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Abstract: Combining quantum-mechanical simulations and
synthesis tools allows the design of highly efficient CuCo/
MoO, catalysts for the selective conversion of synthesis gas
(CO + H,) into ethanol and higher alcohols, which are of
eminent interest for the production of platform chemicals from
non-petroleum feedstocks. Density functional theory calcula-
tions coupled to microkinetic models identify mixed Cu—Co
alloy sites, at Co-enriched surfaces, as ideal for the selective
production of long-chain alcohols. Accordingly, a versatile
synthesis route is developed based on metal nanoparticle
exsolution from a molybdate precursor compound whose
crystalline structure isomorphically accommodates Cu’* and
Co*" cations in a wide range of compositions. As revealed by
energy-dispersive X-ray nanospectroscopy and temperature-
resolved X-ray diffraction, superior mixing of Cu and Co
species promotes formation of CuCo alloy nanocrystals after
activation, leading to two orders of magnitude higher yield to
high alcohols than a benchmark CuCoCr catalyst. Substanti-
ating simulations, the yield to high alcohols is maximized in
parallel to the CuCo alloy contribution, for Co-rich surface
compositions, for which Cu phase segregation is prevented.

N anosized bimetallic particles bear great interest as func-
tional materials for several emerging technologies.'! As
catalysts, they play a pivotal role in the realization of novel,
“greener” chemical processes.””” The synergistic combination
of two metals represents an efficient approach towards
original catalytic properties by either the creation of hybrid
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sites or the concerted action of concomitant functionalities.
Bimetallic nanocatalysts also hold promise to replace mono-
metallic catalysts based on precious, scarce metals by equally
active and selective catalysts constituted of abundant and
inexpensive metals.®!

To reduce the dependence of our society on dwindling
crude oil reserves, the rational design of solid catalysts for the
selective conversion of synthesis gas (syngas, CO + H,),
derived from natural gas or lignocellulosic biomass feed-
stocks, into valuable products is currently considered a major
scientific target.” " The synthesis of ethanol and longer chain
(C,,) linear alcohols stands out as a catalytic route of eminent
interest, owing to the relevance of these compounds as
hydrogen carriers and fuels, precursors for important plat-
form chemicals such as olefins, and reagents in the synthesis
of plasticizers and detergents.'>">] Moreover, the reaction is
a prime example of those requiring synergy between prox-
imate catalytic sites with different functionality, as both the
dissociative activation and the non-dissociative insertion of
CO are needed to produce high alcohols. Unlike for the Cu-
catalyzed conversion of syngas to methanol or for the
Fischer-Tropsch synthesis of hydrocarbons with Co or Fe
catalysts, developing solid catalysts displaying sufficient
selectivity and yields to realize the commercial-scale selective
synthesis of C,, alcohols remains a major challenge.

Rh is the only single metal able to selectively produce high
alcohols by CO hydrogenation,!'>!*!"l however, its high cost
and limited availability exclude its application in large-scale
processes of syngas conversion. As an alternative, bimetallic
catalysts, for example, CuCo, CuFe or RuMo, have been
proposed.'??l However, the nature of the active sites
responsible for the production of C,, alcohols and how to
maximize their occurrence remain unclear. Although inti-
mate contact between the metal components has been
recognized as important to achieve a satisfactory selectiv-
ity,2¥ catalyst preparation methodologies generally result in
metal segregation, typically the formation of copper oxide
during thermal activation treatment,**?>2! which limits
metal intimacy.

Here we adopt a combined approach, building on
computational design and controlled synthesis methods to
develop highly efficient bimetallic Co—Cu catalysts for the
selective conversion of syngas to ethanol and higher alcohols.
Simulations based on density functional theory (DFT)
coupled to a microkinetic model® were employed to identify
the preferred metal sites and optimum composition to
selectively produce high alcohols by CO hydrogenation. To
this end, we simulated the product selectivity pattern for the
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Figure 1. Selectivity (mol %) to a) CH,, b) methanol, and c) ethanol as
a function of the proportion of monometallic Cu, Co, and bimetallic
CuCo surface sites as predicted by DFT calculations and microkinetic
modelling.

full range of possible surface compositions (Co,Cu,) of
a bimetallic metal cluster.

