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ABSTRACT: In the perspective of a sustainable energy economy, CO2
reduction is attracting increasing attention as a key step toward the synthesis
of fuels and valuable chemicals. A possible strategy to develop novel conversion
catalysts consists in mimicking reaction centers available in nature, such as those
in enzymes in which Fe, Ni, and Cu play a major role as active metals. In this
respect, NiCu shows peculiar activity for both water-gas shift and methanol
synthesis reactions. The identification of useful descriptors to engineer and tune
the reactivity of a surface in the desired way is one of the main objectives of the
science of catalysis, with evident applicative interest, as in this case. To this
purpose, a crucial issue is the determination of the relevant active sites and rate-
limiting steps. We show here that this approach can be exploited to design and
tailor the catalytic activity and selectivity of a NiCu surface.
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Achieving control of bond formation and dissociation in
surface reactions is a key to making the chemistry of

heterogeneous catalysis more energy-efficient and product-
specific.1,2 A linear scaling relationship (Brønsted−Evans−
Polanyi, BEP) between adsorption and transition-state energies
has often been observed in model cases and was proposed as a
theoretical tool to describe or predict a catalyst’s activity,2 also
in the case of Ni−Cu bimetallic surfaces.3 It was recently shown
that self-diffusion and segregation processes governed not only
by energetics but also by kinetics, together with adsorbates
coverage effects, can also play an important role.4,5

Furthermore, the surface composition is influenced by the
adsorbate−metal bond strength and by the chemical potential
of the gas phase species.6,7 Effective tuning of the bonds of
reactants and intermediates with the surface would actually
allow for simple engineering of a catalyst. This is a particularly
hot topic in CO2 (electro)reduction chemistry at Cu-based
catalysts and electrodes.8,9 On pure Ni, CO2 reduction has
recently been investigated down to the single-atom level,
unveiling reaction mechanisms involving bent, activated CO2

species,10,11 formate as a stable spectator,12 and hydrocarboxyl

active species.10−14 Within this complex framework, we show
that the reduction rates of the activated CO2 precursor and the
adsorption energies and sites of the ad-species can be effectively
controlled by choosing proper Ni doping of a Cu model
catalyst surface. The Ni surface concentration accounts for
effects previously observed under standard reaction conditions
on model catalysts.
We performed temperature programmed desorption (TPD)

experiments following adsorption of CO2 at liquid nitrogen
(LN2) temperature under ultrahigh vacuum (UHV) conditions
on a Ni film grown on a Cu(110) surface. Both desorption and
decomposition take place upon heating, yielding straightfor-
ward information about the desorption energies of carbon
dioxide and carbon monoxide, together with the carbon dioxide
conversion efficiency, as a function of the Ni coverage (1 ML
corresponds to one adsorbed atom/molecule per surface unit
cell, 1.09 × 1015 atoms/cm2). The CO2 conversion efficiency, as
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obtained from the TPD data after exposure of the clean surface
to gas phase CO2, is defined as the ratio θCO/(θCO+θCO2). The
Ni film was grown on the Cu(110) surface by chemical vapor
deposition following a recipe that guarantees minimal Ni/Cu
intermixing in the temperature ranges used in our experiments.4

In panel a of Figure 1 it can be observed that the thickness of
the Ni film affects both the saturation coverage of chemisorbed

CO2 and its dissociation/desorption ratio, yielding conversion
efficiencies from 100% to 50%. As for pure Ni(110),11 we find
that competition between CO2 desorption and decomposition
takes place in the 200−250 K temperature range, where
mechanisms governing Ni diffusion and segregation from ad-
islands are still inactive.4 Conversely, on pure Cu, only CO2
physisorption occurs, yielding no decomposition under UHV
conditions.15

