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ABSTRACT: Oxide-supported copper nanoparticles exhibit promising properties as
catalysts for the selective hydrogenation of CO, to methanol. Both reaction rate and
selectivity depend conspicuously on the nature of the oxide support/promoter at the metal
periphery. However, a major challenge is the achievement of a quantitative description of
such metal/oxide promotion effects, which is an essential step toward a rational catalyst
design. We investigate structure—performance relationships with a series of model catalysts
consisting of Cu nanoparticles dispersed on a mesoporous y-Al,O; carrier overlaid with
different transition metal oxides spanning a broad range of Lewis acidity (YO,, ScO,, ZrO,,
Ta0,). Remarkably, the apparent activation energy (E,) for methanol formation is found to downscale linearly with the relative
Lewis acidity of coordinatively unsaturated metal surface sites (cus) exposed on the oxide support, making this single
physicochemical parameter a suitable reactivity descriptor in the whole study space. In correspondence with this performance
trend, in situ Fourier transform infrared spectroscopy reveals that both the ionic character and the relative reactivity of bidentate
formate species, developed on the catalyst surface under reaction conditions, vary systematically with the surface Lewis acidity
of the oxide support. These findings support the involvement of oxide-adsorbed bidentate formate species as reaction
intermediates and point to the relative electron-accepting character of the Lewis cus on the oxide surface as the factor
determining the stability of these intermediates and the overall energy barrier for the reaction. Our results contribute a unifying
and quantitative description for support effects in CO, hydrogenation to methanol on oxide-supported copper nanoparticles
and provide a blueprint for a predictive description of metal-oxide promotion effects, which are ubiquitous in heterogeneous
catalysis.
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B INTRODUCTION

the extension of the metal-oxide boundary but also the nature

The past decade has witnessed a surge in the development of
catalysts and processes for the chemical recycling of CO, into
platform chemicals, which is regarded as a means to reduce net
anthropogenic CO, emissions and turn waste carbon dioxide
into a valuable feedstock for the chemical industry. Under
certain scenarios, including the availability of cost-effective
renewable hydrogen, CO, hydrogenation into methanol
represents a sensible route to CO, recycling as well as to
chemically store hydrogen into a versatile liquid energy
carrier. ™

Copper is the most attractive metal for the selective
hydrogenation of CO, to methanol.>~® While the reaction
has been shown to suffer from relatively high energy barriers
on neat copper surfaces, which limit both reaction rates and
selectivity to methanol, interfacing copper with more oxophilic
oxide (or oxocarbide) species is known to result in remarkably
enhanced methanol production rates.”~'> Moreover, not only
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of the oxide has been shown to play a decisive role for
reactivity. Graciani et al."’ showed that the deposition of
patches of ZnO or CeO, on Cu(1l1) substrates led to
remarkable but not equivalent increments in the reaction rate
accompanied by a decline in the apparent activation energy
(E,), compared to those registered on the neat metal surface.
Studt et al.'* observed that direct contact of Cu nanocrystals
with ZnO led to superior reaction rates to catalysts displaying
Cu-MgO interfaces. Larmier et al.'” reported that Cu
nanoparticles deposited on ZrO, display notably higher
reaction rates and selectivity to methanol than SiO,-supported
counterparts. Moreover, the incorporation of a variety of oxide
species including ZnO,, GaO,, Ale‘15 7r0,,'® or TiO,"” on
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the SiO, surface, that is, in close proximity to the copper
nanocrystals, was shown to enhance methanol formation rates
to variable extents, which depended markedly on the nature of
the oxide promoter.

This remarkable variability of the catalytic performance as a
function of the nature of the oxide at the periphery of the metal
nanoparticles makes the Cu-catalyzed CO, hydrogenation a
paragon of the so-called metal-oxide promotion effects by
which the direct contact of metal and oxide species modifies
profoundly the catalytic performance of the individual
components. Such promotion effects have been associated
with the creation of new types of active sites at the metal-oxide
boundary, electronic and morphological modifications on the
metal via charge transfer or surface decoration phenomena, or
the integration of various functionalities obeying different
scaling relations for a common reaction intermediate within
surface transport distances.'®'” The ability to fundamentally
understand these phenomena and, on this basis, engineer the
structure, density, and intrinsic performance of active sites at
metal-oxide interfaces holds promise for a deeper compre-
hension of existing catalytic systems, as well as a more rational
design of innovative catalysts and processes. A genuine
challenge toward this goal, however, is the identification of
experimentally accessible physicochemical parameters that can
help provide a quantitative, ideally universal, and predictive
description of metal/oxide promotion effects.