Figure 1 summarizes the results of the simulations (see
Computational Methods in the Supporting Information). The
selectivities to methane, as representative for the hydro-
carbon products, methanol, and ethanol as a model high
alcohol, are plotted as a function of the proportion of three
possible surface sites, i.e. monometallic Cu; and Cos, and
bimetallic CuCo sites (CuCo, or Cu,Co sites). Monometallic
Co; and Cu; sites favor the formation of hydrocarbons
(methane) and methanol, respectively, as has been estab-
lished experimentally. Methanol is also predicted to be
a major product when monometallic Cu; sites coexist with
mixed CuCo sites. In this case, surface diffusion of CHj,
intermediates results in increased methanol production also
on the bimetallic sites, highlighting the importance of
considering migration of intermediate species between neigh-
boring sites to predict product selectivity. A maximum
selectivity to ethanol is predicted for a catalyst surface
essentially free from pure Cu, sites, which displays a maximum
contribution from mixed CuCo sites, that is, in alloy phases.
Hence, the ideal catalyst surface to selectively produce C,,
alcohols is predicted to be a CuCo alloy phase for Co-rich
compositions, for which no segregated Cu atom ensembles
exist.

Based on these predictions, we have developed a novel
synthesis route for CuCo catalysts aiming at superior alloy
formation. Our approach relies on the identification of
a crystalline compound whose lattice is flexible enough to
accommodate Cu*" and Co*" at equivalent positions, provid-
ing the platform to achieve superior intimacy between the two
metals upon their exsolution in the form of nanoparticles
during subsequent activation treatments. Mixed metal am-
monium molybdate compounds were synthesized by co-
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Figure 2. Evolution of the unit cell parameters for the metal ammo-
nium molybdate (R3m) precursor compound as a function of the
catalyst composition. The inset shows a model of the proposed
crystalline structure.

precipitation in an ammonia-alkalinized solution. The com-
pounds were labeled CuCoMo(d), where 6 =0-1 represents
the Cu/(Cu+Co) atomic ratio (Figure S1 in the Supporting
Information). X-ray diffraction (XRD) patterns of all Cu-
containing samples correspond to the trigonal R3m lattice of
a layered metal ammonium molybdate (Figures S2 and S3).*
As shown in Figure 2, the hexagonal unit cell shrinks system-
atically on increasing the copper content, in agreement with
the smaller ionic diameter of Cu®" as compared to high-spin
Co*" cations (Figure S2b). This provides direct support for
the isomorphic substitution of the two metal cations in the
crystalline lattice of the layered precursor compound for the
full compositional range.

After decomposing this precursor by heating in air, metal
molybdate crystalline structures are obtained, chiefly the
triclinic (P1) and monoclinic (C2/m) lattices characteristic of
the monometallic CuMoO, and CoMoO, compounds. Their
molar proportion varies continuously with catalyst composi-
tion, whereas the crystal lattice parameters are in agreement
with isomorphic substitution of Cu*" and Co>" cations in all
the identified molybdate compounds also after air-calcination
(Figure S4). Scanning electron microscopy coupled to energy-
dispersive X-ray spectroscopy (SEM-EDX) confirms a uni-
form distribution of both metals within each molybdate
compound (Figure S5). A notably different microstructure is
found for an air-calcined reference CuCoCr catalyst synthe-
sized according to state-of-the-art procedures.'® In this case,
a separate CuO crystalline phase is found (Figure S6), in line
with literature results.’® This reference catalyst shows
a macroporous, spatially inhomogeneous structure (Fig-
ure S6).

For selected samples with similar Cu/(Cu+Co) ratio of
0.51-0.58, the nanospatial distribution of Cu and Co was
further investigated with EDX spectroscopy on ultrathin
sections of the samples after air-calcination. As given in
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Figure 3. HAADF-STEM micrographs and elemental EDX maps (from
the yellow box regions) for ultramicrotomed sections (80 nm thick) of
a) the CuCoCr reference catalyst with (Cu/Cu+ Co) =0.51; and b) a
CuCoMo catalyst with (Cu/Cu+ Co) =0.58 obtained from a crystalline
ammonium molybdate precursor, after air-calcination.