The CO2 and CO desorption energies were extracted from
the TPD spectra and are shown as a function of the Ni coverage
in panel b of Figure 1. Remarkably, a very different behavior is
observed: for increasing Ni thicknesses, CO is progressively
stabilized, in agreement with previous reports.16 The same
trend is observed for both CO deposited from the gas phase
and for CO obtained from the decomposition of CO2, both for
saturation and small CO coverage (not shown here).
Concerning CO2, we find that Ni doping stabilizes a
chemisorbed state, whose binding energy decreases for thicker
Ni films, at variance with what is observed for CO. This
indicates that the concentration of Ni at the surface is an
appropriate and easily accessible parameter to tune the reactant

and product adsorption energies, thus moving the decom-
position/desorption ratio along the observed conversion
efficiency curve of panel a. This result provides a simple
explanation of the behavior observed for the CO2 reduction to
methanol on Ni/Cu(100) under high pressure conditions,6,7

where Ni doping yields a higher turnover frequency. It was
suggested that the reaction occurs at Ni sites, tentatively
ascribing the effect to a CO-promoted surface segregation of Ni
at the reaction temperatures employed in the experiments and
to the interplay between the formation of CO2−Ni and CO-Ni
bonds. We directly confirm this hypothesis.
To provide an atomic scale interpretation of our data, we

performed an extensive set of density functional theory (DFT)
ab initio calculations. The main energy values obtained are
listed in Table 1 and represented in Figures 2 and 3. The most

relevant aspects are the following: Ni doping of Cu both lowers
the CO2 dissociation energy barrier and stabilizes the reactant
and products with respect to the pure metal surfaces (Figure 2,
panel a). In the case of pure Cu (orange curve) CO2
physisorption, occurring below 100 K,15 is energetically even
more convenient than adsorption of the CO + O products. For
the doped surface (1 ML Ni, dashed curve), dissociation of
chemisorbed CO2 is strongly favored with respect to desorption
(corresponding to the zero of the energy scale, indicated by the
horizontal black dashed line), but for pure Ni (blue curve), the
two processes compete. The DFT results thus account for the
decomposition/desorption ratio trend obtained by TPD
(Figure 1, panel a). Furthermore, by plotting our calculated
energies and literature values for other surface orientations
(Figure 2, panel b), we find that the BEP2 relationship holds
also for CO2 decomposition.
In Figure 3, calculated adsorption energies of individual

species are compared. We find that 1 ML Ni/Cu(110) provides
for CO2 a strong overbinding with respect to pure Ni or Cu
substrates (black line). Even a single substitutional Ni surface
atom leads to strengthening of the molecule−Ni bond. The
DFT calculations explain therefore our observations for CO2.
Theory predicts an overbinding effect also in the case of CO at
low coverage (θ = 1/6 ML) for adsorption at both bridge and
on-top sites (dotted and dashed orange lines in Figure 3,
respectively). This result is apparently in contrast with the
measured CO desorption energy that shows, indeed, a
monotone behavior as a function of the Ni coverage, rather
than an overbinding at 1 ML. This puzzling point can be
explained considering a site change for CO from on-top to

Figure 1. Tuning the catalyst activity as a function of Ni coverage. (a)
Carbon dioxide reactivity: total coverage (blue markers), direct
desorption vs decomposition (black and orange markers, respectively),
and conversion rate (empty circles). (b) Carbon dioxide vs carbon
monoxide desorption energies. Desorption energy and adsorbates
coverage values are obtained from temperature-programmed desorp-
tion experiments. Lines are drawn to guide the eye.

Table 1. DFT-GGA Energies (in eV) for Molecules and
Atoms Relevant to the Present Study at a Coverage of θ =
1/6 MLa

Eads
(CO2)

Eads (CO
+ O)

ΔEdiss
(CO2) Eads (CO) Eads (O)

config best adsorption site
short
bridge on-top

pseudo-
3-fold

Cu −0.23b +0.62 1.18 −1.04 −1.02 −1.66
1 ML Ni/
Cu

−1.00 −1.66c 0.26 −2.41 −1.96 −2.51c

Ni −0.70 −1.19 0.50 −2.10 −1.90 −2.29
aValues in the left part of the table are referred to gas phase CO2;
those for CO and O separately are related to the corresponding gas
phase molecule. Eads is the adsorption energy; ΔEdiss is the dissociation
barrier. If not otherwise specified, the best adsorption site is hollow-up
for CO2 and SB for CO. bPhysisorbed configuration. cSB site for O.
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short bridge (SB) for increasing Ni coverage. From the on-top
site on Cu (as found experimentally and reported in the
Supporting Information, and energetically equivalent to SB in
our calculations), CO has to change to SB, which is the most
stable on the Ni(110) surface. If we consider that such a change
occurs at 1 ML Ni/Cu(110), we then obtain the orange
continuous line in Figure 3, thus reproducing the exper-
imentally observed monotone trend for CO reported in panel b
of Figure 1.
We further investigated the CO site change mechanism by

