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ABSTRACT: Novel “CoCuNDb” ternary catalysts with bimo-
dal nanosized particle structure, in the absence of a generic
support material, were designed and successfully tested in
higher alcohol production via CO hydrogenation. The
selectivities to primary alcohols with an optimized C,—C;
slate usually exceeded the S0 wt % level, and the combined
selectivities to 1-alcohols/1-alkenes reached up to ~73 wt %
for CO conversions ranging between ~5% and nearly 20%.
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The bimodal nanosized particle distribution, achieved through oxalate coprecipitation, contained Co—Cu particles with sizes
ranging from 25 to 40 nm. Smaller particles between 4 and 8 nm were identified as Nb oxides and played the role of a structural
dispersant (“spacer”) and promoter of l-alcohol/1-olefin production. X-ray photoelectron spectroscopy revealed NbO, to
contain major amounts of species with Nb in the 4+ oxidation state.
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Bl INTRODUCTION

The “oxo” synthesis (or “hydroformylation”) transforms a C,
terminal olefin into a C,,; aldehyde using CO and hydrogen at
high pressures in the liquid phase. While the reaction was
considered to occur at the surface of a solid Co-based catalyst at
the time of its discovery by Roelen in 1938," it turned out to be
a case of homogeneous catalysis involving tetracarbonyl cobalt
hydride, HCo(CO),.” Nowadays, ligand-modified organo-
metallic Co and Rh catalysts are used in large-scale industrial
applications. Most aldehydes of the Cy—C,4 range are turned
into “fatty” alcohols by subsequent hydrogenation and serve as
feedstock for the production of detergents, lubricants, and
plasticizers. The prospect of producing such oxygenates with
high selectivity in a “one-step—one-pot” heterogeneous process
using CO hydrogenation at moderate pressures according to
the Fischer—Tropsch (FT) technology was demonstrated only
quite recently.’ Different from hydroformylation, where the
(reversible) transformation from an 18e to a l6e organo-
metallic complex creates “empty” metal orbitals for 7 binding
the terminal olefin, the question of the nature of the
catalytically active site in the heterogeneous case of CO
hydrogenation, without the involvement of a target olefin,
remains a matter of debate.* Recent experimental studies using
atom counting in relaxation-type studies, though, called into
question the view that metallic sites are being involved at all,® in
agreement with other reports in the literature.®
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The formation of oxygenates during heterogeneous CO
hydrogenation has actually already been observed by Fischer
and Tropsch.” Since the 1930s, various FT-related studies
reported the production of “iso” or “oxo” alcohols other than
methanol,® albeit with rather limited selectivity. Following these
earlier studies, with the incentive of generating valuable fuel
additives, the Institut Francais du Pétrole (IFP) devoted
considerable efforts in the 1970s to synthesize “higher” alcohols
of up to C¢ with mixed iso and n constitution using what they
called “modified methanol catalysis”. Indeed, their catalysts
were based on CoCu “alloys”—note that the solubility of one
metal in the other is rather limited in this case—and led to
considerable alcohol selectivity employing CO/CO,—H, feeds
in an operational manner similar to the industrial methanol
synthesis.” Despite a considerable number of reports as
patents'® or in the open literature'' the reproducibility in
both the preparation and performance stability of such CoCu-
based catalysts has remained an issue up until now.****¥ The
conceptual approach of combining transition metals with both
C—0O bond-breaking (Co) and bond-conserving (Cu) capa-
bility yet also seems to be a driving force for ongoing research
on such higher alcohol synthesis with these metals."”
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Different from the IFP patent claims which emphasize the
necessity of producing a homo%eneous distribution of Co metal
across the catalyst particles,' an atomic-scale mixing in
nanosized particles of Co and Cu, within the limits imposed
by the thermodynamics, was envisioned and achieved in our
laboratory by coprecipitating both metals into a common
oxalate precursor structure.”>"® Such catalyst preparations
were free of a classical support and resulted in stable catalytic
performance, after activation, once the oxalate coprecipitation
included Mn as a third metal. The thermal decomposition of
such mixed oxalate precursors resulted in core@shell structured
metal nanoparticles, with Co forming the core and all three
elements being present in an otherwise Cu dominated shell of
about 1—3 nm thickness, depending on the actual size of the
particles. Moreover, metal oxide particles were identified, with
Mn,Oy forming the most significant oxide phase.*”