Figure 3, for the reference CuCoCer, large (50-150 nm) CuO
aggregates are found, within a matrix of a nanosized Cu-Co-
Cr mixed oxide which is significantly depleted in copper with
respect to the overall catalyst composition. In marked
contrast, very uniform nanospatial distributions of Cu, Co
and Mo are observed in the case of the CuCoMo catalyst
obtained by decomposition of an ammonium metal molyb-
date precursor. Hence, the novel synthesis route provides
superior mixing of Cu and Co which, unlike for the conven-
tional preparation procedure, is preserved after the air-
calcination thermal treatment.

Exsolution of Cu and Co from the oxide precursor
compound, as supported nanocrystals, is achieved by reduc-
tion in H,. The reducibility of the oxidic precursor has a large
impact on the nature of the metal species after catalyst
activation. Hence, selected CuCoMo catalysts were also
investigated with temperature-resolved X-ray diffraction
during insitu reduction. On heating the monometallic
CuMo oxide in flow of 5%H,/He, decomposition of the
starting copper molybdate and crystallization of Cu’ occurs at
500-600 K (Figure S7).

Quantification of the H, consumption indicates that not
only Cu but also reduction of Mo®" to Mo*" has occurred at
673 K. After formation of Cu crystallites, the resulting Mo"
oxide (support) exhibits a rather amorphous character, as
indicated by the absence of well-defined diffractions for Mo
compounds up to 800K, at which temperature further
reduction to Mo" takes place. On the contrary, Co®" is not
easily reduced in the CoMo counterpart. No metallic Co’
crystallites are detected up to 973 K, which is the maximum
temperature studied (Figure S7).
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Figure 4. Temperature-resolved X-ray diffraction patterns and H, con-
sumption profiles during the in situ reduction of CuCoMo catalysts
with a Cu/(Cu+Co) atomic ratio of a) 0.81, b) 0.35, and c) 0.10. Green
arrows indicate the temperatures at which the accumulated H,
consumption corresponds to full reduction to Cu® and Co° alongside
partial reduction of Mo®" to Mo*". d) Evolution of the contribution of
CuCo alloy within the crystalline metal phases (see also Figure S8),
and the cobalt surface extent of reduction determined with X-ray
photoelectron spectroscopy (Table S1), as a function of catalyst
composition for as-reduced CuCoMo catalysts (circles) and the refer-
ence CuCoCr catalyst (squares).

For CuCoMo catalysts, the reduction behavior is qual-
itatively similar to that of the monometallic CuMo material
(Figure 4). The H, consumption profiles indicate that reduc-
tion of Co®" begins already at temperatures < 600 K, likely
catalyzed by H, dissociation on nascent Cu’ clusters. Never-
theless, no diffractions for Co’ are detected, not even for
>20wt% Co loadings. Despite the very low miscibility of
bulk Cu’ and Co”, the formation of nanosized alloys has been
previously proposed.”?! For our CuCoMo catalysts, alloying
is indicated by the development of broad diffraction lines
detected at d-spacing values intermediate between those
characteristic of Cu’ and Co° face-centered cubic (fcc)
lattices. These features contribute as shoulders on the Cu’
diffractions for Cu/(Cu+Co) ratios >0.16 (white frame in
Figure 4b), but dominate for lower Cu contents (Figure 4c).
This diffraction signal grows in intensity and progressively
shifts to higher angles, indicating a decrease in d-spacing, on
increasing the temperature in the range of 600-850 K, in
agreement with cobalt incorporation as reduction of Co*"
species proceeds. Hence, these features indicate the forma-
tion of nanosized CuCo alloy phases upon metal exsolution
from the molybdate precursor.

Based on these insights, a temperature of 673 K was
selected for the reduction treatment preceding catalysis. In
the activated CuCoMo catalysts, the relative contribution of
the CuCo alloy phase within the metallic crystalline species
decreases continuously with the Cu content (Figure 4d). A
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reverse trend is observed for the reduction extent of Co
species in the Cu/(Cu+Co) range of 0-0.5.

Hence, a maximum occurrence of the CuCo alloy phase is
inferred at a Cu/(Cu+Co) ratio of ca. 0.35 (Cu/Co=1/2),
representing the optimal balance between cobalt reducibility
and Cu content (see shaded region in Figure 4d). Copper in
surplus to what can be effectively alloyed with the reduced Co
species segregates as large Cu crystallites at higher Cu/(-
Cu+Co) ratios, as revealed by HAADF-STEM (Figure S9).
CuCoMo catalysts derived from layered molybdate com-
pounds show a notably higher alloy contribution than for the
reference CuCoCr. This result highlights the relevance of
preventing phase segregation in the oxide precursors, by the
novel synthesis route, to maximize the formation of nanosized
alloy phases upon metal exsolution during a reduction treat-
ment.