Making use of a set of high-surface-area model catalysts
where copper nanoparticles have been interfaced with a variety
of transition metal oxides, the current study shows that a single
experimentally quantifiable physicochemical parameter, that is,
the Lewis acidity of coordinatively unsaturated metal centers
exposed on the surfaces of those oxide species at the periphery
of the metal nanoparticles, determines the overall energy
barrier for the reaction in a broad study space. In situ and
temperature-resolved FTIR studies suggest that the destabili-
zation of bidentate formate reaction intermediates on oxide
surface centers of increasingly higher electron-accepting
character provides an energetically more favorable reaction
pathway toward methanol formation.

B RESULTS AND DISCUSSION

Catalyst Design, Synthesis, and Characterization. Our
study relies on a battery of model oxide-supported catalysts
designed to display similar textural properties and copper
dispersion, albeit screening a very wide range of surface Lewis
acidity.” Figure 1 summarizes conceptually the design of these
catalysts. First, an array of oxide support materials was
synthesized by decorating a common mesoporous y-Al,O;
carrier with monolayer amounts (ca. 4.5 M, nm™2) of different
transition metal oxides (MO,, where M = Ta, Zr, Sc, and Y).
The materials were denoted as MO, @Al O;. A series of MO,
oxides have been selected on the basis of their broadly different

Suppoﬁed
Cu nanoparticles

L L L L L L L L L L LT
High-surface-area Monolayer-content
y-Al,O; substrate oxide overlay

Figure 1. Schematic representation of the synthesis of Cu/MO,@
Al,O3; model catalysts.

Lewis acid properties and limited reducibility under standard
catalyst activation and usage conditions for CO, hydro-
genation.

For the oxide-overlaid support materials, X-ray diffraction
could not detect three-dimensional oxide crystallites (Figure
S1). The series of materials, including the pristine y-ALO,
substrate, displayed type-IV N,-physisorption isotherms
characteristic of mesoporous materials (Figure S2), with
similar Al,O0;-normalized specific surface areas

(277121m2gA10_1) and mesopore volumes
243

(0.71 + 0.06 cm’ g ALO 1), which discarded any significant
2M3

pore blockage upon oxide incorporation (Table S1). More-
over, the average mesopore diameter decreased from 11.5 nm
for the pristine y-Al,O; substrate to 9.1 & 0.7 nm for the series
of MO, @Al,O; materials. This ~2 nm reduction in mesopore
diameter agrees reasonably well with that expected upon
deposition of a monolayer of the MO, species on the alumina
surface. Jointly, these results indicate the deposition of the
MO, oxides as an amorphous (2D) overlay on the surface of
the y-Al,O; substrate.

Despite their uniformity in textural features, the introduction
of the oxide overlays resulted in materials differing vastly in
terms of Lewis acid/base character. Oxide Lewis acidity stems
from the exposure of coordinatively unsaturated metal M’
sites (cus) on their outer surface. For the series of MO, @AL,0,
support oxides, the surface Lewis acidity was quantitatively
assessed by UV—vis spectroscopy coupled to 1,2-dihydroxyan-
thraquinone (alizarin) as a surface probe molecule. When
adsorbed on oxide surfaces, the photon energy required to
trigger the lowest intramolecular charge transfer (IMCT) from
the catechol subunit to the polycyclic system, hereafter
denoted as 7, has been reported to be an excellent descriptor
of the relative electron-accepting character of those cus to
which the probe molecule binds (Figure 2a).”** The
application of this technique to determine the surface Lewis
acidity of the alumina-supported MO,@AIl,O; oxides and their
corresponding unsupported (bulk) counterparts showed that
oxide deposition as an overlay on the y-Al,O; surface modifies
the Lewis acidity of the surface-exposed cus compared to the
case of the crystalline bulk oxides, likely due to interactions
with the y-Al,O; carrier and the lack of long-range crystalline
order in the former (Figure S3). Nevertheless, as shown in
Figure 2b, the acidity ranking established for the series of oxide
overlays on the basis of this spectroscopic parameter remained
aligned with the relative theoretical Lewis acidities of the
corresponding bulk-type oxides. Therefore, the series of
MO, @Al,0; support materials provide a unique platform of
high-surface-area materials that unite essentially identical
textural properties with a broad range of surface Lewis acid—
base character.