The obvious occurrence of metallic nanoparticles with
favorable core@shell structure and their concurrent association
with metal oxide particles in which the metal ions coexist in
different valence states suggest strong metal support interaction
(SMSI) effects to be in operation during oxygenate production
from syngas. Reducible metal oxides such as niobia and titania
may therefore be considered similarly good candidates to tune
the reaction. Previous research with Co/Nb,O; catalysts
demonstrated niobia to increase the selectivity to long-chain
products."* With this background we developed a new type of
“CoCuNDb” catalyst via oxalate precursor formation which, after
hydrogen-assisted activation and in the absence of a generic
support material, turned out to produce primary alcohols (and
olefins) with high selectivity. As will be reported here, such
“CoCuNDb” catalysts turned out to contain a Nb oxide phase in
the form of NbO, nanoparticles acting as dispersant for Co—Cu
metallic particles. Actually, a bimodal particle size distribution
was found consisting of smaller NbO, (4—8 nm) and larger
Co—Cu nanoparticles (25—40 nm). Different from the
“CoCuMn” ternary metal combination, which allowed an
optimization of the Cg—C,, 1-alcohol/1-olefin selectivities, we
demonstrate in the present paper that the C,, range up to C,
may be favored by "CoCuNb” formulations at otherwise
negligible CO, levels and relatively little methanol formation.

B EXPERIMENTAL SECTION

Catalyst Preparation. Binary Co—Cu oxalates were
coprecipitated by quickly adding a mixed solution of Co-
(NO;),-6H,0 and Cu(NO;),-3H,0 to an excess of oxalic acid,
H,C,0,2H,0, with vigorous stirring using acetone as solvent.
After removal of the supernatant acetone the precipitate was
centrifuged, dried overnight at 110 °C, and finally crushed and
sieved so as to obtain a size fraction between 125 and 250 ym
for characterization and high-pressure catalytic investigations.

Ternary Co—Cu—Nb oxalates were precipitated stepwise.
First, a mixture containing an excess of oxalic acid and
ammonium niobate(V) oxalate precipitate was prepared by
adding an aqueous solution of ammonium niobate(V) oxalate
to an oxalic acid solution in acetone with vigorous stirring.
Second, a mixed solution of Co(NO,),-6H,0 and Cu(NO;),-
3H,0 in acetone was added quickly to the preprepared mixture,
thus making use of an entrainment effect (ammonium
niobate(V) oxalate is not soluble in acetone). The solution
was stirred for at least 2 h until the color of the precipitates
appeared to be homogeneous. Finally, the precipitate was
washed, dried, and crushed according to the same procedure as
described in the case of binary Co—Cu oxalates. The prepared
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catalysts were denoted as Co,Cu,Nb,, in which «, y, and 2z
represent the relative atomic amounts of Co, Cu, and Nb,
respectively. It is noted that in both cases the supernatant
solutions after precipitation were clear and transparent.

The mixed-metal oxalate or hybrid precursors were treated
thermally in the presence of hydrogen either directly in the
high-pressure flow reactor (0.1 MPa H,, 50 mL min™" at 370
°C for 1 h) for catalytic testing or in an atmospheric-pressure
U-type flow reactor for characterization. Oxalates decomposed
either quantitatively to metal, as applied to Cu, or to Me/
MeO,, as was the case for Co and Nb. Activation of the oxalate
was usually performed in a temperature-programmed manner
(10% H, in Ar as vector gas at a volumetric flow rate of 30 mL
min~" using a ramp of 3 °C min™" up to 370 °C). Reduced
catalysts were pyrophoric and had to be passivated (1% O, in
Ar at 25 °C, 30 min) before TEM, XRD, and XPS
characterization.

Catalyst Characterization. X-ray photoelectron spectros-
copy (XPS) studies were carried out in a multimethod UHV
system with a base pressure of S X 107'' mbar. Using a
nonmonochromated Mg Ka radiation, the X-ray source was
operated with an acceleration voltage of 13 kV and an emission
current of 10 mA. High-resolution scans were made for Nb 3d,
Co 2p, Cu 2p, C 1s, O 1s, and Cu LMM employing a pass
energy of 50 eV with a dwell time of 0.1 s and a step size of 0.05
eV. The CasaXPS software was used to subtract the Shirley-
type background of the spectra and to deconvolute the signal
envelopes into components (mixed Gaussian—Lorentzian lines
using a nonlinear least-squares curve-fitting procedure). The C
Is peak at 284.4 eV was used as a reference energy for charge
correction. The morphology and particle size distribution of
CoCuNDb catalysts were determined by a Tecnai G2 F30 S-
Twin TEM at an operating voltage of 300 kV.

