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ABSTRACT: Subnanometer copper tetramer−zirconia catalysts turn out
to be highly efficient for CO2 hydrogenation and its conversion to
methane. The cluster size and substrate morphology are controlled to
optimize the catalytic performance. The two types of zirconia supports
investigated are prepared by atomic layer deposition (∼3 nm thick film)
and supersonic cluster beam deposition (nanostructured film, ∼100 nm
thick). The substrate plays a crucial role in determining the activity of the
catalyst as well as its cyclability over repeated thermal ramps. A
temperature-programmed reaction combined with in situ X-ray character-
ization reveals the correlation between the evolution in the oxidation state
and catalytic activity. Ex situ photoelectron spectroscopy indicates Cu
clusters with stronger interactions with the nanostructured film, which can
be the cause for the higher activity of this catalyst. Density functional theory calculations based on the Cu4O2 cluster supported on a
ZrOx subunit reveal low activation barriers and provide mechanism for CO2 hydrogenation and its conversion to methane.
Altogether, the results show a new way to tune the catalytic activity of CO2 hydrogenation catalysts through controlling the
morphology of the support at the nanoscale.
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■ INTRODUCTION

Catalytic conversion of CO2 to useful fuels such as methane,
methanol, and longer chain hydrocarbons can help to
simultaneously mitigate the emission of greenhouse gas CO2

and enrich the resource of chemical feedstock compounds to
reduce the dependency on fossil fuels.1,2 The interest in
developing cheap catalyst with optimized performance is
obvious and Cu based catalysts have already been heavily
explored.2,3 However, in most cases one has to use high pressure
and temperature as the reaction conditions to achieve high
conversion efficiency for CO2 at the industrial level.

4−6 There
has recently been reports of highly efficient conversion of CO2 to
methanol using Cu cluster based catalysts (Cun deposited on
hydroxylated alumina supports) at temperatures as low as 125
°C and 1.1 atm pressure. However, the methane signal appeared
only at temperatures of around 375 °C7,8 also observed during
the course of reaction dynamically forming and disintegrating
nanoassemblies made of subnanometer Cu clusters.9 Iron oxide
doped with Cu nanoparticles on the other hand was found to
have a high selectivity for CO2 hydrogenation with methane as
the major usable product.10

Zirconia supports have been of interest due to their high
mechanical and thermal stability, and the copper/zirconia
catalyst was found to be a stable catalyst for conversion of syngas
to methanol.11,12 Some of the commonly used Cu/zirconia
catalysts for CO2 conversion include copper and copper oxides
mixed with microcrystalline zirconia present in amorphous,
tetragonal, or monoclinic phases;13−16 carbon nanofiber based
Cu/zirconia catalyst;17 and copper nanocrystals encapsulated in
Zr based metal−organic frameworks.18 Herein we prepared a
catalyst with monodisperse Cu clusters supported on zirconia
substrates prepared by two different deposition methods. The
first method, atomic layer deposition19 (ALD ZrOx) creates a
smooth zirconia surface which is about 3 nm thick. The second
method, supersonic cluster deposition (SCBD), fabricates
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cluster-assembled nanostructured zirconia films of 100 nm in
thickness (NS ZrOx).20,21

SCBD produces nanostructured films with nanoscale top-
ography and roughness that can be quantitatively controlled
over a wide interval of parameters:20 the morphology of cluster-
assembled materials is characterized by arrangements of
nanoscale building blocks in larger units up to a certain critical
length scale determined by the time of the deposition process.21

Cluster-assembled zirconia films are characterized by high
specific area and porosity at the nano- and subnanometer
scales.20,21 Cluster-assembled zirconia substrates are rich in
undercoordinated defects,20 very stable against thermal treat-
ments and have high surface area.22 These aspects make cluster-
assembled zirconia a very interesting catalytic substrate where
the effect of metallic cluster decoration can be investigated.23

The copper clusters were created with atomic precision. Such
systems have the capability to perform catalytic reactions with
high activity and selectivity; hence, one can determine the most
active catalytic moiety.24,25 In the present study Cun/zirconia
catalysts were investigated in search for an efficient catalyst for
CO2 methanation. Methane forms a major source of stored
energy and is usually produced using complex processes at high
temperature and under high presssure26,27 or extracted from
natural sources.28−32 Thus, an affordable catalyst which can
produce methane by conversion of CO2 is highly desirable.
Pure Cu clusters of controlled atomicity were generated in a

high vacuum system, free of any ligands and deposited on
zirconia substrates with different morphologies. Using X-ray
photoelectron spectroscopy (XPS) the binding energies of the
clusters on zirconia surfaces have been measured. The
temperature-programmed reaction with mass spectroscopic
detection was used to monitor the evolution of the products
in real time, where the changes in the composition and oxidation
state of copper during the reaction were monitored using in situ
grazing incidence X-ray absorption near-edge spectroscopy
(GIXANES). Simultaneous in situ grazing incidence small-angle
X-ray scattering (GISAXS) was employed to check for any
assembly formation or coalescence of clusters. The analysis of
oxidation states and structures of metal clusters in reaction
conditions was performed by spectral decomposition of
GIXANES data.
In order to understand the role of the copper cluster and

support, DFT calculations have been carried out on a model
reactive center formed by oxidized copper tetramer and ZrxO2x
subunit, providing energy profile and identifying key steps of the
mechanism, thus proposing energetically favorable reaction
pathway during the activation and hydrogenation steps of CO2
on route to its conversion to methane.

■ EXPERIMENTAL SECTION
Design of ALD andNanostructured Zirconia Supports.