Copper was incorporated at different surface contents (1.5—
4.5 Cu, nm™) on the series of the MO,@ALO; support
materials by incipient wetness impregnation. Experimental
conditions for the thermal decomposition of the copper nitrate
precursor were carefully adjusted to prevent its hydrolysis and
achieve an effective dehydration at mild temperatures (<373
K), which results in an effective copper oxide dispersion on the
surface of the support after calcination.”>*® H,-TPR experi-
ments (Figure S4) showed copper reduction features to peak
in a temperature window of 425—510 K. Hence, a treatment at
523 K under a flow of 20% H,/N, was selected to reductively
activate the catalysts prior to catalysis. After in situ reduction,
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Figure 2. (a) Schematic representation of the binding of alizarin (1,2-
dihydroxyanthraquinone) on coordinatively unsaturated metal sites
(cus) exposed on the surface of the MO, oxide overlays, together with
the computed molecular orbital diagram, showing the IMCT
electronic transition between the HOMO and the LUMO for the
adsorbed molecule. (b) Comparison between the surface Lewis
acidity determined for overlay MO, oxides supported on y-Al,O; with
the theoretical Lewis acidity of the corresponding bulk oxides
determined as Ny-20,; where Ny represents the formal oxidation
state and Sy is Sanderson’s partial charge of the cations in the bulk
oxides, that is, Y,03, S¢,03, ZrO,, and Ta,05.>" The inset shows the
region of the UV—vis spectra where the IMCT band of the alizarin
probe molecule is detected after adsorption on the different oxide
supports. The data point for the uncoated y-AlL,O; carrier (square
symbol) has also been included in the plot. The dotted line is a guide
to the eye.

X-ray photoemission spectroscopy (XPS) showed a Cu2p
binding energy of 932 + 0.4 eV, alongside a CuL;M, M,
Auger kinetic energy of ~919 eV, suggesting full reduction to
Cu’ regardless of the nature of the oxide support. Regarding
the MO, species, binding energies corresponding to Y(III),
Sc(Ill), Zr(IV), and Ta(V) were registered for the as-
synthesized materials. No noticeable changes in the oxidation
state for the M elements could be ascertained upon catalyst
reduction (Figure SS). Only in the case of TaO, could a minor
(<15%) contribution from a surface Ta sub-oxide be detected
after the reduction treatment. Even though the creation of
surface oxygen vacancies on the oxide species cannot be
excluded, these observations confirmed the relatively low
reducibility of the overlay oxides selected for this study.
Copper dispersion in the series of Cu/MO, @Al Oj; catalysts
was studied by means of C-HAADF-STEM microscopy
coupled to EDX spectroscopy after reduction. EDX composi-
tional maps confirmed a remarkably uniform spatial distribu-

tion for both MO, overlay oxides and copper at both the meso-
and nanoscales (Figure S6). However, the significant Z-
contrast contributed by the MO,@Al,O; oxide supports made
a direct assessment of Cu nanoparticle size from STEM
micrographs not reliable in the entire series of catalysts. Hence,
in order to complement the local microscopy analysis and
determine the overall Cu dispersion on a quantitative basis,
XPS results for the in situ reduced catalysts were analyzed
using the Kerkhof—Moulijn model”® for metal crystallites
supported on high-surface-area carriers, modified to account
for a monolayer-thick overlay of the corresponding MO,
species on the Al,O; support. The results are summarized in
Figure 3. Average Cu nanoparticles sizes in the range of 4—11
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Figure 3. Average copper nanoparticle size, as quantified through the
application of a modified Kerkhof—Moulijn model to the XPS spectra
for Cu/MO, @Al Oj; catalysts, with a surface copper content of 1.5
Cu nm™ (@), 3.0 Cu nm™> (A), and 45 Cu nm™> (V), after
reduction in hydrogen, as a function of the surface Lewis acidity of the
oxide support, described with the spectroscopic parameter 5. The
inset shows a simplified scheme of the slab-based geometrical model
applied to quantify XPS results. Error bars for the average Cu
nanoparticle size correspond to the accuracy reported for the
estimation of metal particle sizes from XPS data in comparison to
gas chemisorption methods (ca. 15% of the average for metal NPs in
the size range of 4—10 nm).*>** Error bars along the x axis are smaller
than the symbols in all cases.

nm were determined for the series of catalysts synthesized with
a surface copper content of 1.5 Cu nm™2 The largest average
size was observed for Cu nanoparticles supported on YO, @
AlL,O;. This might be ascribed to a partial hydrolysis and
agglomeration of the copper nitrate precursor during
impregnation and drying, which might be promoted by the
basic character of the oxide.”” Nevertheless, similar average Cu
nanoparticle sizes could be obtained on the most Lewis acidic
TaO,@AlO; carrier by increasing the surface copper content
(Figure 3), as required to fully disentangle the effects of Cu
nanoparticle size and oxide surface Lewis acidity on catalysis
with this set of materials.

