figure 2, we can simplify
the model and consider in detail only the time evolution of the
composition of the topmost layers and of the corresponding
signal. Considering the first three layers we obtain the
following:

% = —0,(1 = )Ry, + 6,(1 — Op)R, 6)
i_‘il = —6,(1 — G)R,o — 6,(1 — 6)R,,

+ 60,(1 — 0)Ry, + 0,(1 — )R, 7)
aa_etz = —0,(1 = O)R,, — 0,(1 — O)R,

+6,(1 = )R, + 0,(1 — 0))R,, (8)
% = —0,(1 — 0))R;, — O5(1 — G)R,,

+0,(1 — )R, + 6,(1 — )R, ; ©)

Since the experimental information contained in the data
does not allow determination of all the parameters included in
these equations, further suitable approximations are needed.
Considering that for deeper layers (i) the signal contribution is
exponentially weaker and (ii) the exchange rates are expected
to be lower (i.e, AE, ., grows with 1), we assume R3, = Ry, =
R,3 = 0. This assumption implies that only the signal from the
first three layers is considered. Accordingly, eq 9 simplifies into
005/0t 0,(1 — 03)R, ; yielding convergence of the least-squares
fitting procedure. For layers deeper than the third, the diffusion
of Ni atoms into a bulk reservoir can be accounted for by the
following equation:

Snin>a(t + dt) = Sy us3(t)e (10)

The curves in Figure 2 were fitted with the above model,
allowing the simultaneous determination of seven free
parameters: AE,;, AE,o, AE,,, AE,,, AE,;, AEy,, and a. In
the data fitting procedure, we also considered the transient
contribution in the steplike surface annealing to the selected
target temperature; that is, we used the experimentally
determined T(t) function. From Figure 2, it can be observed
that the experimental data (dots) are well reproduced by the
simplified modeling adopted (lines). The corresponding
quantitative values of the fitting parameters are summarized
in the Experiment column of Table 1, showing a trend where
AE, ,,, grows with n and AE,,,, < AE,,,,, therefore justifying
the assumptions of our model.

As already mentioned, the barriers AE,, can depend not
only on the average concentrations 6, and 6, but also on the
local environment and specific site-exchange mechanisms. The
experimentally measured quantities are indeed an average over
several possible parallel and competing mechanisms. In order to
shed light on the role of the local environment on the measured
quantities, we used an ab initio approach. Local Ni coverage,
defects, and different involved mechanisms (hopping, exchange,
etc) were considered in order to identify the most favored
processes and to define an energy range for the barriers of the
main rate-limiting steps, depending on the very local geometry.
In this search, a large set of DFT calculations was performed in

—Ry g dtAx/2

Table 1. Experimental and Calculated (DFT) Barriers for
Ni—Cu Exchange between Layers and in the Bulk”

experiment theory

0.75 ML 0.17 ML 0.83 ML
AE,, 120 + 0.15 0.17 0.86
AE,, 125 + 0.15 048 123
AE,, 1.40 + 0.05 091 170-2.22
AE,, 1.50 + 0.20 122 0.89-2.70
AE, 160 + 0.15 219
AE 2.00 + 0.20, 2.32" 0.78°~4.0

“All values are in eV. DFT energy ranges are reported when different
possible paths have been considered. “Experimental value for Ni
diffusion in a bulk Cu crysta1;37 literature reference values for bulk self-
diffusion barriers are 2.05 ¢V (Cu in Cu) and 2.9 eV (Ni in Ni).*®
“When a vacancy is present, the bulk exchange barrier is much lower.

(3 X 2) and (4 X 2) unit cells for different Ni ad-layer coverage
values, ranging from 1/6 to 5/6 ML. The exchange barriers for
a single Ni atom (obtained for a starting configuration with Ni
only in the ad-layer and with no defects) are summarized in the
two Theory columns of Table 1, depending on the coverage.
The experimentally observed trend is confirmed in both cases,
yielding values for AE,,,, growing with n and in most cases
AE,,,, < AE,,, Larger ranges (not reported here) are
obtained when including other starting configurations (for
instance with Ni occupying both ad-layer and surface sites).
DEFT barriers for surface diffusion via hopping and exchange
mechanisms are reported in Table 2. We want to stress that
barriers reported in Table 1 are related to Ni diffusion in the
direction perpendicular to the surface, while Table 2 refers to
diffusion at the surface.

