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a  b  s  t  r  a  c  t

Bimetallic  CuNi  nanoparticles  of various  nominal  compositions  (1:3,  1:1,  3:1)  supported  on  ZrO2 were
employed  for  operando  spectroscopy  and  theoretical  studies  of  stable  surface  compositions  under  reac-
tion  conditions  of catalytic  methane  decomposition  up  to 500 ◦C. The  addition  of  Cu was  intended  to
increase  the  coke  resistance  of  the  catalyst.  After  synthesis  and  (in  situ)  reduction  the  CuNi  nanoparticles
were  characterized  by  HR-TEM/EDX,  XRD,  FTIR  (using  CO as  probe  molecule)  and  NAP-XPS,  all  indicating
a  Cu  rich  surface,  even  when  the  overall  nanoparticle  composition  was rich in Ni. Density  functional  (DF)
theory  modelling,  applying  a recently  developed  computational  protocol  based  on  the  construction  of
topological  energy  expressions,  confirmed  that  in any  studied  composition  Cu  segregation  on  surface
positions  is  an  energetically  favourable  process,  with  Cu preferentially  occupying  corner  and  edge sites.
Ni  is  present  on  terraces  only  when  not  enough  Cu  atoms  are  available  to occupy  all  surface  sites.

When  the  catalysts  were  applied  for methane  decomposition  they  were  inactive  at  low  temperature
but  became  active  above  425 ◦C. Synchrotron-based  operando  NAP-XPS  indicated  segregation  of  Ni  on  the
nanoparticle  surface  when  reactivity  set  in for CuNi-ZrO2.  Under  these  conditions  C  1s  core  level spectra
revealed  the  presence  of  various  carbonaceous  species  at the  surface.  DF  calculations  indicated  that  both
the  increase  in  temperature  and especially  the  adsorption  of  CHx groups  (x  =  0-3)  induce  the  segregation

of  Ni  atoms  on  the surface,  with  CH3 providing  the  lowest  and C the  highest  driving  force.

Combined  operando  and  theoretical  studies  clearly  indicate  that, independent  of  the initial  surface
composition  after  synthesis  and reduction,  the  CuNi-ZrO2 catalyst  adopts  a specific  Ni rich  surface  under
reaction  conditions.  Based  on  these  findings  we provide  an  explanation  why  Cu  rich  bimetallic  systems
show  improved  coke  resistance.

© 2016  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
. Introduction
Bimetallic nanoparticles are of high interest in heterogeneous
atalysis because their properties can be very different from the
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properties of the constituent metals. The alloying may  create a
variety of atomic arrangements with quite distinct and different
electronic structures [1–3], such as (partly) alloyed nanoparticles
and core-shell structures.

Ni-based catalysts are employed in a variety of reactions, with
methane reforming being among the most important. However, Ni
catalysts are prone to deactivation by coking, which can be hin-
dered by the addition of a second metal such as Au [4,5] or Cu

[6–11]. Since neighbouring Ni atoms are necessary for coke for-
mation, the coking resistance can be improved by replacing the
Ni neighbours by Au or Cu atoms (ensemble effect) or by simply

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ig. 1. a) TEM image of 11CuNi-ZrO2. The particle inside the circle was identified vi
ecorded on 11CuNi-ZrO2: The particles contain both Ni and Cu.

dapted from [11]-Published by The Royal Society of Chemistry.

hysically blocking Ni steps/edges by Au or Cu. In the current work,
opper was chosen as alloying component because of its lower price
ompared to gold and the strong tendency of the latter to sinter.

The production of “clean” hydrogen is an important techno-
ogical challenge hindering the emergence of more efficient and
nvironmentally friendly energy technologies. When H2 is pro-
uced via steam reforming of methane [12–14] or partial oxidation
he “by-product” CO may  constitute a problem (e.g. for PEM fuel
ells) and must be removed (e.g. by water gas shift and preferential
xidation, CO-PROX). One alternative route to avoid CO formation
s the direct catalytic decomposition of methane (in the absence
f water, air or oxygen) producing hydrogen and, as a by-product,
arbon. Clearly, this route can only be feasible when the produced
arbon does not deactivate the catalyst. Carbon may  be present in
he form of layers, filaments, fibres or nanotubes, with nanocar-
ons [15–17] being of particular interest. Li et al. [18] reviewed
his topic discussing the effect of the nature of the catalyst and feed
omposition on the catalytic activity, stability and the morphol-
gy of the produced carbon. Since “coke” is a product of methane
ecomposition, we have utilized this reaction to evaluate the sur-
ace composition and coking resistance of CuNi nanoparticles, i.e.
hether hydrogen production can be maintained despite carbon

ormation.
In addition to the dissociation of methane (1.1), reactions of

ethane with hydroxyl groups (1.2) or oxygen from the sup-
ort (1.3) may  occur during methane decomposition, lowering
he amount of carbon deposited (the index s indicating that the

olecule/fragment is adsorbed on the surface).

H4↔C + 2H2 (1.1)

H4 + 2OHs → CO2 + 3H2 (1.2)

H4 + 2Os → CO2 + 2H2 (1.3)

Using density functional (DF) method Liao et al. [19] calculated
issociation enthalpies and activation energies for the sequential
ehydrogenation (CHx,s → CHx−1,s + Hs; x = 4 to 1) and oxygen-
ssisted dissociation of methane on small cluster models of various
ransition metals. Whereas Ni was found to be one of the most effi-
ient catalysts for methane dissociation, the total dissociation of
ethane on Cu and other coinage metals was found to be strongly

ndothermic. The presence of adsorbed oxygen, however, pro-
oted methane dissociation [19,20] by increasing the energy of

ydrogen adsorption [20]. Furthermore, compared to other tran-
ition metals, the ability of Cu to catalyze the reaction of carbon

roduced via (1.1) with surface oxygen is rather high [20].