Catalytic Testing. High-pressure catalytic tests were
performed in a fixed-bed plug-flow reactor consisting of a
quartz tubule (®,,,., = 7 mm) inserted into a stainless steel
housing. A condenser along with a gas—liquid separator was
mounted at the reactor outlet. Typically, 1.3 g of oxalate was
diluted with up to 2 g of SiC to achieve isothermal plug-flow
conditions followed by in situ TPDec in H, at 0.1 MPa (50 mL
min~") and 370 °C for 1 h (after oxalate decomposition, the
amount of activated catalyst is around 0.5 g). The reactor was
subsequently cooled to ambient temperature in flowing
hydrogen before adding CO so as to produce a 1.5/1 H,/
CO syngas feed. Metal carbonyls (mainly Ni(CO),) were
removed by passing the CO feed through a zeolite 4A trap at
high temperature before introduction into the reactor. Typical
flow rates were H,/CO = 24/16 mL min~’, providing GHSV =
3600 h™" (gas hourly space velocity without including SiC
inert). After the system was pressurized to 6 MPa, the
temperature was raised first to values between 180 and 200 °C
(the exact value depended on the type of catalyst) and kept
overnight under these conditions. The final temperatures for
the catalytic tests were approached using low heating rates of 1
°C min~". Catalytic activities and product selectivities were
determined after stabilization for at least 12 h. The CO
conversion and product selectivities were measured by online
GC-MS (Agilent 7890A GC/5975 MS).

B RESULTS AND DISCUSSION

The catalytic performance of “CoCuNb” was first compared
with that of the binary “CoCu” and “CoNb” catalysts. Previous
research with binary “CoCu” of varying relative metal amounts
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demonstrated a 2/1 ratio to provide the best catalytic
performance in terms of activity and alcohol selectivity."
Figure 1 provides a comparison in terms of CO conversion,
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Figure 1. Catalytic performance of Co,Cu;, Co,Nb,, and Co,Cu;Nb,
for CO hydrogenation. Catalytic tests were carried out at p = 60 bar,
H,/CO = 1.5 and total gas flow 40 mL/min. The a-ASF chain
lengthening probability was calculated on the basis of the equation W,
= n(1 — a)*a""", where W, stands for the mass fraction of products
containing n carbon atoms. Spop, Spy, and Spy— represent the
selectivities to alcohols, paraffins, and olefins, respectively. The
conversion at and below 200 °C is low for Co,Cu; and does not
allow determination of the product selectivity.

selectivity to various product classes, and respective Anderson-
Schulz—Flory (ASF) chain-lengthening probabilities for
Co,Cu;, Co,Nb;, Co,Cu;Nb;, Co,Cu;Nby¢ and Co,Cu;Nby,
catalytic formulations as a function of temperature. Generally,
the ternary Co,Cu;Nb, catalysts show higher activity and
alcohol selectivity (Sgop) in comparison to the binary Co,Cu,
catalyst, proving that the presence of Nb promotes the
formation of alcohols. The alcohol selectivity, Spoy, increases
with decreasing reaction temperatures from 260 to 220 °C,
followed by a nearly constant level of at least 40% to nearly
50% at temperatures between 220 and 180 °C for all
Co,Cu,Nb, catalysts. Increasing Nb, relative amounts from x
= 0.2 to 1 has almost no influence on the product selectivities
and alcohols chain lengthening probability, the latter ranging
between 0.3 and 0.4, thus meeting the target of high, though
not optimum, selectivity of the C,_; slate (see Figure SI in the
Supporting Information). Terminal olefins which can be
converted into primary alcohols using anti-Markovnikov
homogeneous hydration'® are formed by all catalysts; the
selectivity increases with decreasing temperatures. Co,Cu;Nb,
catalysts turn out to be less selective in this respect than
Co,Nb,. However, the combined 1-alcohol/1-olefin selectivity
remains highest for Co,Cu;Nb, and may reach about 70% in
Figure 1. This performance signature applies to low temper-
atures and comes at the price of quite low CO conversion.
Unwanted CO, formation is under control and plays no role
under these low-temperature reaction conditions.
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Summarizing, the results of Figure 1 clearly demonstrate the
tradeoff between 1-alcohol/1-olefin selectivity and catalytic
activity for decreasing reaction temperatures. The Co,Nb,;
catalyst is the most active but produces mainly paraffins. The
CO conversion at 240 °C is near 50%, but the selectivity to
oxygenates (both alcohols and aldehydes) is only ~10% for this
catalyst (the temperature dependence of the CO conversion is
rather particular and suggests further kinetic studies which are
not within the scope of the present paper). It therefore turns
out that the presence of both Co and Cu in “CoCuNb” is
mandatory for the selective production of alcohols. We also
note that methanol shows a negative deviation from the linear
ASF distribution for Co,Cu;Nb, (for a typical ASF plot of
alcohols, alkanes, and alkenes over Co,Cu;Nby, see Figure S2
in the Supporting Information). We do not exclude at present
that the site requirements for methanol formation are different
from those for initiating chain lengthening. On the other hand,
secondary reactions such as aldol-type condensation according
to Guerbet'” or steam reforming would not be compatible with
the range of products detected. Additionally, we observe a
strongly negative deviation of C,- and Cj-alkenes from the
linear ASF behavior (Figure S2). This observation is not
unusual for the Fischer—Tropsch reaction and was the subject
of detailed investigations on the basis of chain-length
dependent diffusion, readsorption, and reaction. An exponential
increase of the paraffin/olefin ratio with increasing carbon
number was reported for catalysts leading to wax-type
products.'"® This is not the case here, since the ASF chain
lengthening probabilities o are too low to produce waxes, and a
strict linear ASF behavior was found for Cs, olefins. The a
values for paraffins (C,,), olefins (C,,), and alcohols (C,,) (see
Table S1 in the Supporting Information) increase in the order
Qlcohols< Xalkenes < Xalkanes 1t 18 felt that the deviations from the
ASF behavior for the early homologues of these product classes,
in the absence of wax-type compound formation, need further
investigation.