Table 2. DFT Energy Barriers for Surface Diffusion and
Adatom/Surface-Atom Exchange Mechanisms along the
Main Surface Directions (Ad-Layer Coverage 1/6 ML)“

adatom/

host diffusion [110] diffusion [001] exchange
Cu/Cu 023 (0.08—0.76)  1.15 (1.31-1.32)  0.29 (0.09—0.63)
Ni/Ni 0.27 (0.18—0.96) 2.14 (1.68) 0.53 (0.25—-1.02)
Ni/Cu 0.17 0.48—1.60 0.17

“All values are in eV. Hopping is the standard mechanism for surface
diffusion, but also the exchange mechanism may drive adatoms along
both crystallographic directions. Values in parentheses represent
reference ranges from data in the literature.*** bDiffusion occurs via
a Ni—Cu/Cu—Ni exchange process involving two Cu and one Ni
atoms.

In Figure 3, we represent the energy diagram for the
diffusion/segregation mechanisms of a single Ni atom that
show the smallest activation barriers among several investigated
paths. The upper panel (a) presents the paths for a Ni adatom
starting from a low-coverage configuration (0.17 ML), while
the lower panel (b) refers to a starting configuration of 0.83
ML. Competing elementary processes leading to aggregation or
segregation are compared. Close inspection of the processes
shown in the figure leads to the following conclusions: (i) in all
cases, there is an energy gain when Ni penetrates the Cu bulk
progressively from layer 0 to 1 and 2, whereas no further gain is
obtained in going to deeper layers; (ii) for deep layers, the
energy barriers that have to be overcome are high with respect
to the system temperature, thus indicating the relevance of
kinetic limits to the processes; (iii) these barriers vary
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Figure 3. Results obtained by means of DFT calculations of selected diffusion/segregation paths for a single Ni atom starting from Ni only in the ad-
layer. (a) Ni ad-dimer formation/disaggregation and Ni adatom diffusion/segregation (low coverage, corresponding to Table 1, column 2); (b) 5/6
ML (corresponding to Table 1, column 3): the two colored paths differ due to the formation of a Cu vacancy in the second layer (blue path). Black

arrows indicate the position of the segregating/diffusing Ni atom.

significantly by changing the Ni concentration (panel a with
respect to b), while the energies of the final configurations
remain comparable. This is a key point, showing that the
segregation behavior, determined by kinetics and ultimately by
the Ni—Ni interaction, can be directly controlled by finely
tuning of the Ni coverage.

From the set of possible processes that were investigated, a
picture can be obtained for the Ni—Cu system, which is
detailed in the following. A single Ni adatom binds to the
Cu(110) surface with an energy of 4.31 eV (DFT value), larger
than that for a Cu adatom (3.65 eV). Its penetration barrier
into the Cu first layer (AE,, in Table 1 and Figure 3a), the
surface diffusion barrier along the troughs in the [110]
direction (Table 2), and the aggregation barrier are all equal
to 0.17 eV (Figure 3a), thus indicating competing mechanisms.
The strong Ni—Ni attractive interaction (0.48—0.52 eV per
Ni—Ni bond in the ad-layer depending on the local coverage)
favors the latter mechanism, thus promoting the nucleation of
2D islands when Ni is evaporated at low substrate temperature
and preventing island disaggregation and dissolution of Ni
adatoms into the Cu bulk (Figure 3b), as confirmed
experimentally by our data (the XPS signal remains constant
up to room temperature) in agreement with previous
reports.””** For the surface diffusion of a Ni adatom along
the [001] direction, instead, higher energy barriers were found
(Table 2); hopping between troughs via the short bridge Cu
sites is limited by a high barrier (1.60 eV) whereas a barrier of
only 0.48 eV was found when considering an alternative route

involving multiple exchange processes with the substrate, where
the Ni adatom replaces a Cu atom in the first layer and then it
pops up again in the adjacent trough, being substituted by a
diffusing Cu adatom. The nonisotropic diffusion explains
previously observed formation of Ni islands that are elongated
in the [1T0] direction.”® Scanning tunneling microscopy
imaging revealed the presence of rectangular-shaped ad-islands
in the submonolayer regime. Aggregation of Ni or Cu into ad-
islands is further favored by a Ni atom already embedded in the
Cu surface below the island (additional 0.20 and 0.10 eV
energy gain, respectively), thus identifying a single Ni atom
embedded in the first layer as a potential ad-island nucleation
center. At temperatures higher than room temperature (RT),
more energy is available, and additional processes become
accessible. Ni ad-island disaggregation and stabilization of a
surface NiCu alloy layer occur with barriers in the 0.65—1.0 eV
range. By overcoming a barrier of 0.91 eV (AEI,Z in Figure 3a),
a first layer (surface) embedded Ni atom can diffuse to the
second layer and progressively into the bulk (AE,; = 2.19 eV).
For the latter steps, barriers up to 4 eV have been obtained for
Ni—Cu exchange in a perfect bulk crystal (highest value of
AE, g in Table 1). However, when introducing defects,
vacancies, and cooperative mechanism, assisted diffusion occurs
in the bulk with barriers as low as 0.78 eV (lowest value of
AE, in Table 1). The measured value (2.0 eV) is within the
range.