Apart from the ability to prepare CuNi nanoparticles it is also
mportant to evaluate their in situ stability under reaction condi-
ions, i.e. high temperatures and in a reactive gas atmosphere. It
 as containing both Ni and Cu. Elemental map for K edge energies of b) Ni and c) Cu

is well accepted that catalysts often change under reaction con-
ditions [3,21–24]. Some of us have previously studied CH4 and
methanol reforming activities and selectivities on Ni, Cu and Pd-
based catalysts by combining in situ (operando) spectroscopic
techniques such as X-ray photoelectron (XPS), infrared (FTIR)
and X-ray absorption (XAS) spectroscopy [10,11,25–27]. FTIR of
adsorbed CO suggested that CuNi alloy formation occurred during
catalyst reduction and XAS indicated about 100 ◦C lower reduction
temperature of NiO in the bimetallic catalyst as compared to the
monometallic one [10]. IR studies of methane decomposition at
500 ◦C demonstrated that the addition of Cu to Ni strongly reduced
the coking occurring preferentially on nickel, while maintaining
methane decomposition activity [10]. In situ synchrotron-based
near atmospheric pressure (NAP-)XPS revealed reaction-induced
changes in the nanoparticle surface composition. Depth profiling
was performed to visualize surface segregation processes by vari-
ation of the incident photon energy (creating photoelectrons with
specific kinetic energies) [11].

Herein, we have re-evaluated the surface structural changes and
stability of supported CuNi bimetallic nanoparticles under reac-
tion conditions of methane decomposition. We  focus on operando
NAP-XP spectroscopy, in order to identify the catalytically relevant
surface configurations of the nanoparticles. Most importantly, den-
sity functional calculations have been employed to characterize
the surface composition of the as-prepared (reduced) bimetallic
nanoparticles, as well as that of nanoparticles covered by CHx

species (x = 0 to 3) under reaction conditions. The simulations show
that at low temperatures and when adsorbates are absent, Cu seg-
regates on the surface of Cu-Ni nanoparticles in thermodynamic
equilibrium. However, the surface composition may  change due
to temperature induced disorder, and especially, the presence of
adsorbed CHx species, which facilitate the emergence of Ni on the
surface. Based on the current analysis favourable configurations
for CuNi nanoparticles with improved catalytic performance are
suggested.

2. Materials and methods

Bimetallic CuNi-ZrO2 catalysts were synthesized by impregna-
tion of ZrO2 using nitrate precursor salts. Before impregnation,
commercial Zr(OH)4 (MEL chemicals XZO 880/01) was  calcined
at a heating rate of 2 ◦C/min from room temperature to 700 ◦C
and kept at this temperature for 2 h. After calcination the zirco-
nia support exhibits a specific surface area of 36.6 m2/g [10]. For

co-impregnation Cu(NO3)2 3H2O (Fluka, p.a.) and Ni(NO3)2 6H2O
(Merck, p.a.) were mixed to obtain Cu:Ni molar ratios of 1:0, 3:1,
1:1, 1:3 and 0:1. The nitrates were dissolved in water, and the
proper amount of ZrO2 powder was suspended in these solutions.
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50 and 100 nm,  whereas the polycrystalline metal particles were
Fig. 2. XRD patterns of ZrO2, 13CuNi-ZrO2 and 13 CuNi-ZrO250.

he solutions contained as much metal nitrate to obtain 5 wt%
etal loading. For XPS investigations an additional sample with

0 wt% was synthesized with a Cu:Ni ratio of 1:3. In the following,
he samples containing 5 wt% metal loading are labelled as Ni-ZrO2,
3CuNi-ZrO2, 11CuNi-ZrO2, 31CuNi-ZrO2 and Cu-ZrO2, with the
umbers providing the Cu:Ni ratio. The sample containing 50 wt%
etal loading is denoted as 13CuNi-ZrO250.
Transmission electron microscopy (TEM) was utilized to obtain

nformation about the size, morphology and distribution of the
etal particles on the zirconia support. For TEM measurements

he sample was deposited on a carbon-coated Au grid. The catalyst
as ex-situ oxidized at 500 ◦C and reduced at 400 ◦C prior to the

xperiment. TEM measurements were performed using an analyt-
cal TECNAI F20 field emission TEM operated at 200 kV equipped

ith an energy dispersive X-ray detector (EDX). EDX was  used to
dentify the CuNi particles on the support materials.

X-ray diffraction (XRD) studies were carried out on an XPERT-
RO diffractometer with Cu K� radiation operating at 40 kV and
0 mA  with a 2� scanning from 5 to 90◦ and a step size of 0.02◦.