Catalysis and Structure—Performance Relationships.
The CO, hydrogenation activity of the Cu/MO,@Al,O,
catalysts was evaluated in a slurry reactor under strictly
isothermal conditions. In all cases, the overall CO, conversion
was kept differential (<5%) in order to minimize product
inhibition effects on the reaction rates. For all catalysts, copper-
specific initial methanol formation rates were determined to be
in the range of 7.3—627.5 yumol g¢, ™ min™" in the temperature
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Figure 4. Dependence of the apparent activation energy for methanol synthesis with (a) the average Cu nanoparticle size and (b) the Lewis acidity
of cus exposed on the surface of the oxide overlay interfaced with Cu nanoparticles, as described with the spectroscopic parameter 7, for the series
of Cu/MO,@Al,Oj catalysts with surface copper contents of 1.5 Cu nm™ (@), 3.0 Cunm™ (A), and 4.5 Cu nm™ (¥). Reaction conditions: H,/
CO, = 3.0, T = 433—493 K, P = 63 bar, CO, conversion < 5%. Error bars for E, correspond to the standard error as determined from three
independent tests with selected catalysts. Error bars for the average Cu nanoparticle size correspond to the accuracy reported for the estimation of
metal particle sizes from XPS data in comparison to gas chemisorption methods (ca. 15% of the average for metal NPs in the size range of 4—10
nm).>>** Error bars for 5 are smaller than the symbol. The dotted line is a guide to the eye.

range of 433—493 K (Table S2). The selectivity to methanol
decreased from 72—87% at 433 K to 49—56% at 493 K.
Carbon monoxide, produced via the reverse water—gas shift
(rtWGS) reaction, was the other major carbon-based product.

The methanol formation rate is not a suitable kinetic
parameter to establish structure—activity relations, as the
number of surface active sites might vary for different catalysts.
On the other hand, a reliable quantification of active sites and
thus their intrinsic reactivity (turnover frequency, TOF) is
challenging, if at all possible, for reactions requiring the
concerted involvement of metallic and oxide species. On the
basis of these considerations, catalytic tests were performed at
preset temperatures in the range of 433—493 K and the
temperature dependence of the initial methanol formation rate
(Figure S7) was used to determine the apparent methanol
formation activation energy (E,). This parameter has been
herein used as a kinetic descriptor, intrinsically independent of
the number of active sites taking part in the reaction.

As shown in Figure 4a, no correlation exists between E, and
the Cu nanoparticle size. However, as revealed in Figure 4b, a
clear linear correlation, encompassing the entire series of Cu/
MO, @Al O; catalysts, emerges when E, is plotted as a
function of the # spectroscopic parameter. Minor, albeit
statistically significant differences in E, were observed between
Cu/Ta0,@ALO; with different metal contents (1.5 vs 3.0-4.5
Cu nm™?) and average Cu nanoparticle sizes. The foundation
of this small difference is not clear at this point, and it might be
associated with changes in not only the extent but also the
structure of the copper-oxide periphery with copper dispersion.
The differences are, however, very modest if the variation of E,
over the entire study space is considered. Moreover, the
excellent correlation observed using # as the Lewis acidity
descriptor for Cu/TaO,@Al,O; catalysts is a strong indication
that, if persistent under catalysis, the minor population of
partially reduced tantalum centers, shown by XPS after
reduction activation, does not affect the overall reaction
kinetics to any significant extent.

These findings clearly reveal that it is the Lewis acidity of the
cus on the surface of the oxide support, rather than the copper
content or dispersion, that determines the overall energy
barrier for methanol formation via CO, hydrogenation.

10412

Moreover, they furnish evidence that cus centers on the
surface of the oxide support intervene in the catalytic turnover,
for example, determining the relative reactivity of a key
intermediate species in a kinetically relevant reaction step.
Remarkably, an analysis of experimentally determined
(apparent) activation energies reported in various literature
studies underpins our finding (Figure S8). Interfacing Cu
nanoparticles with oxides bearing surface cus of increasing
Lewis acid character leads to a systematic reduction of the
overall energetic barrier for methanol formation. A similar
analysis based on the initial CO formation rates showed also E,
to downscale with increasing # for the series of Cu/MO,@
AL O; catalysts (Figure S9). Even though the dependence is
notably less marked in this case than for methanol synthesis,
the results suggest that the relative electron-accepting character
of the cus sites on the peripheral oxide is also a determinant for
a kinetically relevant reaction step/s of the FWGS reaction.