In order to further validate our segregation model, which has
been used to fit the experimental spectroscopic data in light of
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the theoretical considerations, we performed a second experi-
ment, in which the Ni 3p core-level signal was collected for
different initial Ni coverage values (2.25, 0.9, and 0.3 ML) while
the sample temperature, after Ni deposition at low T, was
1inearl3y increased in a temperature programmed (TP) experi-
ment.*® The temperature derivative of the Ni signal (propor-

tional to the rate) at Oy; = 2.25 ML is reported in Figure 4a in
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Figure 4. Temperature programmed photoelectron spectroscopy
measurement of the Ni 3p core level. (a) The temperature derivative
of the XPS signal intensity provides evidence for the presence of
concatenated, distinct steps involved in the process, indicated by the
vertical yellow and orange shaded areas; (b) experimental signal
intensities (dots) are compared with the results from modeling of the
segregation/diffusion processes (lines); (c) detailed evolution of the
single-layer Ni concentration as obtained from the modeling for the
0.3 ML (dashed lines) and 0.9 ML (continuous lines) cases.

order to highlight the rate-limiting steps, as indicated by the
vertical shaded areas and by the corresponding text labels. The
latter were assigned on the basis of the novel results obtained
by our modeling, except from the interface alloy phase that was
already investigated in a previous theoretical study.”® In Figure
4b, the XPS Ni signal intensity is reported as a function of
temperature (dots). The heating rate was 0.1 K/s. The
continuous lines are obtained by integrating the model
differential equations with the experimental barriers (Table 1)
obtained from data in Figure 2 and using the T(f) function
from the new experiment, thus with no fitting to the data. In
practice, data from the time-decay experiment were used to
successfully describe the system behavior observed in the TP
experiment. The agreement is remarkable, in light of the
simplicity of the model and despite that different Ni coverage
values are involved in the experiments, thus providing an
independent proof that our approach properly captures the
main involved rate-limiting processes. The detailed Ni coverage
evolution for the ad-layer and the first three crystal layers, as

obtained from the model, is reported in Figure 4c for both the
0.9 and 0.3 ML experiments. The 2.25 ML experiment deserves
an additional discussion. In the multilayer case, indeed, a new
reaction step was observed, as confirmed by the LEED patterns.
When heating, an interface NiCu alloy is initially formed under
the Ni film, accordingly to literature.> Second, a surface
reconstruction occurs in which faceting is observed (see the
Supporting Information).

B CONCLUSIONS

Thanks to the combination of in situ time-resolved experiments
with DFT calculations, we have provided new insight in the
mechanisms at the basis of the interplay between energetic and
kinetic effects in the Ni—Cu diffusion and segregation
processes. The latter define the actual alloy surface properties,
which is exploited for several relevant applications. From the
novel information about the rate-limiting steps and segrega-
tion/diffusion/aggregation channels, we show that Ni—Ni
interaction plays an important role in the Ni—Cu exchange
process, which is at the basis of Ni migration into the bulk and
segregation to the surface. We actually demonstrate and
confirm the validity of the tentative hypothesis elaborated in
ref 23 where the authors postulated an important role of
kinetics. Indeed, we show that the Ni segregation barriers are
strongly influenced by the local Ni concentration. By providing
a couple of selected examples, our results are relevant in
understanding graphene growth”'® and in determining catalytic
activity. Additionally, the chemical potential and the interaction
of adsorbed reactants and reaction products with the surface
can influence the Ni surface concentration and the actual
surface alloy composition. As in the case of the H,—CO—-CO,/
Ni/Cu reaction,"””° one of the possible methods in order to
tune the catalyst activity by governing the Ni surface coverage is
to properly define the concentration ratios of both reactants
and spectator species. The latter do not take part in the reaction
but influence the Ni/Cu segregation process and consequently
the catalyst activity. This effect is demonstrated to be crucial
also under standard reaction conditions,'> where it was
observed in the case of the CO, reduction reaction on a Ni/
Cu model catalyst. In conclusion, a detailed knowledge of the
nanokinetic mechanisms governing the atomic segregation and
self-diffusion in bimetallic alloys allows active control of specific
surface properties of great scientific and technological
relevance.
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