The ALD ZrOx support was prepared using tetrakis-
(dimethylamido)zirconium(IV) (ZrTDMA) precursor pur-
chased from Aldrich. The film was deposited at a reactor
temperature of 200 °C with the manifold at 150 °C. ZrTDMA
(75 °C) and deionized water were used for the growth of ZrO2,
with a pulsing sequence of 0.4−10−0.015−10 s.19
Nanostructured zirconia (NS ZrOx) thin films were produced

using a supersonic cluster beam deposition (SCBD) apparatus
equipped with a Pulsed Microplasma Cluster Source (PMCS)33

as described in detail in refs 20 and 21. In brief, the deposition
apparatus consists of two differentially pumped vacuum stages.
A PMCS is mounted outside the first chamber (expansion

chamber) on the axis of the apparatus. The PMCS is operated in
a pulsed regime: high-pressure Ar pulses with a duration of a few
hundreds of microseconds are injected at the repetition rate of 4
Hz. The gas injection is followed by an electrical discharge
between the cathode (zirconium rod) and an anode buried in
the source body. A subsequent condensation of sputtered atoms
results in cluster nucleation. The inert gas-clusters mixture is
then extracted from the PMCS into high vacuum (p ≈ 10−6

mbar) to form a seeded supersonic cluster beam. Cluster
deposition takes place in the deposition chamber where the
supersonic beam impinges on silicon substrates mounted on a x-
y-z motorized sample holder.
In the PMCS metallic Zr clusters are produced. Nevertheless,

a substantial oxidation of the clusters takes place very rapidly
because of the interaction of the Zr clusters with oxygen and
water molecules, upon exposure of the sample to air, resulting in
cluster-assembled nanostructured ZrOx films (NS ZrOx) with x
≈ 2.
We characterized by atomic force microscopy (AFM) the

evolution of the samples morphological properties as a function
of the surface coverage, which is defined as the ratio between the
projected area occupied by clusters on the surface and the
scanned area.20 Nanostructured films with a thickness of 125 nm
and roughness of 17 nm (see Figure S1) were grown under the
ballistic deposition regime where clusters stick on the substrate
upon landing without significant mobility and fragmentation
due to their low kinetic energy.21 The NS ZrOx film was
characterized by the BET method obtaining a specific surface
area of approximately 300 m2/g and nanosized pores with sizes
in the range of 10−50 nm.22

Copper Cluster Deposition. Cu clusters were produced in
a liquid nitrogen cooledmagnetron sputtering source, the details
for which can be found in Supporting Information and in ref 34.
Briefly, the clusters were produced in a magnetron sputtering
source (Figure S2) and the clusters of desired single size were
mass-selected from the molecular beam and soft-landed on the
ALD and NS ZrOx supports at controlled loading of copper
metal. The copper loading per cluster spot in these samples was
about 5 ng, corresponding to 4.45 × 1013 Cu atoms.

In Situ GIXANES, GISAXS, and TPRx. The testing of
performance and characterization of the working catalyst was
performed in a home-built reactor at beamline 12-ID-C of the
Advanced Photon Source at the ArgonneNational Laboratory.35

This experimental setup allows in situ X-ray monitoring of
changes in the size of the clusters by small-angle X-ray scattering
at grazing incidence (GISAXS) and to follow the changes in the
oxidation state of the metal by grazing incidence X-ray
absorption near edge spectroscopy with fluorescence mode
detection (GIXANES), as well as to simultaneously monitor
reaction product formation during a temperature-programmed
reaction (TPRx). A brief description of themultiprobe approach
is given in the Supporting Information and in detail else-
where.35,36 The reaction was performed using a uniform double
heat and cool ramp (see the Results and Discussion section), at a
pressure of 1.1 atm under continuous flow of 18 sccm of pure
CO2 and H2 in 1:3 ratio.
The spectra of the Cu metal foil, Cu2O, CuO, and Cu(OH)2

bulk standards were collected at the 12-BM beamline of the
Advanced Photon Source in transmission mode. These spectra
were used as reference spectra for linear combination fit (LCF)
analysis of the XANES spectra. Note here that the local structure
in ultrasmall clusters deviates from that in the bulk materials
such as the standards used in this study. Therefore, in this work

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.0c05029
ACS Catal. 2021, 11, 6210−6224

6211

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.0c05029?rel=cite-as&ref=PDF&jav=VoR


Figure 1.Catalytic activity of Cu4 and Cu12 clusters on ALDZrOx andNS ZrOx. (a) Temperature ramp; (b) Cu4 on ALD zirconia with a reproducible
activity for methane formation from CO2 on consecutive ramps; (c) Cu12 on ALD zirconia with a reproducible activity for methane formation from
CO2 on consecutive ramps; (d) Cu4 on NS ZrOx with a activity for methane formation from CO2 significantly decreased during the second ramp; and
(e) Cu12 on NS ZrOx with a activity for methane formation from CO2 quenched during second ramp.
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we complement the LCF approach by a multivariate curve
resolution - alternating least squares (MCR-ALS) method,37

which has proven to be instrumental for speciation of mixtures,
when the exact reference spectra for pure components are not
known.
Using an X-ray beam of 9.1 keV energy, 2-dimensional

GISAXS images were collected to monitor possible agglomer-
ation of Cu clusters during the reaction can be obtained35,38−40

and the scattering patterns were analyzed with the Modeling II
tool in the Irena tool suite.41

GIXANES Spectra Analysis. GIXANES data were analyzed
to obtain the changes in the oxidation state of the clusters using
two different techniques:

LCF Technique. The Cu clusters XANES spectra were fitted
as a linear combination of bulk Cu standard XANES spectra, Cu
(Cu0), Cu2O (Cu+), CuO (Cu2+), and Cu(OH)2 (Cu

2+). The
spectra were processed by using a linear least-squares
optimization algorithm, which provides the contributions from
individual motifs to the ensemble-average spectrum of the
clusters.42,43 (see Figure S3) By performing LCF analysis for
spectra collected at all temperatures, one can obtain the
evolution of unique subsets of clusters during the reaction can
be obtained. This method assumes prior knowledge of the
standards and requires independent validation that the stand-
ards adequately represent the states of the clusters in reaction
condition.