The above results demonstrate that the presence of Nb in
CoCu enhances both the activity and alcohol selectivity. The
Co,CuNby, formulation seems to perform somewhat better
than catalysts with a larger relative Nb amount. To identify the
optimum relative amounts of Co and Cu in catalysts with low
Nb content, we investigated Co,Cu,Nb, ternary systems with
x/y ratios ranging from 2/1 to 1/8. The results are shown in
Figure 2. Generally, high alcohol selectivities Spoy up to 55 wt
% are observed for temperatures between 180 and 240 °C. A
further increase of the temperature beyond this range causes a
sharp drop in Spoy. This behavior is also observed in Figure 1,
and we conclude that any search aimed at balancing the tradeoff
between 1-alcohol/1-olefin and catalytic activity is limited to
this lower range of temperatures.

The combined 1-alcohol/1-olefin maximum selectivity
reaches ~73 wt % at about 200 °C; however, the CO
conversion remains below 10%. Increasing the Co/Cu ratio
from 1/8 to 2/1 results in a continuous increase of the
conversion but eventually causes a decrease in the terminal
alcohol selectivity for Co/Cu (x/y) ratios exceeding 1/2. The
best catalyst in terms of alcohol formation turns out to be
Co,Cu,Nby,, which provides Sy values between 43 and 49
wt % at CO conversions ranging from 12 to 21% (see Figure S3
in the Supporting Information for an explicit demonstration of
the relation between Spoy or Yzoy and CO conversion).
Furthermore, changing the Co/Cu ratios in “CoCuNb”
catalysts has almost no effect on the @-ASF chain-lengthening
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Figure 2. Catalytic performance of Co,Cu,Nb,, with various Co/Cu
relative ratios for CO hydrogenation. See Figure 1 for the reaction

conditions.

probability of alcohols. The « values (ranging from 0.2 to ~0.4)
increase continuously with decreasing temperatures (except for
some fluctuations at low temperatures). Similar to the case for
Figure 1, CO, formation is insignificant at low temperatures.
Recently Prieto et al."” reported on higher alcohols formation
over K—CoCu/MoO,, catalysts. From their results, the total
alcohol selectivity (not including CO,) was ~45% C at
otherwise <2% CO conversion. Moreover, the CO, selectivity
in their study was up to 22.4—41.6%. It is also noteworthy that
our former studies on “CoCuMo”?*° showed unfavorable CO,
selectivity similar to that reported by Prieto et al.'’
Furthermore, “CoCuMo”, unlike K—CoCu/MoO,, was found
to exhibit a double @-ASF distribution of primary alcohols. On
comparison of “CoCuNb”, subject of the present paper, with
K—CoCu/MoO, in terms of time yield performance, it seems
the latter has advantages over “CoCuNb” (27 vs ~3.8 mmol
8coscu - h7'). However, while K-CoCu/MoO, produces
significant amounts of CO,, “CoCuNb” does not. Further
comparisons of the catalytic activities for both types of catalysts
are hampered by the very different reaction conditions
employed, because Prieto et al."’ performed their measure-
ments under strictly differential conditions of CO conversion.
The catalytic CO hydrogenation studies of “CoCuNb” as
shown above demonstrate that these catalysts may have
potential for scale-up in an industrial application to produce