IR spectra were recorded in transmission using a Bruker Vertex
0 spectrometer with a mercury cadmium telluride (MTC) detec-
or. Samples were pressed to small discs and placed in the IR cell.
ll infrared spectra were collected at a resolution of 4 cm−1 in the
000-900 cm−1 range by averaging 128 scans to achieve good signal
o noise ratio. The oxidation treatment was carried out in the IR cell
y heating from room temperature to 500 ◦C at 10 K min−1 under
00 mbar O2 pressure and holding the temperature for 1 h. Then,
he IR cell was evacuated, the sample was cooled down to 300 ◦C
nd heated in 5 mbar H2 and 900 mbar N2 to 400 ◦C. The temper-
ture was maintained for 30 min  in the reducing gas mixture and
nother 30 min  in vacuum before cooling down to room temper-
ture. In order to reveal surface oxidation states by using CO as a
robe molecule, FTIR spectra were recorded before and after expo-
ure to 5 mbar CO at 30 ◦C. In a second experiment, 5 mbar CH4 and
00 mbar N2 were filled into the chamber after the same pretreat-
ent procedure and the sample was heated with 2 ◦C/min up to

00 ◦C, with simultaneously recording FTIR spectra.
Temperature programmed methane decomposition (TPMd)

xperiments were performed in a quartz flow reactor. Part of the
ffluent was directed to a mass spectrometer (Pfeiffer QMS  200)
ia a differentially pumped capillary, detecting H2, CO, CO2 and
H4. 50 mg  catalyst were loaded into the glass reactor in-between
wo plugs of quartz wool. The catalysts were oxidized at 500 ◦C
nd reduced at 400 ◦C prior to the reaction. Then, the samples were

eated up to 500 ◦C and subsequently cooled to 300 ◦C in a mixture
f 5% CH4 and 95% Ar with a total flow of 50 ml/min. The heating
nd cooling rate was set to 5 ◦C/min and the heating-cooling cycle
day 283 (2017) 134–143

was repeated twice. After the TPMd experiment the sample was
cooled to room temperature in Ar.

In situ synchrotron-based near atmospheric pressure NAP-XPS
experiments were carried out at the ISSIS-PGM beamline at the
Helmholtz-Zentrum Berlin using a high pressure XPS station con-
structed at FHI Berlin [28]. In brief, the setup uses a differentially
pumped electrostatic lens system and a SPECS hemispherical elec-
tron analyzer. The sample was placed inside the reaction cell with
adjustable gas flows and a total pressure up to a few mbar. The com-
position of the gas phase was analyzed by MS.  Heating was done by
an IR laser from the sample back. The sample was in situ oxidized in
0.1 mbar O2 at 300 ◦C, since reaching 500 ◦C was  not possible in this
experimental setup, and reduced in 0.25 mbar H2 at 400 ◦C prior to
exposure to 0.25 mbar CH4 at temperatures ranging from 250 ◦C to
450 ◦C.

The catalyst 13CuNi-ZrO250 with 50 wt% total metal loading
(which prevented sample charging) was used for the XPS exper-
iments. The calcined powder was pressed onto a copper plate
and reduced at 500 ◦C prior to placing it into the in situ reaction
cell. Measurements were performed at photon energies of 1100 eV
for the Cu 2p, 1010 eV for the Ni 2p and 425 eV for the C 1s XP
spectra, yielding 150 eV photoelectron kinetic energy. For depth
profiling the photon energies were varied to additionally obtain
photoelectron kinetic energies of 350 eV and 550 eV. All spectra
were corrected for synchrotron beam current, incident photon flux
and energy dependent photo-ionization cross sections [29]. Bind-
ing energies (BEs) were referenced to the Fermi edge recorded after
each core-level measurement. The measured signal envelopes were
fitted with Gauss-Lorentzian peaks by using the software Casa XPS
after subtraction of a Shirley background.

Electronic structure calculations of Cu-Ni nanoparticles (NPs)
have been performed using the periodic plane-wave code VASP
[30]. We  used the PBE [31] exchange-correlation functional consid-
ered as one of the most appropriate among common functionals for
the description of transition metals [32]. The projector augmented
wave approach was applied to treat the interaction between
valence and core electrons. The electron density was smeared by
0.1 eV using the first-order method of Methfessel and Paxton [33];
finally, energies of converged calculations were extrapolated to the
zero smearing. All calculations were performed only at the �-point
in the reciprocal space. The relaxation of all atoms was  allowed dur-
ing the geometry optimization until forces on each atom became
less than 0.2 eV/nm. The minimal separation between NPs exceeded
0.7 nm,  at which the interaction between adjacent NPs was found to
be negligible [34,35]. Spin polarized calculations have been carried
out throughout, and all gas phase CHx references have been taken
into account in the most stable spin state. The adsorption energy
Eads of CHx groups on the Cu70Ni70 nanoparticle surface is defined
by the total energies E as follows

Eads = E(CHx/Cu70Ni70) − [E(Cu70Ni70) + E(CHx)].

3. Results and discussion

3.1. Characterization of bimetallic catalysts

In order to confirm that CuNi alloy nanoparticles indeed formed
upon catalyst pre-treatment, different ex situ and in situ methods
were applied to the catalyst before exposure to methane.

Fig. 1 shows a transmission electron micrograph of 11CuNi-ZrO2
after ex situ reduction. The size of the ZrO2 particles was between
about 20 nm in diameter. Elemental maps recorded by EDX detec-
tion showed that those particles contain both Cu and Ni. Since
the (reduced) sample was exposed to air between reduction and
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Fig. 3. Infrared spectra of reduced catalysts in 5 mbar CO pressure (solid lines) and
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corresponds to each of the aforementioned characteristics, related
fter  evacuation (dashed lines) at room temperature.

dapted from [10].

ransmission electron microscopy, the CuNi particles are expected
o be (partially) reoxidized.