Figure 2. XANES spectra collected at the Cu K-edge during the double ramp shown in Figure 1a. (a) Cu bulk standards; (b) Cu4 on ALD ZrOx; (c)
Cu12 on ALD ZrOx; (d) Cu4 on NS ZrOx; and (e) Cu12 on NS ZrOx. The blue bar in the plots indicates the position of the edge of the spectra,
calculated by the location of the first peak of the derivative in the XANES spectra. It is shifted toward lower or higher energies, indicating the change in
the oxidation state to the lower or higher values, respectively.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.0c05029
ACS Catal. 2021, 11, 6210−6224

6213

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.0c05029?rel=cite-as&ref=PDF&jav=VoR


MCR-ALS Technique. The accuracy of the LCF approach
discussed above can be limited by the fact that the local structure
of nanostructured materials and hence their X-ray absorption
spectra can be quite different from those in corresponding bulk
materials. In the MCR-ALS approach, in turn, the spectra
corresponding to pure compounds (which are not known a
priori for nanosized materials) are determined automatically
from the series of experimental data for mixtures. The MCR-
ALS method and its application to XANES data analysis are
discussed in refs 37 and 44−48. In particular, ref 46 is a good
example of application of the MCR-ALS method for
identification of different species in copper-based nanocatalysts
from temperature-dependent Cu K-edge XANES data and
demonstrates clearly the limitations of the LCF technique. For
example, it was shown that LCF may severely overestimate
contribution of Cu+ species in the speciation of nanosized
copper catalysts.46 Briefly, MCR-ALS method is applicable if a
set of experimental XANES spectra μi is available, where each

spectrum can be expressed as a linear combination of a few
spectra sj that correspond to pure compounds, weighted withwij:
μi(E) = ∑jwijsj(E). Using matrix notation, this set of equations
can be rewritten asM =WS, where the matricesM,W, and S are
formed from experimental spectra μi(E), weights wij and spectra
for pure compounds sj(E), correspondingly. To obtain unique
results forW and S, the following constraints are imposed: 1) all
elements of matrices W and S should be non-negative and 2)
∑jwij = 1. Elements of W and S are then refined in an iterative
process. One starts with a rough initial estimation of matrix W
(in our case, the initial guesses of concentration profiles can be
obtained from the conventional LCF analysis). To obtain the
initial approximations of spectra for pure compounds, linear
least-squares problem is then solved with respect to S to
minimize the norm ||M − WS||. Next, elements of matrix W are
similarly updated, by solving least-squares problem with respect
toW and taking into account the above-mentioned constraints.
The process is repeated until there is no more significant

Figure 3. Evolution of oxidation state of copper in the clusters during the reaction, form LCF fitting of XANES spectra and corresponding
compositions shown in Figure S3. (a) Cu4 on ALD ZrOx; (b) Cu12 on ALD ZrOx; (c) Cu4 on NS ZrOx; and (d) Cu12 on NS ZrOx.
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reduction of the norm ||M−WS||. If the initial guess of matrixW
is not too far from the true values, MCR-ALS method is able to
recover the spectra for pure compounds, as well as the weights of
the pure compounds spectra in each of the experimentally
acquired spectrum (see Figure S4). To illustrate and validate the
MCR-ALS method for the analysis of Cu K-edge XANES data,
in the Supporting Information, Figure S6, we apply it to analyze
a set of model data, constructed as artificial linear combinations
of experimental XANES for bulk reference compounds: metallic
copper, Cu2O, CuO, and Cu(OH)2. As shown in Figure S7, the
MCR-ALS method in this case is able to reconstruct quite
reliably all four reference spectra and also their contributions to
each of the mixtures.
Importantly, as part of the MCR-ALS analysis procedure, we

have also verified that two components should be sufficient to
describe experimental data for each of the samples by using
principal component analysis (PCA).49−51

XPS Analysis. The XPS measurements were performed with
a Leybold LHS 10/12 UHV apparatus equipped with a
hemispherical electron analyzer and a conventional X-ray source
(Mg Kα = 1253.6 eV). The high resolution spectra were
acquired in the constant step energy mode with Epass = 30 eV.
The overall energy resolution was 0.8 eV. The pressure in the
experimental chamber during experiments was below 6 × 10−9

mbar. The binding energy scale of the spectrometer was
calibrated via the Au 4f7/2 core level line (located at 83.97 eV)
of a clean polycrystalline Au sample. Due to the moderate
charging in all of the analyzed samples and considering that the
substrates are all zirconium oxide, the spectra were aligned by
using as reference the adventitious carbon peak conventionally
positioned at 284.8 eV. The spectra were fitted with a Shirley
background or with linear background that was subsequently
removed for zirconium and oxygen spectra. The oxygen and
zirconium spectra were fitted with a linear combination of
Gaussian and Lorentzian line-shapes with larger weight of the
Gaussian component. The least-squares curve-fitting were
performed with the code WinSpec, developed at the LISE
laboratory, Namur, Belgium.

