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ABSTRACT: The development of efficient catalysts for the direct synthesis of higher alcohols (HA) via CO hydrogenation has
remained a prominent research challenge. While modified Fischer−Tropsch synthesis (m-FTS) systems hold great potential, they
often retain limited active site density under operating conditions for industrially relevant performance. Aimed at improving existing
catalyst architectures, this study investigates the impact of highly dispersed metal oxides of Co-Cu, Cu-Fe, and Co-Fe m-FTS
systems and demonstrates the viability of ZrO2 as a general promoter in the direct synthesis of HA from syngas. A volcano-like
composition-performance relationship, in which 5−10 mol % ZrO2 resulted in maximal HA productivity, governs all catalyst families.
The promotional effect resulted in a 2.5-fold increase in HA productivity for the optimized Cu1Co4@ZrO2-5 catalyst (Cu:Co = 1:4,
5 mol % ZrO2) compared to its ZrO2-free counterpart and placed Co1Fe4@ZrO2-10 among the most productive systems (345 mgHA
h−1 gcat−1) reported in this category under comparable operating conditions, with stable performance for at least 300 h. ZrO2
assumes an amorphous and defective nature on the catalysts, leading to enhanced H2 and CO activation, facilitated formation of
metallic and carbide phases, and structural stabilization.
KEYWORDS: higher alcohol synthesis, CO hydrogenation, modified Fischer−Tropsch catalysts, Cu-Co, Cu-Fe, Co-Fe, zirconia, promotion

■ INTRODUCTION
Higher alcohols (HA) have a large economic value as
important building blocks in the chemical, pharmaceutical
and energy sectors.1−3 Currently, the majority of HA are
produced by sugar fermentation (ethanol and isobutanol) or
by hydration of petroleum-derived alkenes (heavier alco-
hols).4,5 The direct synthesis of HA from carbon oxides (CO2
or CO2-derived CO) and green hydrogen would present a
sustainable and desirable alternative, considering the urgent
need to reduce atmospheric CO2 concentrations.

6

Research on direct synthesis of HA from syngas (CO + H2)
has been steadily gaining momentum, with the general reaction
mechanism regarded as a combination of Fischer−Tropsch
synthesis (FTS) and methanol synthesis (MS) steps occurring
over distinct sites.7−9 CO is dissociatively adsorbed on FTS
functionalities forming CnHx* species for carbon chain growth
(C-C coupling), and nondissociatively adsorbed on MS ones as
CO*, which may be hydrogenated to form CHO*

species.10−13 Critically, the coupling of CnHx* with CO*/
CHO* species (CO insertion) to form CnHxCO*, and
subsequently the alcohol, necessitates a well-balanced pop-
ulation of both types of sites in close proximity.14 Metallic
copper is well-known for its high activity in MS and
hydrogenation ability, whereas cobalt and iron are reference
metals for FTS, as their carbide phases are known to be active
for carbon chain growth.10,11 Cu-Co and Cu-Fe-based systems
have thus been investigated for HA synthesis from syngas as
they integrate both functionalities.15−18 In these catalysts, HA
productivity is indeed tightly linked to a high interfacial
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density.19 However, the low solubility of Cu in Co and Fe
(<10 at. %, based on bimetallic phase diagrams19,20) usually
causes severe dealloying and sintering under reaction
conditions21 for catalysts exclusively formed by the two metals
(labeled as M1αM2β, with α:β denoting the molar metal ratio,
Figure 1). Families with enhanced solubility between metals

like the Co-Fe system have also been explored, with the belief
that the MS functionality is provided by Co carbides formed
during operation.22 In this case, performance is still limited by
the sintering of active metals, reducing the density of surface
sites.
The most commonly adopted strategy is the deposition of

nanoparticulated M1M2 on supports with confined porous
nanostructures like zeolitic imidazolate frameworks, carbon
nanotubes, or on high-surface area carriers, such as active
carbon, layered double hydroxides, and certain metal oxides
(MOx, oxide-supported catalysts denoted as M1αM2β/MOx,
Figure 1). Interactions between oxide supports and active
metal nanoparticles do not only stabilize the latter, but could
also induce surface reconstruction or confer promotional
qualities for intermediate formation in HAS, among other
general effects of structural and electronic nature.17,23,24