means of time-resolved photoelectron spectroscopy uptake and
desorption experiments at higher coverage. In a nutshell, we
found that the adsorption of CO at NiCu surfaces is a complex
phenomenon, determined by diffusion, site change mecha-
nisms, and lateral interactions. We exploited synchrotron
radiation high-energy resolution, time-resolved, core level X-
ray photoelectron spectroscopy (XPS)17 to follow the evolution
of the Ni, Cu, C, and O core levels during both CO uptake and
desorption from the Ni/Cu(110) surface under UHV. After

desorption of CO, the Ni and Cu 3p signals recover to the
intensity of the bare Ni/Cu sample, thus confirming, in
agreement with our previous findings,4 that there is no
observable dilution of the metallic film into the bulk in the
temperature range in which CO is stable at the surface. From
the C and O 1s core level shifts, monitored upon CO
adsorption and desorption for different Ni surface coverage
values, three nonequivalent CO adsorbed species could be
unambiguously identified in the complex XPS spectra. Selected
core level spectra of the CO/Ni/Cu(110) system are reported
and discussed in the Supporting Information. We could identify
C and O 1s components originating from CO molecules
adsorbed at on-top Cu sites (285.9 and 532.8 eV), at on-top Ni
sites (285.8 and 532.4 eV), and at short-bridge Ni sites (285.4
and 531.0 eV).
Figure 4 reports the local coverage extracted from the

intensity evolution of the O 1s core level components at a
selected Ni surface coverage of 0.46 ML. Four panels are
present in the figure: a and c show the uptake curves, obtained
upon CO adsorption at LN2 temperature; b and d report the
CO evolution during a subsequent annealing. Each panel is
divided in two by a horizontal dotted line, separating
complementary data. In panels a and b, the CO coverage at
Cu (upper part) and at Ni (lower part) ad-islands is reported
symmetrically. From the data in panel a, a striking difference in
the adsorption curves is apparent, with different concavity for
Cu and Ni. Since CO can easily diffuse at LN2 temperature on
both Ni and Cu, due to the low hopping barrier,18 the observed
profiles indicate that CO impinging at Cu sites migrates to the
Ni ad-islands. We independently confirmed this migration with
simulations based on molecular dynamics methods (see
Supporting Information). Indeed, using a simple model that
assumes CO diffusion from Cu to Ni sites to be proportional to
the number of occupied and free sites, respectively, at the island
perimeters, we obtained the black dashed lines in panel a of
Figure 4, reproducing the trends observed in the experimental

Figure 2. Cleavage of the O−CO bond in adsorbed carbon dioxide at
mono- and bimetallic NiCu surfaces clearly shows that Ni doping
promotes decomposition. (a) Path for decomposition on Cu(110)
(orange), Ni(110) (blue), and 1 ML Ni/Cu(110) (dashed). Ball
models of the corresponding initial, transition, and final states as
obtained from DFT calculations are also shown. All energies are
referred to gas phase CO2. Atom color legend: Cu (orange), Ni (blue),
oxygen (red), carbon (yellow). (b) The BEP relationship holds for
CO2 dissociation into CO + O. An asterisk (*) indicates values from
the literature.23−25