■ RESULTS AND DISCUSSION

Cu clusters on both ALD coated and nanostructured zirconia
were found to be highly active and selective toward methane
production. The reaction was performed using a uniform double
heat and cool ramp (Figure 1a), at a pressure of 1.1 atm under
continuous flow of 18 sccm of pure CO2 and H2 in 1:3 ratio. An
initial look at the reactivity data (reaction rates) can be
summarized as follows. During the first ramp, the activity of
Cu4/NS ZrOx was found to be approximately 30% higher than
that of Cu4/ALD ZrOx, and the activity of Cu12/NS ZrOx was
approximately twice that of the activity of Cu12/ALD ZrOx.
However, the activity of Cu12/NS ZrOx drops over a repeated
cycle, as discussed below.
The comparison of activity and X-ray results revealed a strong

correlation between the activity and oxidation state of the
clusters:
Cu Clusters on ALD ZrOx. The spectra of the Cu metal foil,

Cu2O, CuO, and Cu(OH)2 used as bulk standards are shown in
Figure 2a. The spectrum of copper in Cu4 clusters supported on
ALD ZrOx indicate a Cu(OH)2-like structure at room
temperature, as deducted from XANES spectrum collected
under flowing He before the beginning of the heating ramp
(Figure 2b). The evolution of the oxidation state of copper in the

Cu4 and Cu12 cluster during the applied temperature ramp
obtained from LCF analysis is shown in Figure 3a,b, respectively
XPS characterization was carried out ex situ before and after

the complete thermal treatment. Figure 4 shows the high

resolution XPS spectra and the peak fitting of O 1s edges of the
ALD ZrOx, namely the pristine sample and the sample after the
thermal treatment without and with the Cu4 and Cu12 clusters.
Figure S4 shows the corresponding Zr 3d spectra. The fwhm

of the Zr 3d peaks is about 1.5 eV. The Zr 3d 5/2 peak is found at
182.0 eV with spin−orbit splitting of 2.3 eV. This BE could be
referred to oxygen-deficient zirconia (ZrO2‑x), as also assessed
by the evaluation of the stoichiometry obtained by the ratio
between the area of Zr 3d peak and the area of the fitted oxygen
peak corresponding to the lattice oxygen (Zr4+) centered at
530.0 eV (red filled peaks in Figure 4, upper panels). The
complete thermal process promotes the oxidation of zirconium.
In O 1s spectra the feature centered at 531.6 eV (green filled
peaks in Figure 4) is related to the contribution of oxygen
bonded to carbon in organic species and oxygen bonded to
zirconium but with no lattice occupancy that is either an

Figure 4.XPS spectra of pristine and after the complete thermal process
of ALD ZrOx samples. Upper panels: fitted normalized O 1s spectra;
bottom panels: fitted Cu 2p spectra.
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indication of oxygen vacancies and a certain degree of surface
hydroxylation of the support.52,53 The possible contribution of
copper oxides should also be in the BE region between 529.5 and
530.5 eV but, due to the low content of the element, its amount
is expected to be negligible with respect to the exceeding O−Zr
contribution and no reliable deconvolution of the two metal
oxides can then be performed. In O 1s spectra silicon dioxide is
also detected (blue filled peak at 532.4 eV). Its contribution
comes from the support on which the thin ALD zirconia film was
deposited in accordance with the intense silicon peak observed
in the wide spectrum (not shown). In Zr 3d and O 1s spectra no
evident features ascribable to the presence of copper clusters
arise. Figure 4 (bottom panel) shows the Cu 2p peaks of the
ALD ZrOx samples before and after the complete thermal
process. All of the samples show the main Cu 2p3/2 at 933.7 eV
with a spin orbit splitting of 20.0 eV. The peak position and the
narrow shape of the 2p3/2 peaks of the pristine samples are strong
indications that Cu is mainly in metallic form (Cu(0)) or in
oxidation state Cu(I) since these two contributions are not
easily distinguishable, according to the reference spectra of
copper oxides reported by Pauly et al.54 The component Cu(II),
identified via a small fitting peak at higher BE,54 is negligible for
the pristine sample.
The catalyst changes its composition drastically when heated

in the presence of CO2 and H2. Indeed, above 175 °C the Cu2O

and CuO phase appear (see Figure S3a). At 275 °C the
composition further changed to a mixture of Cu2O and metallic
Cu with contributions of 70% and 30%, respectively. Note,
however, that, as demonstrated in ref 46, the significant
contribution of Cu2O at high temperatures may be an artifact
of the LCF procedure in this case. The composition remained
constant as the clusters were heated up to 375 °C. The oxidation
state dropped from +2 at room temperature to 0.7 at 225 °C and
was stable at higher temperatures. The changes of the
composition and oxidation state of copper were reversible as
seen from the cool-down ramp. The oxidation state started to
increase when the samples were cooled below 225 °C and rose
to 1.6 at room temperature. The changes in the oxidation state
were identical in the next cycle. MCR-ALS results for Cu4
clusters on ALD zirconia are shown in Figure 5a and are in
qualitative agreement with LCF results discussed below. Two
components (S1 and S2) were identified, such that experimental
spectra, acquired at different temperatures, can be expressed as
linear combinations of S1 and S2. The representative fits of
experimental XANES spectra with linear combinations of S1 and
S2 are shown in the Supporting Information, Figure S7. Nearly
perfect MCR-ALS fit indicates that two components are
sufficient to describe the whole experimental data set. Existence
of additional species cannot be ruled out completely, but they
need to be either extremely short-lived (i.e., contributing to a

Figure 5. Evolution of Cu cluster composition during the reaction as obtained fromMCR-ALS analysis for Cu4 on ALD ZrOx (a), Cu12 on ALD ZrOx
(b), Cu4 on NS ZrOx (c), and Cu12 on NS ZrOx (d). XANES spectra S1 and S2 for two species identified by the MCR-ALS method are shown as solid
lines and compared with experimental spectra for bulk reference materials (metallic Cu and CuO, dashed lines). Temperature-dependencies of the
weight of contribution of S2 (which resembles the spectrum for oxide) to the total spectra are shown in the insets.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.0c05029
ACS Catal. 2021, 11, 6210−6224