Increased dispersion or confinement of M1M2 particles by
large amounts of bulk MOx tends to reduce the degree of
sintering at the expense of a modest density of interfacial active
sites. More recently, reversing the traditional catalyst
architecture by dispersing the metal oxide (typically <20% of
the total composition) on the surface of active metals has
created alternative configurations with increased interfacial site
densities25−27 with promise mostly in model surfaces for
relatively simple reactions such as CO and CO2 methanation,
CO oxidation, water−gas shift and methanol synthesis.28−30

Inspired by these developments, we explore the potential of
using relatively low quantities of highly dispersed metal oxides
on the surface of bimetallic m-FTS catalysts (denoted by
M1αM2β@MOx-γ, where γ represents the molar MOx content,
Figure 1) as promoters in HAS. This research was first
developed for the most widely studied Co-Cu family and later
generalized to Cu-Fe and Co-Fe systems. Following the
development of a dedicated sol−gel synthesis strategy targeting
the desired architectures, the evaluation of various metal oxides
recommended ZrO2 for further studies toward optimized
compositions in all cases. As a result, the best ZrO2-promoted
M1αM2β@ZrO2-10 catalyst outperformed its unpromoted
M1αM2β and ZrO2-supported M1αM2β counterparts, exhibiting
no clear sign of deactivation for at least 300 h on stream.
Characterization efforts disclosed the amorphous and defective
nature of ZrO2 and its promotional role. Beyond increasing
surface area and structural stability, ZrO2 favors the evolution
of metal species toward metallic and cobalt carbide forms,
enabling more facile activation of H2 and CO.

■ EXPERIMENTAL SECTION
Catalyst Preparation. M1αM2β@MOx-γ catalysts with

molar M1:M2 ratios of α:β and MOx contents of γ mol %
(based on metals) were prepared via a sol−gel method4,30,31
(Figure 2). Appropriate amounts of metal precursors [Cu-
(NO3)2·3H2O (Sigma-Aldrich, 98%), Co(NO3)2·6H2O
(Sigma-Aldrich, 98%), Fe(NO3)3·9H2O (Sigma-Aldrich,
98%), and one of ZrO(NO3)2·3H2O (Acros Organics,
99.5%), Mg(NO3)2·6H2O (Sigma-Aldrich, 99%), Al(NO3)3·
9H2O (Acros Organics, 99%), Al(NO3)2)2·4H2O (Alfa Aesar,
98%), Zn(NO3)2·6H2O (Acros Organics, 98%) or Ce(NO3)3·
6H2O (Acros Organics, 99%)] required for a total concen-
tration of 1 M with the targeted nominal metal contents were
dissolved in 100 mL of ethanol (Fisher Scientific, 99.8%). For
CuαCoβ@MOx-γ, a 100 mL solution of 2 M oxalic acid (Acros
Organics, 98%) in ethanol was added dropwise to the metal
precursor solution under vigorous stirring (500 rpm) for 30
min at room temperature. The resulting gel containing a metal-
oxalate complex was separated from excess solvent by
centrifugation (6000 rpm for 10 min) and washed with 150
mL of ethanol twice. For CuαFeβ@MOx-γ and CoαFeβ@MOx-
γ, a 100 mL solution of 2 M L-(+)-tartaric acid (Sigma-Aldrich,
99%) in ethanol was added dropwise to the metal precursor
solution under vigorous stirring (500 rpm) for 12 h at room
temperature. The resulting gel containing a metal-tartrate
complex was separated from excess solvent by rotary
evaporation using a Büchi Rotavapor R-114 instrument at
323 K and 50 mbar. The colloids obtained were dried in a
vacuum oven at 373 K for 12 h and calcined in static air at 673
K (heating rate = 2 K min−1) for 3 h.