XRD patterns of the pure ZrO2 support and of 13CuNi-ZrO2 and
3CuNi-ZrO250, both after calcination and after ex situ reduction at
00 ◦C, are shown in Fig. 2. All display monoclinic ZrO2 reflections.

Bulk CuO exhibits reflections at 35.5 and 38.8◦, very close
o those of monoclinic ZrO2. These reflections loose intensity
fter reduction. The intensity of the characteristic reflections of
iO at 37.7◦ and 43.2◦ nearly vanished after reduction of both
3CuNi-ZrO2 and 13CuNi-ZrO250. However, due to partial surface
eoxidation upon air exposure small or amorphous NiO crystallites
ere likely present [10]. The reflections at 44.4◦ and 51.8◦ appear-

ng after reduction are attributed to metallic Ni and shoulders at
3.3◦ and 50.4◦ are attributed to metallic Cu. Assignment of alloyed
uNi crystallites as reported for silica supported CuNi [36] was  not
ossible because of overlap with reflections of monoclinic zirconia.
hus, XRD suggests that the catalyst consists of monoclinic ZrO2
nd both metallic and oxidized Cu and Ni after reduction (and air
ransport to XRD).

The exact distribution of these phases cannot be deduced from
bulk sensitive) XRD. However, even when large monometallic par-
icles were additionally present in 13CuNi-ZrO250 their effect was

inor. Cu particles would have very low activity and also large
i particles (with low dispersion) would have only a minor con-

ribution to the overall reaction rate. With respect to the XPS
easurements presented below, the monometallic particles with

ow dispersion would also not contribute significantly.
X-ray absorption Cu K edge and Ni K edge spectra recorded on

1CuNi-ZrO2, as well as comparison with monometallic Ni-ZrO2
nd monometallic Cu-ZrO2, were shown in [10]. While NiO reduc-
ion of the monometallic Ni-ZrO2 catalyst started only at about
90 ◦C, on the bimetallic CuNi catalyst reduction of NiO already
et in at about 230 ◦C, indicating CuNi alloy formation. The reduc-
ion temperature of CuO in the bimetallic catalyst (160 ◦C) was  also
ower compared to monometallic Cu-ZrO2 (290 ◦C).

In addition to these established bulk-sensitive methods, more
urface-sensitive methods such as in situ XPS and FTIR spec-
roscopy were applied in order to examine surface alloy formation.
FTIR spectra of room temperature CO adsorption on catalyst
amples after reduction at 400 ◦C are shown in Fig. 3. Besides
ands of CO on reduced Cu and Ni, bands of CO on oxidized Cu
day 283 (2017) 134–143 137

and oxidized Ni species are present, again indicating incomplete
reduction. On the monometallic Ni-ZrO2 sample several bands
appeared, which are attributed to carbonyls on Ni0 and Ni+ (at
2075 cm−1 [37–43] and 2125 and 2163 cm−1 [38–40,42,44,45],
respectively) as described in detail in [10]. On the copper con-
taining samples the much weaker CO interaction with reduced
Cu0 appearing below 2110 cm−1 [46–49] is observed in addition
to the Cu+-CO band, which was reported around 2120–2143 cm−1

[46–48]. CO on reduced Cu-ZrO2 shows (beside the Zr4+-CO inter-
action at 2190 cm−1 [10,50–52]) only one peak around 2111 cm−1

consisting both of Cu0-CO and Cu+-CO contributions, which shifts to
2123 cm−1 after evacuation, with the dominant contribution from
the more stable Cu+-CO complex.

Upon alloying Cu and Ni, the Ni0 CO peak, which is located
at about 2070 cm−1 in 5 mbar CO and at about 2050 cm−1 upon
evacuation on Ni-ZrO2, red-shifts by approximately 50–70 cm−1 to
2012–2023 cm−1 on the bimetallic samples (Fig. 3). The CO bands
on CuNi alloy were indeed reported at about 40 cm−1 lower fre-
quencies than on pure Ni [41,53]. In line with the current results,
Dalmon et al. [40] had observed adsorbed Ni-CO at 2058 cm−1 on
monometallic nickel, at 2028 cm−1 on a 36.6 % and at 2005 cm−1 on
a 72 % copper containing alloy. Our theoretical analysis was  able to
reproduce the experimentally observed shifts in the CO stretching
vibration frequencies (ca. 60 cm−1 red shift was calculated between
pure Ni and Cu-Ni alloyed NPs). Based on the observation that there
is no shift in the Cu+-CO vibration with composition one can con-
clude that Ni seems to interact with Cu0, but not with Cu+. Even
more important, on the bimetallic samples the peaks attributed to
CO interaction with copper species are much stronger than those
attributed to CO interacting with Ni, indicating that more Cu than
Ni atoms are present on the bimetallic surface. Thus, FTIR spec-
troscopy showed that surface alloy formation takes place upon
reduction but that the bimetallic surface is enriched in Cu.

Fig. 4 displays the Ni 2p3/2 and Cu 2p3/2 binding energy region of
13CuNi-ZrO250 during reduction in 0.25H2 for 30 min. The peak at
854.3 eV in Fig. 4a) is attributed to NiO [54–57] and the peak appear-
ing in reducing atmosphere at 852.6 eV is ascribed to metallic nickel
[57,58]. One cannot distinguish between nickel interacting with
copper and non-interacting with copper, due to the small chem-
ical shift of about 0.2 eV, [59,60] which characterizes Ni alloyed
with Cu. The insignificant chemical shift due to alloying is in line
with the absence of notable charge transfer between Cu and Ni in
simulations revealed by Bader analysis.