6216

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c05029/suppl_file/cs0c05029_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05029?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.0c05029?rel=cite-as&ref=PDF&jav=VoR


single experimental spectrum only), or their concentration
should be completely correlated with the concentration of some
other species. By comparing the spectral components, yielded by
MCR-ALS technique, with the spectra of reference compounds
(Supporting Information, Figure S5), one can conclude that
component S1 corresponds to metallic copper, while component
S2 can be associated with a spectrum of oxidized copper species.
At the same time, one can see clearly the differences between S1
and S2 and XANES data for bulk reference compounds. In
particular, one can note that the spectrum for metallic species
(S1) has much broader, smoother features than XANES for bulk
metallic copper, as expected for metallic clusters of very small
size.46,55 The observed differences between S1 and S2 and
XANES data for bulk references is a warning sign that
conventional LCF may be inaccurate in this case,46 and there
is a need for a complementary MCR-ALS approach. The
temperature dependence of the weight of the S2 component,
which can be associated with the fraction of oxidized Cu species,
is shown in the inset in Figure 5a. The as-prepared Cu4 sample
on ALD zirconia sample is nearly completely oxidized, and
preserves its state up to ca. 150 °C. Upon further temperature
increase, the sample is rapidly reduced, and is almost completely
metallic at 225 °C. The fact that MCR-ALS suggests that the
sample is reduced almost completely is the main difference
between MCR-ALS and LCF results. As mentioned above, this
difference can be explained by the known artifact of the LCF
procedure for nanosized catalysts.46 Upon subsequent cooling,
the sample is partially reoxidized. Similarly to the conclusions
made on the basis of the LCF analysis, MCR-ALS suggests that
reoxidation occurs sharply when the temperature falls below
225−175 °C.
The activity of the catalyst followed from the measured TPRx

signal showed highest activity for methane (m/z = 15)
production, whereas no detectable signal was seen for methanol
(m/z = 31). Methane production started at 275 °C and peaked
at 375 °C with rCH4 of 0.03 molecules atom−1 s−1 as shown in
Figure 1b for Cu4 on ALD ZrOx. It was also found that the
activity measured during the slow heat and cooling ramps is
symmetric which shows that there is no deactivation of the
catalyst by the heating to a high temperature. The catalyst is
cycled for two consecutive ramps with a 90 min rest at room
temperature in between the two ramps. The sample with Cu4
clusters in the second ramp lost about 30% of its activity, for
which we have no unambiguous explanation. We speculate that
this drop could be caused due to changes in the ALD ZrOx
support and clusters getting partially embedded into the
support.
The XANES spectra measured under He for the Cu12 clusters

showed that copper in the clusters was present as Cu(OH)2
similar to Cu4 clusters as seen in Figures 2c and S3b,
respectively. However, the changes observed in the Cu12 clusters
exhibited a more gradual pattern as the oxidation state of copper
started dropping as soon as the reactant gases were introduced
within the reactor. As seen from Figures 2c and 3b the oxidation
state of the clusters dropped to 0.8 above 175 °C and did not
change while the clusters are heated up to 375 °C and also
during cooling until 175 °C. On further cooling to room
temperature the oxidation state increased to 1.2. The change in
the oxidation state occurred in the same manner in the following
cycle. The final oxidation state for copper in the dodecamer
clusters at 375 °C was the same; however, the clusters were
composed of about 50% metallic Cu and the rest of the

composition was in an oxidized state. The changes in the
composition were reproducible over the two consecutive ramps.
In XPS (see Figure 4), after the thermal process the detected

Cu 2p signal shows a larger spread. The fit highlights a more
intense peak arising at higher BE, attributable to an increased
amount of the Cu(II) phase, more evident for the samples with
Cu4 clusters. The reduction in peak intensities with respect to
pristine sample can be mainly attributed to the diffusion of the
copper clusters in/on the zirconia support.
MCR-ALS results for Cu12 clusters on ALD ZrOx (Figure 5b)

are, again, in qualitative agreement with LCF results and also
suggest a more gradual initial reduction compared to the Cu4
sample. At the same time, the completely reduced state was
reached faster, at lower temperature (175 °C for Cu12 clusters in
comparison to 225 °C for Cu4) clusters. This may explain the
differences in catalytic properties for these systems, vide infra.
Upon consequent cooling, the Cu12 sample was also reoxidized
to a lesser degree than the Cu4 sample, in agreement with LCF.
We note that, following a similar procedure in analyzing
experimental XANES data for both Cu4 and Cu12 clusters
(spectra for each of the samples were analyzed separately), we
have found that MCR-ALS decomposition of experimental
spectra into mixtures of two components is able to reproduce
reasonably experimental spectra for all samples, and inclusion of
the third component in the analysis does not improve results
significantly.
Cu12 clusters were active at temperatures as low 175 °C, which

is about 100 °C lower than the onset temperature seen for Cu4
clusters. This temperature is lower than any of the previously
reported catalysts in literature and at atmospheric pressure.56−60

rCH4 reaches 0.025 molecules atom−1 s−1 at 375 °C during the
first ramp and maintains about 90% of its activity during the
second cycle which makes Cu12 as one of the most active low
pressure catalyst for CO2 conversion to methane. From
GIXANES we could already ascertain that the clusters maintain
their composition and oxidation state over the cycles. GISAXS
results from Figure S8a,b show no evidence that the clusters
aggregate under the reaction conditions.