Figure 1. Catalyst architectures for bimetallic M1M2 catalysts
containing a variable fraction of a metal oxide (MOx) of either
zero, a small, or the largest fraction. α:β represents the molar M1:M2
ratio and γ the molar content of metal oxide.

Figure 2. Sol−gel synthesis procedure developed for M1αM2β@MOx-γ catalysts. Synthesis steps are detailed in the Experimental Section.
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ZrO2-supported M1αM2β catalysts were prepared by wet
impregnation. An aqueous solution containing appropriate
amounts of Cu(NO3)2·3H2O, Co(NO3)2·6H2O and/or Fe-
(NO3)3·9H2O was added dropwise to ZrO2 powder (Alfa
Aesar, 99%) at room temperature under stirring for 6 h. The
resultant solid was dried in a vacuum oven at 373 K for 12 h
and calcined in static air at 673 K (2 K min−1) for 3 h.

Catalyst Characterization. X-ray fluorescence spectros-
copy (XRF) was performed by using an Orbis Micro-EDXRF
spectrometer equipped with a Rh source operated at 35 kV and
500 μA and a silicon drift detector.
Nitrogen sorption was carried out using a Micromeritics

TriStar II physisorber employing the Brunauer−Emmett−
Teller (BET) method to calculate the surface area. Prior to the
measurements, samples were degassed under vacuum (10 Pa)
at 473 K for 4 h.
X-ray diffraction (XRD) was conducted using a Rigaku

SmartLab diffractometer with a D/teX Ultra 250 detector
using Cu Kα radiation (λ = 0.1541 nm) and operating in a
Bragg−Brentano geometry. Data were acquired in the 5−80°
2θ range with an angular step size of 0.025° and a counting
time of 1.5 s per step.
Temperature-programmed reduction with hydrogen (H2-

TPR) was performed at ambient pressure using a Micro-
meritics AutoChem HP II analyzer. Samples were loaded into a
quartz tube, dried at 423 K in Ar for 1 h (10 K min−1), and
cooled to 313 K (20 K min−1) in Ar. The temperature-
programmed reduction was then carried out using 5 vol % H2
in N2 (Messer) and increasing the temperature to 1073 K (5 K
min−1) with H2 consumption quantified by a thermal
conductivity detector (TCD).
Temperature-programmed desorption of CO (CO-TPD)

was performed by using a Micromeritics AutoChem HP II
analyzer coupled to a Pfeiffer OMNIStar mass spectrometer
(MS). Samples were loaded into a quartz tube, exposed to 5
vol % H2 in Ar at 623 K (5 K min−1) for 4 h to ensure
complete surface reduction, and then flushed with Ar.
Adsorption of CO was carried out using 5 vol % CO in He
at 313 K for 1 h, followed by flushing with Ar for 30 min. The
temperature-programmed desorption was then conducted in
Ar and the temperature was increased to 973 K (5 K min−1).
Temperature-programmed H2-D2 exchange was performed

using a Micromeritics AutoChem HP II analyzer coupled to a
Pfeiffer OMNIStar MS. Used samples were loaded into a
quartz tube, dried at 423 K in Ar for 1 h (10 K min−1), and
cooled to 313 K (20 K min−1) in Ar. The H2-D2 exchange
reaction was then carried out under 5 vol % D2 (Sigma-Aldrich,
99.8%) and 5 vol % H2 in N2 (Messer) and increasing the
temperature to 873 K (5 K min−1), with the outlet flow of H2,
D2 and HD quantified by online MS.
High-resolution transmission electron microscopy

(HRTEM) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images were
collected using an aberration-corrected JEM-ARM300F micro-
scope (GrandARM, JEOL) operated at 300 kV and a Talos
F200X instrument operated at an acceleration potential of 200
kV, respectively. Energy-dispersive X-ray (EDX) spectroscopy
and elemental mapping were carried out using a Talos
instrument equipped with four silicon drift detectors (SDD).
X-ray photoelectron spectroscopy (XPS) was performed

using a Physical Electronics (PHI) Quantum 2000 X-ray
photoelectron spectrometer featuring monochromatic Al Kα
radiation, generated from an electron beam operated at 15 kV

and 32.3 W and a hemispherical capacitor electron-energy
analyzer equipped with a channel plate and a position-sensitive
detector. Analyses were conducted at 2 × 10−7 Pa, with an
electron takeoff angle of 45°, operating the analyzer in the
constant pass energy mode. The energy scale of the instrument
was calibrated using Au and Cu as reference samples.