The small broad peak at 933.3 eV in Fig. 4b) is attributed to CuO
[57,61–64] and the peak located at 932.3 eV is attributed to metal-
lic Cu. Again, since the shift of alloyed Cu in CuNi is only ∼0.2 eV
[59,60], we could not differentiate between these species. Compar-
ing the peak areas, we again observe that the surface is enriched in
copper even though the nominal Cu:Ni ratio of this catalyst is 1:3.

For a better understanding of the structure of bimetallic Cu-Ni
nanoalloys, theoretical calculations were carried out on model Cu-
Ni NPs. We  applied a recently developed computational protocol
[65], which allows us to determine the optimal chemical ordering
in several nanometre large bimetallic particles with the accuracy
of density functional calculations. The latter method is based on
the construction of topological energy expressions that depend
solely on the atomic arrangement of the alloyed metals in a NP
with a predetermined lattice. The applied topological expressions
only involve some of the fundamental features of the NPs, such as
the numbers of Cu atoms on terrace, edge, and corner positions
together with the number of heterometallic Cu-Ni bonds. In these
topology expressions an energy parameter, �i, called descriptor,
to either the surface segregation energy of Cu or the energy of Cu-Ni
bond formation. The descriptors can be obtained via multiple lin-
ear regression fitting to the total energies calculated by DF methods
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Fig. 4. XP spectra of a) Ni 2p3/2 and b) Cu 2p3/2 region of 13CuNi-ZrO250 in 0.25 mbar H2 at 400 ◦C at a kinetic energy of the photoelectrons of 150 eV.
Adapted from [11] −Published by The Royal Society of Chemistry.
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ig. 5. Structures of Cu35Ni105 (1:3), Cu70Ni70 (1:1) and Cu105Ni35 (3:1) NPs with op
pheres. (For interpretation of the references to colour in this figure legend, the rea

or a set of NP structures with different chemical ordering. A spe-
ial type of Monte-Carlo simulations using the topologic energy
xpressions have been employed for the optimization of chemi-
al ordering in the selected Cu-Ni NPs. Such simulations were also
pplied to obtain average NP properties in thermodynamic equilib-
ium at a given temperature. Note that thermodynamic quantities
erived in such a way account only for degrees of freedom related
o chemical (dis-) ordering, but lack other contributions such as
tomic vibrations. The latter contributions can become more sig-
ificant at higher temperature, which limits the applicability of the
roposed analysis at elevated T.

The just outlined theoretical method has been applied to the
nalysis of chemical ordering in Cu-Ni nanoparticles with 1:3, 1:1
nd 3:1 composition. Among the different ratios considered in the
xperiments throughout this study in this section we  focus on
he 1:3 (Ni-rich) composition, since this (nominal) composition is
nvestigated by operando XPS measurements, which provide infor-

ation on the surface structure. DF calculations have been carried
ut using the ca. 1.4 nm large Cu35Ni105, Cu70Ni70 and Cu105Ni35
Ps with truncated octahedral fcc structure. These nanoparticles
ave a large surface composed of 96 atoms and a small interior
egion made of 44 atoms only.

After the optimization of the chemical ordering in the
uXNi140-X NPs, we can conclude that in any studied composition
u segregation on surface positions is an energetically favourable
rocess (Fig. 5). For instance, in the case of Cu35Ni105 the largest
nergy change corresponds to Cu segregation on 6-coodinated cor-
er positions (−413 meV), whereas less substantial energy change

s associated with Cu segregation on 7-coodinated edge (−300 meV)

nd 9-coordinated terrace (−193 meV) sites. The latter energy val-
es clearly indicate that Cu is significantly stabilized on the surface
elative to bulk positions. Accordingly, Cu prefers corner and edge
d chemical ordering. Cu atoms are displayed as redwood spheres, Ni atoms − blue
referred to the web version of this article.)

sites to terrace positions, and Ni is present on the surface only
when not enough Cu atoms are available to occupy all surface sites,
as it can be seen in the minimum-energy structure obtained for
Cu70Ni70 (Fig. 5).

A descriptor of +8 meV  was obtained for Cu-Ni bond formation
in Cu35Ni105, showing that the mixing of the two  elements is not
favourable during the alloying (the optimized descriptors for the
other studied compositions are listed in the Supporting Informa-
tion). The latter finding is consistent with results of the study by
Panizon et al., in which DF-fitted atomistic potentials were used
to show that intermixing of Cu and Ni is not favourable in lowest-
energy NPs [66].

The descriptors obtained through the precise electronic struc-
ture calculations have then been used to predict the chemical
ordering in the experimentally studied larger NPs of the same 1:3
composition. The appropriateness of such extrapolation is corrob-
orated by our previous results obtained for Pd-Au [65] and Pt-Co
nanoalloys [67], where we showed that descriptors for a particular
composition hardly vary between different NP sizes.

In order to predict the structure of larger nanoparticles, we
applied the descriptor set calculated for the Cu35Ni105 particle for
the global optimization of the Cu819Ni2416 particle of ∼6 nm size
with truncated octahedral fcc structure and 1:3 composition. This
nanoparticle contains 3235 atoms, of which 1020 are located on
the surface. At 0 K, the bulk is purely Ni, whereas Cu occupies 80%
of the surface (Fig. 6a). More precisely, all 24 corner and 156 edge
sites are taken by Cu, whereas surface Ni atoms form islands on
some of the terraces.