The mechanism of the methanol synthesis via CO,
hydrogenation on copper catalysts has been the matter of
significant research efforts over the last years. Two major
mechanistic proposals have been put forth. On the one hand, a
sequential transformation involving first the rWGS reaction via
carboxylate (OCOH) intermediates followed by CO hydro-
genation to methanol via methoxy (H;CO) species has been
considered to be energetically feasible and, even favorable, in
light of quantum mechanical calculations."""* Alternatively, a
direct pathway has been proposed according to which CO, is
first hydrogenated to formate species (HCOO™) in a reaction
step, which is energetically very favorable on both neat and
oxide-interfaced copper surfaces.'” Formate species are
subsequently hydrogenated to methoxy species (H;CO),
with the concomitant release of a hydroxyl (OH) group and
ultimately to methanol.'*** Particularly when Cu is interfaced
with an oxide support/promoter, much experimental and
theoretical evidence gives credence to the latter mechanistic
proposal. /2141628

Even though the actual operating mechanism remains
debated, the literature richly demonstrates that the oxide
catalyst component plays a pivotal role for the ultimate
performance. This marked metal-oxide promotion has been
ascribed to oxide surfaces being involved in the optimization of
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Figure S. Temperature-resolved Fourier transform infrared (FTIR) spectra in the spectral regions characteristic for carbonitic/carboxylic OCO
stretching (left panels), alkoxidic CO stretching (center panels), and CH stretching (right panels) vibrations under H, flow: (a) Cu/YO,@ALO5;
(b) Cu/ZrO,@ALO5; (c) Cu/TaO,@ALO; catalysts exposed to CO, hydrogenation conditions (T = 463 K, P = 1.02 bar, H,/CO, = 3) for 2 h. In
the plots, temperature is stepwise increased (blue to red spectra) with steps of 20 K from 353—413 K and 10 K thereafter until 503 K. Band

nomenclature: md: monodentate, bd: bidentate, td: tridentate.

the binding energies—and therefore the adjustment of the
reactivity—for key reaction intermediates.'’ Recent exper-
imental and computational work from Larmier et al. has
invoked the involvement of cus Zr*" sites at the metal/oxide
periphery for the development of active sites for methanol
formation on Cu-ZrO, catalysts and proposed formate species
adsorbed on these Lewis centers at the metal-oxide boundary
as key reaction intermediates.'> Additional work from the same
group evidenced that Cu nanoparticles supported on a
covalent, OH-terminated oxide like SiO,, which are poorly
active and methanol-selective catalysts, might be turned into
efficient catalysts when the periphery of the Cu nanoparticles is
populated with isolated Zr**'® or Ti**'” Lewis centers via
surface grafting. Remarkably, our results indicate that it is the
relative Lewis acidity of such cus centers on the oxide surface
that determines the overall energy barrier for the reaction.

In Situ FTIR Spectroscopy. In situ Fourier transform
infrared spectroscopy (FTIR) experiments were conducted as
a means to gain molecular-level insight into the different

10413

reactivities exhibited by Cu nanoparticles supported on
different oxides. The nature and relative stability of carbona-
ceous species, which exist on the catalyst surface under
reaction conditions, were simultaneously investigated. Selected
catalysts, representative of the entire range of surface Lewis
acidity inspected, were first reduced in situ and then exposed
to CO, hydrogenation conditions at 463 K for 2 h in the
spectroscopic cell in order to achieve catalysis-relevant
coverages of surface species. Afterward, the stability of those
carbon species, which developed on the catalyst surface under
reaction conditions, was assessed in a hydrogen atmosphere by
FTIR-monitored temperature-programmed hydrogenation
(TPH-FTIR) experiments. Figure S shows the temperature-
resolved spectra collected for Cu/YO,@ALO; Cu/ZrO,@
AL, O;, and Cu/TaO,@Al,O; catalysts in the relevant spectral
regions characteristic for carbonitic/carboxylic OCO stretching
(1200-1800 cm™"), alkoxidic CO stretching (1000—1200
ecm™), and CH stretching (2700—3000 cm™') vibrations,
respectively.
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Figure 6. (2) Band split between the symmetric and asymmetric (OCO) stretching modes and (b) frequency for the v(CH) stretching mode
observed for bidentate surface formate species developed under CO, hydrogenation conditions on the surface of Cu/YO,@ALO; (blue), Cu/
ZrO,@ALO; (green), and Cu/TaO,@AlO; (red) catalysts as a function of the relative Lewis acidity of cus on the MO,@Al,O; oxide support, as
described with the spectroscopic parameter 7. (c) Temperature-resolved evolution of the intensity of the OCO asymmetric stretching FTIR band
for bidentate surface formate species under H, flow for Cu/YO,@ALO; (blue), Cu/ZrO,@ALO; (green), and Cu/TaO,@ALO; (red) catalysts.