Cu Clusters on Nanostructured Zirconia.Cu4 clusters on
the NS ZrOx support showed a gradual change in the oxidation
state of copper, reaching 0.9 at 375 °C from 1.8 at 25 °C. At
room temperature the clusters start off as Cu(OH)2, a
component (see Figure S3c) which gradually decreases with
increasing temperature and finally vanishes at 175 °C as shown
in Figure 2d and for average copper oxidation state in these
cluster in Figure 3c. Above this temperature, copper stays in a
mixed phase of Cu (20%), Cu2O (60%), and CuO (20%) as
shown in Figure S3c. During cooling the oxidation state starts to
increase, reaching 1.5 at room temperature. During the second
cycle a similar trend is observed but copper stays more oxidized
at 375 °C with an oxidation state of 1 and a higher fraction of
CuO component (30%). MCR-ALS for the Cu4 sample on NS
ZrOx suggests a more gradual sample reduction upon heating
and a more gradual reoxidation upon cooling in comparison to
samples on ALD supports. After reoxidation, the fraction of the
metallic phase is found to be lower for the copper tetramer on
NS ZrOx.
The methane signal appears at 275 °C and rises to 0.04 at 375

°C and, thus, the same onset temperature for Cu4 clusters on
both ALD and NS ZrOx. However, the activity of Cu4 on NS
ZrOx is 30% higher compared to ALD ZrOx. The most drastic
changes are observed during the cooling phase as the activities at
325 °C during the heating and cooling are 0.03 and 0.01
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respectively. In the second cycle the maximum activity at 375 °C
dropped to 0.01 which is a 75% drop in activity compared to the
first ramp. The big change in activity implies a possible
restructuring taking place on the NS ZrOx surface during the
heating which leads to quenching the Cu4 activity. Since, in
comparison with studies of similar clusters under different
conditions,9 no unambiguous indication of noticeable agglom-
eration of Cu4 clusters was observed in GISAXS patterns (Figure
S8c), a possible explanation for the drop in activity could be that
the clusters are less exposed to the reactants, for example by
migrating into pores or getting submerged into the surface of NS
ZrOx, as evidenced by the drop of Cu-signal intensity in XPS on
the NS ZrOx support.
Figure 6 shows the Zr 3d andO 1s spectra of NS ZrOx pristine

samples and after thermal treatment without and with clusters.
The fwhm of the Zr 3d peaks is larger than in the previously

discussed samples (approximately 2.1 eV). This peak spread is
due to the intrinsic nature of the nanostructures, that are

characterized by nonbulk like bond length relaxation, as well as
to the coexistence of cubic crystalline phase and amorphous
component in these samples. Thermal treatments promotes the
evolution of the nanocrystals toward the monoclinic phase.20

The Zr 3d 5/2 peak for all the samples is located at 182.2 eVwith
spin−orbit splitting of 2.3 eV. This peak spreading is related to
the copresence of the different crystalline phases, and the value
of the BE indicates an almost full oxidation of the samples (Zr4+)
as confirmed also by the stoichiometry evaluation. Also at a
glance, the deconvoluted oxygen components show an increase
of the area under the oxygen in the ZrO2 lattice and a
concominant decrease of the area of the oxygen not in the
regular lattice (531.8 eV). Furthermore, taking into account the
porosity and the largest exposed surface of the NS ZrOx samples
with respect to ALD zirconia, the contribution of adventitious
species bonded to carbon is expected to be more relevant. In
these films there are no silicon fingerprints detectable for the
accessible depth with XPS as assessed in the wide scan (not
shown); thus no peak at 532.8 eV comes out from the fitting of
the oxygen peak. No features interfering with those observed for
copper clusters were identified which could have complicated an
unambiguous assignment of peaks for the latter samples.
The oxidation state of Cu12 clusters on NS ZrOx at room

temperature is found to be 1.9 (with a composition of Cu(OH)2,
Figure S3d) which drops to 1.1 at 325 °C and does not change
any further as the sample is heated up until 375 °C and when
subsequently cooled to 225 °C as seen (Figures 2e and 3d).
Below 225 °C the oxidation state rises and increases to 1.4 at
room temperature. The composition of the clusters is a mixture
of Cu, Cu2O, and CuO in equal proportion (Figure S3d). In the
second cycle the oxidation state also shows a drop reaching 1.1 at
375 °C with a similar composition as that in the first cycle, thus
indicating reversible changes in the nature of the catalyst. No
indication of sintering of Cu12 clusters was observed by GISAXS
(Figure S8d) in comparison with earlier studies.9

Cu12 becomes active at a temperature of about 175 °C and
attains a rate of methane formation rCH4 of 0.05 molecules
atom−1 s−1 at 375 °C. The rCH4 is similar at all temperatures
recorded during the heating and cooling ramp showing that the
changes on the surface of NS ZrOx does not affect the activity of
Cu12 clusters. The activity significantly drops during the second
cycle to about 20% of that observed in the first cycle.
Interestingly, according to MCR-ALS, the evolution of the
oxidation state for Cu12 onNS ZrOx is very similar to that in Cu4
on NS ZrOx. Thus, unlike it was observed for samples on ALD
support, the cluster size does not affect significantly the
reducibility of the samples on NS ZrOx.
For nanostructured zirconia the signal at Cu 2p edge was very

low also for a possible shadowing and burying effects on Cu
clusters due to the roughmorphology of theNSZrOx substrates.
Again, after the described data processing, the Cu appears, as in
the case of ALD samples, before and after thermal treatment,
mainly in CuO phase for both types of Cu clusters.
Results, obtained by MCR-ALS analysis of Cu K-edge