<20

20-25 25-30 30-35 35-40 =40

Crystal size (nm)

Figure 3. (HR)TEM images of the Co,Cu;Nb,, catalysts (A, B, and D). The inset of (A) provides a model of the bimodal catalyst structure as
mounted on the basis of the selected regions in images (A) and (B). (C) Particle size distribution for "CoCu” and “Nb” spacer particles.

2932

DOI: 10.1021/acscatal.5b00388
ACS Catal. 2015, 5, 2929-2934


http://dx.doi.org/10.1021/acscatal.5b00388

ACS Catalysis

Research Article

higher alcohols as “alkanol” fuels, fuel additives, or precursors
for short-chain 1-olefins. The catalytic performance must be
associated with the Nb promotion and the “oxalate route” of
catalyst preparation, which was shown to result in CoCu
polymeric mixed-oxalate structures'>'> at the instant of
precipitation. A similar coprecipitation seemed to apply to
ternary “CoCuMn”.*® H,-assisted temperature-programmed
decomposition (H,-TPDec) of the “mixed-oxalate” precursors
in the present study also indicates the formation of “CoCu” or
“CoCuNb” “mixed” structures (see Figure S4 in the Supporting
Information).

To explain the beneficial role of Nb in "CoCuNb” catalyst
formulations, (HR)TEM (high-resolution transmission electron
microscopy) and X-ray photoelectron microscopy (XPS) were
employed for various catalyst compositions (although
Co,Cu,Nby, may have advantages over others, the general
TEM and XPS features of “CoCuNb” vary little from one
specific composition to the other). Figure 3 shows (HR)TEM
results for Co,Cu;Nb,, after H,-TPDec. Generally, most of the
particles appear overlapped, which is expected for metallic
catalysts in the absence of a generic support material.
Specifically, the TEM images (Figure 3A—D) clearly demon-
strate the occurrence of a bimodal particle size distribution. The
size of the larger CoCu particles is in the range 25—40 nm,
peaking at 30—35 nm, and thus covering the average size of 34
nm as determined from measurements of the specific surface
area Sgpy for binary Co,Cu;. Quite differently, the minority
component, Nb, shows up in particles with smaller size ranging
from 4 to 8 nm. The TEM images suggest that these particles
act as “spacer” specimen enfolding the larger CoCu particles
and thus conferring to “CoCuNb” catalysts a considerable
increase in the specific surface area, Sgpy (for a comparison of
TEM images between “CoCu” and “CoCuNb”, see Figure SS in
the Supporting Information). By way of example, Sggr increases
from 20.4 to 49.6 m*/g by adding Nby, to Co,Cu,. Sggy values
larger than 110 m?/g are observed for Co,Cu;Nbsos and
Co,Nb;. The data are summarized in Table S2 in the
Supporting Information.

Although it seems clear that the “spacer” particles ensure a
high dispersion of the CoCu particles, the local chemistry
cannot be elucidated by merely inspecting our HRTEM images
and evaluating fast Fourier transforms (FFT) of specific
features. As will be shown below through our XPS results,
“Nb” spacer particles are associated with Nb oxides, NbO,, thus
giving rise to the possibility of a synergistic SMSI effect through
interaction with metallic sites.”’ Indeed, as seen in Figure 3 and
more particularly in Figure 3D (inset), lattice spacings of
~0.205 nm, attributed to the (111) plane of face-centered cubic
(fcc) Co or Cu (a distinction is difficult because of the
similarity of these metals’ lattice constants), can be identified in
close proximity to NbO, “spacer” particles. On the other hand,
hexagonal close-packed (hcp) Co can be unequivocally
identified (see Figure S6 in the Supporting Information).