After exposure to CO, hydrogenation conditions, the
spectrum for Cu/YO,@ALO; in the v(OCO) region
corresponds to the convolution of various contributions,
reflecting a wide diversity of surface species (Figure Sa).
Bidentate formate species (HCOO™) can be identified by an
intense absorption band at ~1596 cm™" (v,,(CO, 7)) alongside
a split band at ~1380 cm™ (§(CH) and 0,(CO,")).""***°
The detection of this species is confirmed by the observation
of a prominent band at 2861 cm™', which is ascribed to the
v(CH) vibration mode. In addition, a variety of carbonate
(CO5*") species, including various surface binding config-
urations, is inferred from the broad contributions in the
regions of 1450—1550 and 1620—1670 cm™!, ascribed to the
asymmetric 0,,(OCO) mode of mono- and bidentate
carbonates (CO;*7), respectively, and the region of 1280—
1390 cm™, corresponding to symmetric v,(OCQO) vibra-
tions.”” These species likely form via insertion of CO, into
basic O*~ groups on the surface of the YO, overlay oxide.
Copper-bonded formate species (v,,(CO,”) at 1530—1600
em~, 0 (CO,7) at 1315—1360 cm™)*'** and carboxylate
(OCO") species (v,,(CO,™) at 1550—1570 em™, 0,(CO,7) at
1350—1370 cm™)** might also exist on the catalyst surface.
No formation of surface hydrogen carbonates (HCO;~) could
be ascertained, owing to the absence of absorption bands in the
regions of 3500—3700 and 1200—1250 cm™", which could be
ascribed to the »(OH) and §(OH) vibrations, respectively, for
these species.

A notably lower surface carbonate coverage is inferred from
the analysis of the v(OCO) spectral region for catalysts
supported on oxides of progressively higher surface Lewis
acidity, that is, Cu/ZrO,@Al,O; and Cu/TaO,@Al, O,
(Figure Sb,c, respectively). In these cases, the spectra are
clearly dominated by bands assigned to bidentate formate
species. These groups show an intense band at 1593 cm™
(v,,(CO,7)), with a less intense and clearly split doublet at
1378 and 1393 cm™ (8(CH) and v,(CO,7)) for Cu/ZrO,@
ALO;. Similarly, a major signal peaking at ~1588 cm™'
(v,,(CO,7)), with a weaker doublet at 1377 and 1394 cm™
(6(CH) and v,(C0O,")) is observed in the case of Cu/TaO,@
Al,O5. Deconvolution of the spectra (Figure S10) enabled the

analysis of the temperature-resolved evolution of individual
signals, as well as the establishment of correspondence
between different IR active modes arising from a single surface
species. This was particularly useful in the region of CH
stretching modes (2700—3000 cm™") where the registration of
combination bands and Fermi resonances thereof with
fundamental modes makes spectrum interpretation more
difficult. In this spectral region, bidentate formate groups
showed intense v(CH) bands peaking at 2890 and 2909 cm ™
on Cu/ZrO,@Al,O; and Cu/TaO,@AlO; catalysts, respec-
tively.'*°