Nevertheless, studies of the thermodynamic equilibrium

showed that the concentration of Ni on the surface gradually
increases starting from 500 K (Fig. 6b). From 0 to 1000 K, Ni con-
centration on the surface almost gets doubled (from 20 to 35%),
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Fig. 6. a) Calculated equilibrium structure of the octahedral-like 6 nm large Cu819Ni2416

shown  as blue spheres. b) Surface occupation by Ni atoms in the Cu819Ni2416 particle in th
the  references to colour in this figure legend, the reader is referred to the web version of 

Fig. 7. Hydrogen evolution during methane decomposition on a) Ni-ZrO2 and b)
13CuNi-ZrO2. The samples were reduced at 400 ◦C followed by 3 heating-cooling
cycles between 300 and 500 ◦C in CH4/Ar. Solid lines show H2 evolution during
heating and dashed lines show H2 evolution during cooling. The temperature was
r

A

w
t

h

amped at 5 ◦C/min.

dapted from [11] −Published by The Royal Society of Chemistry.
hich shows that higher temperatures facilitate Ni segregation on
he surface.

We notice for completeness that the corresponding calculations
ave also been performed for Cu:Ni 1:1 and 3:1 compositions. The
(1:3) particle at 0 K. Cu atoms are displayed as redwood spheres and Ni atoms are
ermodynamic equilibrium as a function of the temperature. (For interpretation of

this article.)

outer shell of both Cu1638Ni1637 (1:1) and Cu2416Ni819 (3:1) NPs is
fully covered with Cu at 0 K, and even at 1000 K the Ni concentration
on the surface was  calculated to be only 15% and 5%, respectively.
Therefore, all calculations are in coherence with the experimentally
observed Cu-rich surfaces of the NPs after synthesis, even when the
overall NP is rich in Ni.

3.2. Reaction induced surface segregation of Ni

The ability of the different catalysts for methane decom-
position was examined mass spectroscopically by temperature
programmed methane decomposition (TPMd). The results for Ni-
ZrO2 and 13CuNi-ZrO2 are shown in Fig. 7. On  Ni-ZrO2 hydrogen
production started at around 350 ◦C and increased with increas-
ing temperature. Upon cooling the activity decreased reversibly.
In a second heating cycle, the hydrogen production rate remained
approximately the same as during the first cycle. Consequently, no
deactivation of H2 production activity was  observed. Apart from
H2 formation, carbon dioxide evolution occurred during the first
heating cycle in methane up to about 430 ◦C. The detected CO2
likely originates from the reaction of methane with surface oxygen
and/or carbonates on zirconia or with NiO present due to incom-
plete reduction. Note that CO2 formation lowers the amount of
deposited carbon on the catalyst surface.

Fig. 7b) shows the corresponding rate of hydrogen production
for 13CuNi-ZrO2. On this sample no catalytic activity was observed
up to 460 ◦C but at higher temperature H2 production increased
rapidly, approaching the level of Ni-ZrO2, which was again accom-
panied by a small amount of CO2 evolution. Consecutive cycles were
then very similar to those of Ni-ZrO2, even at lower temperatures.
This points to an irreversible surface modification of the bimetal-
lic CuNi catalyst, which occurred during the first heating cycle in
methane. This significantly changed the catalytic performance of
the catalyst rendering it similar to Ni-ZrO2. Indeed, at 500 ◦C 64%
and 50% H2 yield were reached over Ni-ZrO2 and 13CuNi-ZrO2,
respectively. Using FTIR spectroscopy, performed during heating
in 5 mbar CH4 in N2, a band at 1984 cm−1 was appearing (charac-
teristic of Ni0-CO and originating from CHx interaction with lattice
oxygen), suggesting Ni surface segregation. On the other bimetal-
lic catalysts, 13CuNi-ZrO250 and 1:1 and 3:1 Cu:Ni, a similar trend
was observed [11]. When performing TPMs over Cu-ZrO2 almost
no H2 production was observed.

In order to monitor the surface modification processes during

methane decomposition in more detail, operando NAP-XPS at mil-
libar pressure was  employed. The photon energy was  adjusted to
obtain photoelectron kinetic energies of 150 eV, 350 eV and 550 eV
for each set of spectra of the relevant core level regions (Ni 2p, Cu
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p, C 1s). These kinetic energies correspond to inelastic mean free
aths of 5, 8 and 10 Å, so that mainly the first 4, 6 and 8 layers were
robed, respectively.

Fig. 8 shows XP spectra acquired during exposure to 0.25 mbar
ethane at 250 and 450 ◦C, immediately after reduction in

.25 mbar hydrogen (for a photoelectron kinetic energy of 150 eV,
.e. for highest surface sensitivity probing mainly the first 4 lay-
rs). The methane conversion level was about 4% at 250 ◦C and
6% at 450 ◦C. The amount of metallic nickel increased with

ncreasing reaction temperature (∼1.7 times) whereas less metallic
opper was observed at 450 ◦C compared to the starting condi-
ions. Additionally, by increasing the temperature the metallic Cu
eak became broader and shifted to slightly higher binding energy,
hich is in line with further Cu-Ni alloy formation. As shown in

ig. 8c) a number of different carbon-containing surface species
as observed during methane decomposition. The total amount of

arbonaceous species was strongly increasing when hydrogen pro-
uction started between 425 and 450 ◦C. In particular, the peak at
84.8 eV, attributed to C with sp2 hybridization [68–71] and indi-
ating the formation of carbon nanotubes, strongly increased when
50 ◦C had been reached.