To further characterize the Nb oxide phase in “CoCuNb”, we
present XPS spectra for Nb 3d excitations in Figure 4.
Co,Cu;Nb;, and Co,Cu;Nby,, which may be regarded as
representative for “CoCulNb” formulations, were used in these
studies. As can be seen from Figure 4, Nb* and Nb** oxidation
states are both detected in variable amounts. More precisely,
the 3d peak deconvolution clearly shows the relative portion of
Nb*" to increase when the Nb nominal amount in “CoCuNb,”
is lowered. We therefore conclude that Nb does not reach the
S+ oxidation state in catalysts prepared via oxalate precipitation
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Figure 4. (A) XPS (Nb 3d) spectra of Co,Cu;Nb, and Co,Cu;Nb,,
as examples of “CoCuNb” formulations. (B) Deviations of surface Co,
Cu, and Nb relative amounts (from XPS) to their corresponding
nominal amounts in bulk samples, defined as (6(1)uface — (i) nominal)/
S(1)nomina X 100%, where 5(i) represents the relative amount of an
atom. Co,Cu,; atomic surface deviations are added from ref 15.

and decomposition. Nominal amounts of Nb with x < 1 (for
Co/Cu ratios <2), which may have advantages when it comes
to increasing the selectivity of alcohol production, tend to
contain more NbO, instead. According to the classical concepts
provided by Tauster et al,”" the occurrence of reduced
oxidation states in metal oxides with variable stoichiometry is
mandatory to provoke SMSI behavior. An electron transfer
from reduced surface cations, Nb*" in our case, to the metallic
(CoCu) phase was invoked, possibly leading to the formation
of a Schottky barrier at the metal oxide/metal interface. The
occurrence of SMSI effects was also reported for Co/Nb,Og
catalysts in which Nb,O was used as a generic support material
and shown to transform into NbO, under reducing
conditions.>”

Another interesting observation from our XPS studies is
associated with the significant changes in the surface
composition when Nb amounts are added to “CoCu”.
Deviations of surface Co, Cu, and Nb amounts relative to the
corresponding nominal bulk composition are shown in Figure
4B (see Table S3 in the Supporting Information for a detailed
relative surface composition). Data were compared with those
of Co,Cu, published previously."> As can be seen, while the
surface abundance of Cu largely exceeds its bulk value in
Co,Cu,, the reverse is true for “CoCuNb”: both Co,Cu;Nb,
and Co,Cu;Nb, formulations show a large suppression in the
Cu surface abundance. Instead, a pronounced excess of Nb is
observed. This is in accordance with our TEM observations and
supports the view that NbO, aggregates tend to spread over the
metallic particle surfaces. It must be concluded that the Co@
Cu core—shell structure as present in “CoCu” binary™ and
“CoCuMn” ternary™ formulations are not maintained in
CoCuNbO,. We may also speculate that the intrinsic electron
transfer operating the SMSI effect involves Nb*" states in NbO,
and metallic Co, rather than Cu. A NbO,-induced Co
segregation would also be in accordance with Co,NbsO,, or
CoNb,O4 formation, as reported previously in studies with Co/
Nb,Oj catalysts.”*

B CONCLUSION

To summarize, we have demonstrated that ternary “CoCuNb”
catalysts prepared through the “oxalate route” show high
selectivity in C,—C; alcohol formation during CO hydro-
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genation. Quite different from a classical catalyst with metal
particles on a generic support, “CoCuNb” formulations show a
bimodal nanosized particle distribution. Co—Cu metallic
particles are larger than NbO, “spacer particles”. The range
extends from 25 to 40 nm and from 4 to 8 nm, respectively.
The smaller NbO, “spacers” not only enhance the BET specific
surface area significantly (from 20 to up to 120 m*/g) but also
cause the surface concentration of Co to increase relative to Cu
in “CoCu”. A 4+ oxidation state for Nb in NbO,, was identified.
Such NbO, particles tend to spread across the CoCu metallic
particles, thus giving rise to the possibility of an SMSI effect.

With respect to the catalytic CO hydrogenation performance,
“CoCuNDb” catalysts show that the total primary alcohol
selectivity (including CO,) reaches ~50 wt %, with the
combined primary alcohol/alkene selectivity hitting ~73 wt %.
The a-ASF chain lengthening probabilities for alcohols at
reaction temperatures between 180 and 240 °C demonstrate
that C,—C; primary alcohols attain up to 75% of the entire
alcohol slate. This performance feature is very different from
that obtained for our “CoCuMn”® and “CoCuMo”*° ternary
formulations, which targeted the optimization of long-chain
C3—Cy, alcohol production. CO conversion with all “CoCu’-
based catalysts under low-temperature reaction conditions
remains below 20%. While it may seem appropriate to develop
catalyst formulations providing higher activities, one has to
keep in mind the considerable exothermicity of the process and
the need to develop suitable means for managing the heat
removal from the reactor.
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