Interestingly, our results provide evidence that the nature of
the predominant formate surface species varies systematically
with the surface Lewis acidity of the oxide support, confirming
that these groups bind to the cus on the oxide surface. Figure
6a shows the evolution of the Avgco = v, — v, band split for
the OCO stretching modes in surface formate species as a
function of the spectroscopic parameter # for the oxide
support. Band splits around 215 cm™' indicate bidentate
surface binding configurations in all cases. More remarkably,
deviations of Avgco with respect to the band split observed for
the free formate ion in solution (Avgco = v, — v, = 234
em™)* are in relation to the degree of electronic/structural
distortion in the adsorbed state. As observed, Avgco decreases
monotonically upon increasing 7. For the same species, Figure
6b shows a linear blue-shift in the v(CH) fundamental mode
with increasing #. This vibrational mode is particularly
sensitive to changes in the ionicity degree of formate species.’”
Albeit differences in the O—C—O bond angle cannot be
discarded, these trends may be rationalized as a systematic
modification of the electronic properties of surface formate
species as a function of the relative electron-accepting
character of those cus Lewis centers on the surface of the
oxide support they bind to. Centers of increasing electron-
withdrawing character on the surface of increasingly stronger
Lewis acidic oxides (from Y** on YO,@ALO; to Ta** on
TaO,@ALO;) stabilize formate species with decreasing ionic
character, hence bearing a carbon atom of increasing
electrophilic character.
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Inspection of the spectra in the region for v(CO) vibrations
of surface alkoxidic species (1000—1200 cm™") reveals also the
presence of methoxy groups on the surface of all catalysts after
exposure to CO, hydrogenation conditions. Particularly for
catalysts of intermediate (Cu/ZrO,@ALO;) and high (Cu/
TaO,@ALO;) surface Lewis acidity, vibration frequencies
>1080 cm™' indicate that the methoxy groups are mostly
monodentate (on-top) species singly bonded to cus metal
centers on the oxide surface.”® These species are also
characterized by v,(CH;) and v, (CH;) bands at ~2835—
2845 and 2930—2940 cm™,*® respectively, observed in the CH
stretching spectral region. In the case of the most Lewis basic
Cu/YO,@ALO;, additional v(CO) contributions peaking in
the 1016—1028 cm™' range could be assigned to either
methoxy species adsorbed in a multidentate configuration on
the oxide support or methoxy groups bonded to the copper
surface.”® " Their remarkable thermal stability (Figure Sa)
suggests the former assignment to be more appropriate.

Previous quantum-mechanical computations have deemed
both formate and methoxy groups to be the energetically most
stable species along the so-called formate route mechanism for
CO, hydrogenation on Cu-oxide catalysts."”'**" This fact
renders them major candidates to play the role of key reaction
intermediates, that is, those involved in the rate-determining
elementary step. We have analyzed the relative reactivity of
different surface species by following the evolution of their
FTIR fingerprint bands as a function of the temperature during
TPH-FTIR experiments. On increasing the temperature, most
bands progressively tapered off, indicating a decrease in the
surface coverage as the corresponding adsorbates are
converted. However, few signals showed only minor intensity
changes, which suggests a remarkable stability of the
corresponding surface species in the temperature range
examined.

As shown in Figure 6¢, significantly different reactivities are
observed for formate species developed on the surface of
different catalysts. Formate conversion, as monitored by the
intensity decrease registered for the v,,(OCO) band, sets in at
393—413 K for the most Lewis acidic Cu/TaO,@Al,O; and
proceeds steadily over the entire temperature range examined.
Conversely, no major changes in formate surface coverage are
inferred for the most Lewis basic Cu/YO,@Al,O; counterpart
until a rather high temperature of 473—483 K, beyond which a
very steep formate conversion is observed. These behaviors are
reminiscent of reactions showing comparatively low and high
activation energies, respectively. The temperature-resolved
formate consumption profile for Cu/ZrO,@Al,O;, which
bears an oxide overlay of intermediate Lewis acidity, shows
also an intermediate behavior. It should be noted that not all
formate groups, which are converted at a given temperature
under pure H, during the TPH-FTIR experiments (transient
surface coverage), would necessarily turn over under reaction
conditions (pseudo-steady surface coverage) where proximity
of oxide-bonded species to the copper surface might be
decisive for the frequency of site renovation. Nevertheless, our
results clearly enlighten differences in the relative stability of
these bidentate formate species as a function of the relative
acidity of the cus Lewis centers on the surface of the oxide at
the periphery of the copper nanoparticles.

A similar TPH-FTIR analysis for surface methoxy species
showed the reverse trend (Figure S11). On increasing the
temperature, methoxy ©(CO) bands vanish steadily to
essentially full conversion for the most Lewis basic Cu/

YO,@AlLO;. In stark contrast, these species show barely any
conversion on the most Lewis acidic surface of Cu/TaO,@
AL Q,, as all their characteristic bands, that is, v(CO) at 1145—
1165 cm™, §,(CH;) at 1465 cm™, and v(CH,) at 2844
(symmetric) and 2941 cm™" (asymmetric), undergo essentially
no net intensity decrease in the temperature range screened.
Rather, a certain accumulation of methoxy groups is inferred at
intermediate temperatures (373—473 K), which, in the
absence of gas-phase CO,, necessarily indicates their formation
by hydrogenation of other surface intermediates (e.g.,
formates) and/or readsorption of the methanol product on
the catalyst surface (Figure S11).