Figure 3. Calculated adsorption energies for CO and CO2. Within the
DFT framework, a remarkable overbinding is found for CO2 adsorbed
on 1 ML Ni/Cu(110) with respect to bare Cu or Ni terminations
(black). CO adsorption in bridge and on-top sites at a coverage of θ =
1/6 ML shows a similar behavior (dotted and dashed orange lines,
respectively). The experimental monotone trend for the binding
energy of CO is recovered when considering the on-top/bridge site
change (orange continuous line). The absolute value of the adsorption
energy is reported.
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data. Upon heating, CO from Cu both desorbs and migrates to
Ni where the local CO coverage increases with temperature
(Figure 4, panel b), reaching a maximum at 225 K,
corresponding to densely packed CO/Ni islands. Panels c
and d show detailed information about CO adsorption inside
the Ni ad-islands, distinguishing between on-top and bridge
sites (upper and bottom parts of the panels, respectively). From
the data in panel d, we can see that although CO migrates from
Cu populating on-top Ni sites, a parallel CO site change
process (bridge to on-top) occurs within the Ni islands. The
annealing process therefore introduces a strong asymmetry in
the relative population of Ni sites, which were instead equally
occupied at the end of the uptake (panel c). Actually, our XPS
data reveal a complex picture: by increasing the temperature,
the local CO coverage on Ni increases and the relative
population of on-top and bridge sites changes, and desorption
occurs from the former sites, at variance with the pure Ni(110)
surface.11 For a Ni film thickness >1 ML, bridge sites already
dominate instead (see Supporting Information). Calculations
performed for progressive desorption of CO from densely
packed adsorbed configurations (θ=0.75 ML) on pure Cu, pure
Ni, and 1 ML Ni/Cu (110) surfaces indicate the presence of a
strong lateral repulsion between the adsorbed CO molecules,
particularly strong for 1 ML Ni/Cu system. This repulsion acts
in the same direction of the site change considered in the low
CO coverage regime, suppressing the overbinding with the
surface and therefore yielding a monotonic growing trend of
the CO adsorption energy for increasing Ni coverage.
In summary, we have identified a potential tool for driving

surface activity and selectivity for CO2 conversion, with a strong
impact on the CO2 reduction efficiency. Using a combined

experimental and theoretical approach, we have, indeed, shown
that at the Ni/Cu catalyst surface the local Ni coverage is
strictly connected not only to adsorption, but also to diffusion,
site-change, and local coverage of the adspecies. Our findings
provide a clear explanation for the enhanced reactivity observed
on a similar system toward CO2 conversion to methanol under
realistic conditions.6 The proposed tool is relevant also in the
case of CO reduction to methanol, providing the capability of
tuning not only the conversion rate but also the selectivity.19

A direct transferability of the results obtained under UHV at
low temperatures to realistic reaction conditions is not
straightforward and requires pressure, temperature, and ma-
terial gap issues to be considered. Concerning the material gap,
experimental observations at high pressure on Ni-doped Cu
single crystals have already shown an enhanced CO2 conversion
efficiency that was ascribed to the reactivity of Ni sites.6,7,20 The
latter significantly lower the barrier for the initial CO2
hydrogenation steps with respect to the pure Cu termination,6

in agreement with UHV studies,12,13 whereas Cu sites yield
methanol formation, avoiding complete C−O cleavage and
production of methane, which actually occurs at pure Ni
surfaces.14 With respect to the pressure gap, further
investigation in this direction with the aid of innovative in
situ techniques such as high-pressure core-level photoelectron
spectroscopy21 and sum-frequency generation spectroscopy,22

are needed to provide additional insight into the electronic
configuration and the vibrational modes of surface intermediate
species up to ambient pressures. Higher reaction temperatures
can also be explored in this way, since a detectable surface
concentration of the ad-species can be achieved. The chemical
potential related to the gas phase, together with the higher
available kinetic energy, may provide accessibility to parallel
reaction routes. Within the framework of a sustainable energy
economy based on renewable sources and on the recycling of
pollutants, technologies related to the conversion of carbon
dioxide into fuels and chemicals are of particular relevance. As
discussed, NiCu alloys are showing interesting properties in the
(electro)catalytic conversion of CO2, and in the present report,
we addressed and explained novel fundamental mechanisms
that may guide the design of novel materials.
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Teschner, D.; Zafeiratos, S.; Schlögl, R.; Bukhtiyarov, V.; Kaichev, V.
V.; Prosvirin, I. P.; Nizovskii, A.; Bluhm, H.; Barinov, A.; Dudin, P.;
Kiskinova, M. Adv. Catal. 2009, 52, 213−272.
(22) Rupprechter, G. MRS Bull. 2007, 32, 1031−1037.
(23) Grabow, L. C.; Mavrikakis, M. ACS Catal. 2011, 1, 365−384.
(24) Liu, C.; Cundari, T. R.; Wilson, A. K. J. Phys. Chem. C 2012,
116, 5681−5688.
(25) Liem, S. Y.; Clarke, J. H. R. J. Chem. Phys. 2004, 121, 4339−45.

ACS Catalysis Letter

dx.doi.org/10.1021/cs400327y | ACS Catal. 2013, 3, 1555−15591559