Fig. 8d) shows the XPS peak areas of metallic Cu and Ni, taking
nto account the elemental specific cross sections [29] and normal-

zed to the XPS signals of the Zr 3d region. As discussed above, the
urface is enriched in Cu after reduction as well as at the begin-
ing of the reaction. Between 425 ◦C and 450 ◦C, however, while

ig. 8. XP spectra of the a) Ni 2p3/2 b) Cu 2p3/2 and c) C 1s core level region of 13CuNi-ZrO
onsideration of cross section areas and normalized to simultaneously measured XPS pea

dapted from [11] −Published by The Royal Society of Chemistry.
day 283 (2017) 134–143

the hydrogen production onset was simultaneously observed via
MS detection, the amount of surface Ni strongly increased as the
amount of metallic Cu decreased. Studt et al. [72] reported that
Ni may  segregate on the surface due to higher binding strength
towards CO. Since there is hardly any CO under the present con-
ditions, we expect Ni to segregate closer to the surface at elevated
temperature due to the presence of methane and/or, more proba-
bly, other carbonaceous species (see below).

When the corresponding spectra (Ni 2p, Cu 2p, C 1s; not shown)
were acquired for a photoelectron kinetic energy of 350 eV and
550 eV (mainly probing the first 6 or 8 layers) the effect was  found to
be very similar, indicating that Ni segregation affects several surface
layers. In contrast, the total amount of carbon-containing species
decreased with increasing probing depth, because the C-species
were located at the surface of the catalyst.

One should note that according to the XRD pattern in Fig. 2
the 13CuNi-ZrO250 catalyst may  also include large monometallic Ni
and Cu (unalloyed) particles. However, the Cu particles have very
low activity and also the large Ni particles (with very low disper-
sion) have only a minor contribution to the overall reaction rate.
With respect to the XPS measurements, the monometallic parti-
cles would also not contribute to the observed changes of surface
composition (relative amount of Ni vs Cu) because monometallic

particles apparently cannot contribute to segregation processes. If
they would sinter at higher T, then the XPS signals should decrease
but in fact the signals increase.

250 at 250 ◦C and 400 ◦C during heating in 0.25 mbar CH4; and d) peak areas under
k areas of the Zr 3d region. The kinetic energy of the photoelectrons was 150 eV.
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Table  1
Adsorption energies Eads (in eV) of CHx species (x = 0–3) on fcc threefold hollow
sites on Cu(111) and Ni(111) terraces of the Cu70Ni70 NP with optimized chemical
ordering. The difference �Eads = Eads(fcc-Cu3) − Eads(fcc-Ni3) between the adsorp-
tion energies for each adsorbed moiety is shown in a separate column.

Adsorbate Eads fcc-Cu3 Eads fcc-Ni3 �Eads

CH3 −1.47 −1.97 0.50
CH2 −3.09 −4.08 0.99
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CH −4.91 −6.44 1.53
C −5.03 −7.02 1.99

We  also carried out theoretical calculations to analyze whether
Hx species (x = 0–3) that form during methane decomposition can

nduce the segregation of Ni on the surface of nanoparticles. For this
urpose we studied the adsorption of such CHx species on Cu- and
i-terraces in the Cu70Ni70 NP with optimized chemical ordering.
his specific nanoparticle composition was selected, since in the
inimum-energy structure it contains both Cu and Ni atoms on

he facets (Fig. 5).
It is known from previous theoretical studies that the adsorption

f CHx groups is preferred on hollow sites compared to bridge or on-
op positions on both Cu (111) and Ni(111) surfaces [73–78], hence
e studied the CHx adsorption exclusively on fcc-hollow sites on

oth Cu(111) and Ni(111) terraces of the Cu70Ni70 NP. As expected,
e found that all CHx groups are more strongly adsorbed on Ni(111)

han on Cu(111). The difference between the adsorption energies of
Hx on Ni3 and Cu3 sites increases in the CH3 < CH2 < CH < C order,
eing only 0.50 eV for a CH3 group and ca. 2.0 eV for a single C atom
Table 1).

In order to evaluate to which extent such differences in adsorp-
ion energies can facilitate adsorbate-induced Ni-segregation on
he surface we compared these differences with the energy
equired for Ni-segregation according to the topological energy
xpression of Cu70Ni70. We  calculated the energy change for swap-
ing 3 Ni atoms in the bulk with 3 Cu terrace atoms in the most
table Cu70Ni70 structure, which creates a Ni3 hollow adsorption
ite replacing a Cu3 site. Note that in the global minimum homotop
f Cu70Ni70 the nanoparticle interior consists purely of Ni (Fig. 5),
ence swapping 3 Ni and Cu atoms also implies increase in the
umber of Cu-Ni heteroatomic bonds within the NP (by 27 in
his case). According to the topological expression of Cu70Ni70, the
nergy loss associated with the segregation of a Ni atom on the
urface is 120 meV, and the formation of each Cu-Ni bond results
n an energy loss of 11 meV. Therefore, the total energy loss corre-
ponding to the segregation of 3 Ni atoms on a Cu(111) terrace is

 × 120 + 27 × 11 = 657 meV, or 219 meV  per Ni atom.
The latter energies can be compared with �Eads values from

able 1. For instance, a CH3 group is adsorbed 0.5 eV stronger on
he Ni3 than on the Cu3 site, which is sufficient to induce segre-
ation of ∼2 Ni atoms on the surface (2 × 219 meV  = 0.438 eV). A C
tom is adsorbed stronger on a Ni3 than on a Cu3 hollow site by
s much as ∼2.0 eV (Table 1) that is more than enough to induce
he formation of a whole Ni3 site on the surface. In summary, even
he relatively weak adsorption of a CH3 group can induce the seg-
egation of Ni on the surface to a certain extent, whereas other
tronger adsorbed CHx species can more significantly facilitate such
egregation (Fig. 9).