Overall, TPH-FTIR results show that the relative reactivity
of oxide-bonded bidentate formate species under H, scales
with the Lewis acidity of the cus centers on the oxide support
in a parallel fashion to the overall activation energy for
methanol formation. This finding suggests the involvement of
these species as key reaction intermediates, in agreement with
mechanistic proposals based on the formate route.'"* In light
of this observation, alongside those differences in ionic
character inferred for these species as a function of the surface
oxide Lewis acidity, it is sensible to hypothesize that an
increasing electronic transfer to cus oxide Lewis centers of
increasing electron-withdrawing character contributes to the
destabilization of these reaction intermediates and thus the
decrease in E, observed experimentally for methanol
formation. These results are reminiscent of previous computa-
tional predictions on the hydrogenation of formate species to
methoxy groups, activated by organoaluminum molecular
Lewis acids.”” As inferred from computed reaction energy
profiles, the quenching of the electron density around the
carbon center in formate intermediates bound to Lewis centers
of increasing acidity enhances its electrophilic character and
makes it more susceptible to nucleophilic attack by hydride
species, as required to undergo hydrogenation into methoxy
groups.”” A similar effect might be at play at Cu-oxide
interfaces on solid catalysts.

In contrast to formate groups, the relative reactivity of
surface methoxy species scales inversely with the Lewis acidity
of the cus on the oxide surface. Hence, our results suggest that
these surface groups are unlikely to be involved in a kinetically
relevant reaction step. On the contrary, the accumulation and
persistence of these relatively basic species on oxide surface
centers of marked Lewis acidic character, that is, Ta’" centers
on Cu/TaO,@AlL O3, suggest that they might play a role in
product site inhibition phenomena, which have been
consistently observed on Cu catalysts supported on oxides of
medium-to-high Lewis acidity at high reactant contact
times. 121728

These results can be regarded as a guideline for the
development of copper catalysts for CO, hydrogenation and
suggest the Lewis acidity (relative electron-accepting charac-
ter) of coordinatively unsaturated cationic centers exposed on
the surface of the oxide support as a key catalyst design
parameter. While illustrated herein for oxide-supported copper
catalysts, similar studies could potentially be extended to
alternative, non-oxidic support materials, such as other
chalcogenides or metal carbides, which have also been explored
as carriers for Cu-based CO, hydrogenation catalysts'”** and
for which the ionic character and thus the acidity of surface-
exposed cus Lewis centers might be modulated via
composition.
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B CONCLUSIONS

An array of model solid catalysts was synthesized by dispersing
copper nanoparticles on a high-surface-area y-Al,O; carrier,
previously overcoated with monolayer contents of various
transition metal oxides (YO,, ScO,, ZrO,, Ta0,). Within this
set of catalysts, copper nanoparticles are interfaced with metal
oxides exposing coordinatively unsaturated metal sites (cus) of
notably different Lewis acidities, as quantified by UV—vis
spectroscopy coupled to 1,2-dihydroxyanthraquinone as a
surface probe. Under relevant CO, hydrogenation conditions,
the apparent activation energy for methanol formation scaled
inversely with the Lewis acidity of the cus sites on the oxide
catalyst component. Our observation renders this single
physicochemical parameter a generally valid reactivity
descriptor in the whole study space and furnishes evidence
for the participation of Lewis acid centers on the periphery
oxide in a kinetically relevant reaction step. In situ and
temperature-resolved FTIR studies revealed that both the
relative ionic character and the stability of bidentate formate
species, which develop on the oxide catalyst surface under
reaction conditions, depend systematically on the electron-
accepting character of the oxide cus. In correspondence to the
catalytic activity trend, oxide binding centers of increasing
Lewis acidity bind formate species, which display compara-
tively higher reactivity in the presence of hydrogen, suggesting
their role as reaction intermediates. The opposite behavior was
observed for surface methoxy species, which were found to be
remarkably stabilized by oxide cus of substantial Lewis acid
character, advocating against the participation of these species
in a kinetically relevant reaction step. By identifying a suitable,
seemingly general, and experimentally accessible physicochem-
ical descriptor for oxide support effects, this study sets the
scene for a more rational design of advanced copper catalysts
for the selective hydrogenation of CO, to methanol and
potentially other catalytic reactions where performance is
dominated by metal-oxide promotion effects.
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