XANES data, for the nanostructured zirconia-supported
catalysts are shown in Figure 5c,d. For each of the samples
two components (S1 and S2) were identified, such that
experimental spectra, acquired at different temperatures, can
be expressed as linear combinations of S1 and S2. Representative
fits of experimental XANES spectra with linear combinations of
S1 and S2 are shown in the Supporting Information, in Figure S7.
Component S1 resembles the XANES spectrum for metallic

copper, while component S2 can be associated with a spectrum

Figure 6. XPS spectra at O 1s (upper panels) and Zr 3d (bottom
panels) edges and peaks fitting of NS ZrOx samples. The spectra of the
pristine sample (left column) and after complete thermal process (right
column) without and with the Cu clusters are shown.
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of oxidized copper species. At the same time, one can see clearly
the differences between S1 and S2 and XANES data for bulk
reference compounds.
The temperature-dependencies of the weight of S2

component, which can be associated with the fraction of
oxidized Cu species, are shown in the insets in Figure 5. Overall,
the results obtained via MCR-ALS approach qualitatively agree
with the results of conventional LCF analysis. All as-prepared
samples are nearly completely oxidized. Upon temperature
increase, all samples are reduced. The reduction is more rapid
for samples on ALD ZrOx, which are nearly completely metallic
at 175−225 °C. Higher reduction temperatures are required for
samples on NS ZrOx (325−375 °C). Upon subsequent cooling,
all samples are partially reoxidized. For samples on ALD ZrOx
reoxidation occurs sharply, when the temperature falls below
175−125 °C.More gradual changes are observed for samples on
NS ZrOx. Interestingly, the evolution of the oxidation state for
Cu4 on NS ZrOx and Cu12 on NS ZrOx is very similar,
suggesting that the cluster size does not affect significantly the
reducibility of these samples.
Activation Energy.The activation energy of the Cu clusters

on zirconia substrates is evaluated from the Arrhenius plots
shown in Figure S9 and are tabulated in Table 1. The rCH4 data

used for calculation are those obtained during the first cycle. Cu4
on ALD ZrOx has an activation energy of Ea of 70.92 kJ/mol
which is comparable to those reported for bulk catalysts for CO2
methanation;2 for example on the Ni(100) surface an Ea of 88.7
kJ/mol has been reported.61 Cu4 on Nano ZrOx has higher
activity than Cu4/ALD ZrOx and has an Ea of 40.03 kJ/mol. A
lower Ea of ∼40 kJ/mol has recently been reported for Cu
nanoparticle doped iron nanocomposites for CO2 methana-
tion.10 The Cu12 cluster on ALDZrOx andNS ZrOx has an Ea of
15.29 and 25.89 kJ/mol, respectively, and were also found to be

more active compared to the Cu4 clusters on the same supports.
This low Ea is consistent with the highest activity that we
discussed for the Cu12 clusters in the previous section.
In passing we note that similar size Cu clusters dispersed on

various supports produced different products, ranging from
methanol7,8,62 to hydrocarbons,9,62 thus underlining the
pronounced support effects on both activity and selectivity of
subnanometer size clusters.

Mechanism and Energy Profile of CO2 Methanation
Reaction. In order to elucidate the reaction mechanism
responsible for CO2 methanation on the Cu4O2 cluster at the
zirconium oxide support, the DFT calculations have been
carried out involving four hydrogenation steps of the reaction.
Concerning the model of ZrO support, ZrO2 subunits have been
considered because they are involved in crystalline growth and
the subunit Zr12O24 has been selected based on findings from
previous reactivity studies on Zr oxide.63 The chosen subunit of
Zr12O24 with Cu4O2 has been optimized, and after an extensive
search of isomers (cf. Figure S10), the lowest energy structure
has been selected as a model. The above-described Zr12O24
subunit (Figure 7a) supporting Cu4O2 cluster with oxidation
number 1 (based on the experimentally determined Cu
oxidation state of about 1) with bound HCO2 (Figure 7b)
forms the reactive center Cu4O2Zr4O5H-HCO2 (Figure 7c).
Notice that contribution of the support through the Zr4O5
subunit offers functionalization of the copper tetramer with its
dual role, since two Cu atoms participate actively in hydro-
genation and the other two bind to Zr atoms of the model for
support. Mulliken charge analysis provides information that Cu4
is positively charged.
These results have been obtained based on density functional

theory using the B3LYP functional64−66 and TZVP AO67,68

basis set as well as relativistic effective core potential RECP for
Zr atoms.69 The minima and transition states along the reaction
pathway have been determined employing the Gaussian 16
program package.70 In addition, an extensive structural search
has been carried out determining the position of CO2 and H2 at
Cu4O2Zr12O24 (cf. Figure S11).
The calculated energy profile for CO2 methanation which

involves four hydrogenation steps is presented in Figure 8. The
starting point (A) of the reaction is a Cu4O2 unit on Zr12O24 with
CO2 bound to one of the copper atoms. The first hydrogenation
step (B) has been obtained by adding an H2 molecule, in which
oneH atom is bound to oxygen and the other one is bridging two
Cu atoms gaining 2.04 eV of energy. The barrier for the

Table 1. Activation Energy for Cu Clusters on Zirconia
Supports

Ea

catalyst (kJ/mol) (eV)

Cu4/ALD ZrOx 70.92 0.74
Cu12/ALD ZrOx 15.29 0.16
Cu4/NS ZrOx 40.03 0.41
Cu12/NS ZrOx 25.89 0.27

Figure 7. DFT determined structures for (a) Zr12O24 subunit, (b) Cu4O2Zr12O24H-HCO2 presenting binding of CO2 and H2 on Zr12O24, and (c)
reactive subunit Cu4O2Zr4O5H-HCO2 evidencing participation of copper cluster and part of support. Mulliken population analysis has been also
included. The calculated binding energy of Cu4O2 at Zr12O24 is 8.14 eV.
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activation of CO2 (B′) and formation of HCOO is 0.94 eV.
Conformational changes of the HCOO unit located between
two Cu atoms lead to a stable configuration of HCOO (F). The
subsequent addition of the second H2 molecule leads to
formation of HCOOH (G) over a barrier of 1 eV (F′). In
addition, a barrier of 1.04 eV (G′) has to be overcome in order to
form H2COOH (H). The steps H-J lead to conformational
changes of theH2COOHunit over small energy barriers, and the
activation energy of 0.49 eV (J′) is needed for separation of
H2COOH to OCH2 and OH (K). According to Cu4O2 at the

Zr12O24 subunit, methanation of CO2 proceeds energetically
favorable over formation of Cu2−HCOO (1st step) and OCH2

(2nd step). Thus, the reaction mechanism within the first two
hydrogenation steps directly involves interaction between two
copper atoms with CO2 andH2 opening the opportunity to form
methane and water within the next two hydrogenation steps
described below. In order to consider the possibility of other
pathways of hydrogenation, we examined the binding of
hydrogen on oxygen instead of carbon. However, the transition
state over formation of COOH is considerably higher (2.9 eV, cf.