To summarize, the conclusions of the theoretical analysis are
ully consistent with the experimental operando observations. In
articular, simulations explain why increase in the temperature as
ell as the possible adsorption of CHx moieties formed during CH4
ecomposition may  induce Ni segregation on the surface.
Altogether one could now envision an “ideal” CuNi alloy parti-
le. We  know that, independent of the overall composition, after
ynthesis and activation (oxidation/reduction) a Cu-rich surface
s obtained, but under reaction conditions Ni segregates on the
day 283 (2017) 134–143 141

surface. If the amount of Ni in the NP is sufficient to create a (nearly)
complete Ni surface, then there is no (or less) coking resistance
(due to the absence of surface Cu). Thus, an “ideal” nanoparticle
would have Cu at edges and corners, and Ni at terraces. In turn,
the interior of this nanoparticle would fully consist of Cu so that
Ni segregation is limited (to maximize the resistance to coking).
For example, to satisfy these conditions a ∼6 nm large truncated
octahedral CuxNi3275-x NP would have to contain 840 Ni atoms,
i.e. the number of terrace positions in this NP (with Cu atoms
occupying 180 edge/corner positions and 2255 interior sites). In
the global minimum structure of the truncated octahedral particle
Cu2435Ni840 at 0 K all aforementioned Ni atoms would be located in
the NP interior. Since Cu2435Ni840 corresponds to the ca. Cu:Ni 3:1
composition, we can apply the descriptors obtained for Cu105Ni35
(see Supporting Information) to calculate the energy needed for
the segregation of these 840 Ni atoms on the surface. The seem-
ingly huge energy value of 166 eV, obtained in such a way  can be
easily compensated for by the adsorption of CHx groups on the sur-
face. According to Table 1, for instance 332 CH3 groups adsorbed
on the surface (at 0.4 ML  terrace coverage) may  provide enough
energy for such segregation. However, such high coverage would
introduce repulsion between methyl groups unaccounted for in this
simple consideration. Thus, CH3 groups are expected to induce only
partial surface segregation of Ni in this composition. In the case of
more strongly adsorbed CHx groups, significantly lower coverage
would be necessary to provide the energy for Ni segregation; hence
the latter groups might induce the formation of purely Ni terraces
in Cu2435Ni840. Indeed, a catalyst prepared with nominal Cu:Ni 3:1
composition exhibited a specific activity (per gram Ni) for H2 pro-
duction very similar to that of Ni-ZrO2 but had much better coke
resistance [11]. Based on temperature-programmed oxidation the
amount of coke formed on the 3:1 bimetallic nanoparticles was
reduced up to 50% and could also be reoxidized at ∼100 ◦C lower
temperature.

4. Conclusion

We have investigated the surface chemistry of bimetallic CuNi-
ZrO2 catalysts with a focus on the stable surface composition
under specific reaction conditions, i.e. high temperatures and reac-
tive methane atmosphere. Using FTIR spectroscopy, with CO as
a probe molecule, and synchrotron-based NAP-XPS in hydrogen
atmosphere we  could observe that the surface was  enriched in
Cu upon reduction, even when the nanoparticles were rich in Ni.
DF calculations confirmed that in thermodynamic equilibrium Cu
tends to occupy surface sites on bimetallic Cu-Ni nanoparticles. For
methane decomposition, operando studies of the surface compo-
sition of the catalyst and the nature of carbonaceous species on
its surface were again performed using NAP-XPS. Between 425
and 450 ◦C, when H2 production set in for CuNi-ZrO2, significant
changes in the XP spectra were observed caused by surface segrega-
tion of Ni. C 1s core level spectra revealed the appearance of various
carbonaceous species on the catalyst surface at that temperature. In
particular, the signal attributed to sp2 carbon increased when activ-
ity set in. According to depth profiling, the carbonaceous species
are mainly located at the surface layer. DF calculations showed that
both the increase in temperature and the presence of CHx groups on
the catalyst surface can induce the segregation of Ni atoms on the
surface. More dehydrogenated CHx groups adsorb more strongly
on Cu-Ni nanoparticles and, hence, have stronger effect on surface
segregation. Whereas CH3 species may induce only partial segre-

gation of Ni on the surface of Cu-Ni nanoparticles, the presence of
sufficient amounts of other species (CH2, CH and C) adsorbed on the
catalyst is calculated to result in the formation of purely Ni terraces.
As a key result we  conclude that independent of the initial Cu:Ni
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ig. 9. Illustration of Ni segregation on the surface in Cu70Ni70 induced by CHx grou
For  interpretation of the references to colour in this figure legend, the reader is ref

atio the nanoparticle surface is Cu rich after synthesis and reduc-
ion but it changes under reactive conditions when Ni is driven to
he surface. This effect must be accounted for by catalyst synthe-
is, limiting the amount of Ni so that the anti-coking effect of Cu is
reserved.

To achieve a better control of the desired surface composition
f the bimetallic phases, it is essential to perform further operando
nd computational studies providing a detailed understanding of
he nanoparticle stability in the reaction environment.
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