The catalytic performance of the CuCoMo materials was
evaluated after incorporation of K as promoter, to enable
direct comparison with the K-CuCoCr catalyst (Figure 5).
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Figure 5. Evolution of the C,, alcohols (ROH) time-yield and the CO,-
free selectivity to alcohols (both on a carbon molar basis) as a function
of catalyst composition for the series of K-CuCo/MoO, catalysts (open
circles and solid bars) and the reference K-CuCo/CrO, catalyst (full
circle and dashed bars). The red line serves as a guide to the eye.
Reaction conditions: T=543 K, P=40 bar, H,/CO=1, X, <2%. The
concomitant water-gas shift reaction resulted in CO, selectivities of
22.4-41.6%.

The reference catalyst shows a total alcohol selectivity of
22 %, 44 % of which corresponds to higher alcohols. The time
yield to C,, alcohols is 0.35 mmolge,.c, ‘h™'. Similar high
alcohols time yields in the range of 0.2-1.5 mmolgq,,c, 'h™!
can be derived at 543 K for previously reported CuCo-based
catalysts obtained by coprecipitation, electrodeposition, or
metal oxalate decomposition.’”l As depicted in Figure 5,
CuCoMo catalysts obtained by the novel route showed
a superior activity and selectivity to high alcohols. At
a Cu/(Cu+Co) ratio of 0.3 the selectivity to ethanol and
higher alcohols was maximum, while the yield of C,, alcohols
reached 27 mmolge,.c, 'h™!, ca. two orders of magnitude
higher than for the K-CuCoCr reference catalyst. Interest-

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ingly, the optimal catalyst composition agrees well with the
maximum occurrence of the nanosized CuCo alloy phase,
upon prevention of Cu segregation (Figure 4d). Hence, our
experimental results concur with the predictions by theory
and suggest alloy-type mixed Cu—Co sites, in metal surfaces
slightly enriched in Co, as responsible for the selective
production of C,, alcohols from synthesis gas.

In summary, the superior nanoscale metal intimacy
achieved by the isomorphic substitution of Cu®" and Co**
cations in the crystalline lattice of a layered ammonium metal
molybdate precursor is preserved after air-decomposition and
promotes the formation of CuCo alloy nanocrystallites after
catalyst reduction. In agreement with our predictions by DFT
and microkinetic modeling, improved metal mixing in nano-
metric alloys, and prevention of Cu phase segregation, greatly
boost the selectivity and yield towards C,, alcohols. Future
optimization of promoter(s) content and activation proce-
dures are expected to result in additional improvements in
catalytic performance.

Developing efficient catalysts for the selective production
of high alcohols by CO hydrogenation, this study illustrates
the relevance of combining quantum-mechanical calculations
and microkinetic modeling with precise synthesis tools to
design bimetallic catalysts. Besides, by providing structural
uniformity in a wide range of compositions, the versatile
synthesis route presented is promising for further structure—
performance investigations in catalysts and other functional
nanostructures where intimacy between two metals is essen-
tial, such as fuel cell electrodes and batteries.

Experimental Section

For DFT calculations, an icosahedral Co,Cug nanocluster was selected
as the model to test the catalytic properties of various surface mono-
and bimetallic metal sites. All electronic structure calculations were
performed using Jaguar 7.7 at the density functional theory level.
Carbon and oxygen atoms were described by the standard all-electron
6-31G** basis set. The diffusion behaviors of intermediate species
were studied by the CI-NEB method. Microkinetic models were built
taking into account reaction and diffusion steps on different sites. Cu—
Co ammonium molybdate catalyst precursors were synthesized by co-
precipitation from aqueous solutions of the metal nitrate precursors
and ammonium hydroxide at a constant temperature of 363 K. A
reference CuCoCr catalyst was prepared according to preferred
embodiments described in the patent literature.™ Catalytic tests
were carried out in fixed-bed flow reactor at differential CO
conversion levels after in situ reduction in 20 % H,/Ar flow. More
details on the computational and synthesis methods, characterizations
and catalytic tests are given in the Supporting Information.
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