Figure 8. Calculated reaction pathways of CO2 methanation on an oxidized copper tetramer (Cu4O2) supported by Zr12O24 following four steps of
hydrogenation (1st step A−F, 2nd step F−K, 3rd K−p, and 4th N−S or 4th p−s). Letters label minima, and letters with primes denote transition states.
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Figure S12) than the one needed for formation of HCOO (0.94
eV). Therefore, we continued to investigate the methanation
reaction following the formation of HCOO shown in Figure 8.
An addition of the third H2 molecule leads to formation of

H2O (L) and the barrier of 0.59 eV (M′) has to be overcome to
create OCH3 (N). Furthermore, the reaction can follow two
pathways, one within the third step and the 4′th step (labeled by
small letters) and the second one within the fourth step. Along
the first branch of the pathway, in order to separate CH4 two
barriers have to be overcome, the first one of 2.38 eV (n′) which
involves breaking of CO bond by formingCu2O andCuCH3 and
the second barrier that requires 2.01 eV(o′) forming CH4 bound
to a copper atom. However, this requires 1.32 eV with respect to
the starting point of reaction. Along the second branch of the
pathway within the fourth step, the H2 molecule added to the
OCH3 unit forms CH3OH (O) over a barrier of 0.67 eV (N′)
and the CH4 formation originating from Cu−CH3OH needs to
overcome an activation barrier of 2.53 eV (O′). Comparing both
branches of the pathway, the second branch is energetically
favorable (N−S) and accessible at T = 0 K. The first one is
accessible by higher temperatures (N-s) due to a barrier of 2.01
eV, since the corresponding transition state is above starting
point of the reaction pathway.
In the fourth step and 4′th step, after separation of CH4, the

formation of water can also be followed by two branches of the
pathway. The one along steps p-s requires the energy of 0.46 eV
above the starting point of the reaction and therefore is
energetically unfavorable at 0 K. The other one involving steps
Q′−S is energetically favorable at 0 K. The above-described
findings allow us to elucidate the CO2 methanation reaction and
indicate that the mechanism of the CO2 methanation reaction
directly involves two copper atoms from Cu4O2 stabilized by a
Zr4O5 subunit which is accessible to H2 molecules.
In summary, theoretical modeling based on participation of

the Cu4O2 subunit and Zr12O24 as a model for support provides
the mechanism of reaction, as well as energetically favorable
pathways for CO2 methanation. It is worth mentioning that the
participation of the support is essential. Our results fully support
experimental findings which showed that Cu4O2 at the
zirconium oxide surface is responsible for CO2 methanation.
However, in order to design the most efficient reactive center
and model support, the consideration of metallic Cu4 and a
bimetallic tetramer interacting with Zr12O24 might also be of
interest in the future.

■ CONCLUSIONS
Cu clusters on zirconia supports form a sintering-resistant
catalyst with high activity for CO2 conversion and high
selectivity toward methane formation. The Cu4/NS ZrOx is
about 30% more active compared to Cu4/ALD ZrOx, whereas
Cu12/NS ZrOx is 100% more active compared to Cu12/ALD
ZrOx. During CO2 hydrogenation, copper was found to be
partially oxidized. The Cu4 clusters activate CO2 at 275 °C,
whereas Cu12 does the same already at 175 °C. The activation
energy Ea of methane formation on the clusters has been found
to be strongly dependent on its size and the support interaction.
The subnanometer sized Cu clusters on zirconia supports
investigated herein were found to have lower Ea and higher
efficiency for methane formation compared to clusters deposited
on alumina supports.7,8 The zirconia supports with Cu clusters
have been found to be one of the more efficient catalyst for CO2
methanation. The measured rCH4 for Cu12/NS ZrOx makes this
catalyst among the best reported so far; however, it was found

that its activity drops during the repeated cycle, most likely due
to the possible migration of the clusters into the pores and voids
with more limited access to reactants. Preprocessing of the
substrate may thus be extremely important so that the catalyst
does not lose its catalytic activity and at the same time has higher
stability.
The ex situ XPS measurements have assessed the different

nature of the zirconia substrates and the fact that copper before
and after the process is predominantly in the Cu(I) oxidation
state with also a small contribution of Cu(II) in both cases After
the cyclic treatment the possible enhanced burying of the Cu
clusters on the NS ZrOx substrate is mirrored by a very low Cu
2p signal which could be related to the observed higher activity
for the Cu/NS ZrOx catalysts with respect to the Cu/ALDZrOx
systems, underlining the pronounced effect of the morphology
of the support on nanocatalysts’ performance, demonstrating
the potential of its use in the development of new classes of
nanostructured catalysts. With the example of Cu4, accompany-
ing theoretical investigations provide supporting evidence on its
dual role and into the intrinsically high activity of zirconia-
supported copper clusters and fundamental insights into the
conversion of CO2 to methane.
Putting this into a broader perspective, this study contributes

to the understanding of support effects in catalysis, where
selectivity may be switched by altering the support or its
morphology.
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