Catalyst Evaluation. A continuous-flow fixed-bed reactor
setup described in detail elsewhere32,33 was used for the direct
conversion of syngas to HA. Sieved powder catalyst between
0.3 and 0.6 mm in particle size was diluted by twice the catalyst
mass of quartz sand and loaded into the reactor. Prior to
catalyst activation, a leak test was conducted by increasing the
pressure to 5 MPa under an Ar (Messer, purity 5.0) flow. The
catalyst was activated in situ in dilute hydrogen to reduce
surface metal oxides, under a 40 cm3 min−1 flow of 50 vol % H2
(Messer, purity 5.0) in Ar at atmospheric pressure and a
temperature of 623 K (5 K min−1) for 4 h. After the reactor
was cooled to the reaction temperature (T) and pressurized to
the reaction pressure (P) under Ar flow, the reaction mixture
of CO (Messer, purity 5.0), H2, and Ar was fed into the
reactor. The standard reaction and feed conditions that were
selected for catalyst screening were T = 543 K, P = 5 MPa, and
GHSV = 24000 cm3 h−1 gcat−1 with a molar ratio of H2:CO:Ar
= 6:3:1. Kinetic investigations were additionally conducted in
the ranges of T = 473−573 K, P = 3−7 MPa, H2:CO = 1−3,
and GHSV = 6000−48000 cm3 h−1 gcat−1. The outlet stream
was sampled every 1 h and analyzed online by gas
chromatography (GC, Agilent 6890A), with calculations
performed taking average values of 3 measurements between
ca. 14 and 16 h on stream.
The CO conversion (XCO) was calculated using eq 1:

X
n n

nCO
CO,in CO,out

CO,in
=

(1)

where nCO,in and nCO,out are the inlet and outlet CO molar
flows, respectively.
The selectivity for product i (Si) was calculated using eq 2:

S
n N

n N( )
100%i

i i

i i

,out C,

,out C,
=

×
×

×
(2)

where ni,out and NC,i are the molar flow and the number of
carbon atoms in product i, respectively. The selectivity to HA
and hydrocarbons was obtained by summing the individual
selectivity to alcohols and hydrocarbons with 2 or more carbon
atoms.
The space time yield of HA (STYHA) expressed in mgHA h−1

gcat−1 was calculated using eq 3:

STY S MW
X n

mj jHA ,HA ,HA
CO CO,in

cat
= × ×

×
(3)

where mcat is the mass of the catalyst and MWj,HA is the
molecular weight of higher alcohols containing j carbon atoms.
Despite the disparity in the number of active sites between the
catalysts of different architectures and the current unfeasibility
of its quantification, a practically relevant comparison could be
made by normalizing HA productivity in terms of STYHA by
catalyst mass.
The carbon balance (δC) was determined according to eq 4

and showed always less than a 10% difference between the
reactant and product streams:
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n n N

n
100%i i

C
CO,in ,out C,

CO,in
=

×
×

(4)

■ RESULTS AND DISCUSSION
Basic Properties of M1αM2β@MOx-γ. M1αM2β@MOx-γ

catalysts were synthesized via a sol−gel method (Experimental
Section and Figure 2) which allowed both active metal centers
to be chelated by dicarboxylate ion ligands in a polymeric
network with an even metallic distribution.31 Pre-catalysts after
calcination in air consisted of a mixture of metal oxides (Figure
S1) with general properties detailed in Tables S1−S3. Molar
contents measured by XRF coincided within small variance
with nominal values, confirming the absence of metal leaching
during synthesis.

Impact of MOx Identity for CuαCoβ@MOx-γ Systems.
To simplify the discussion of performance trends for all three
families, the most widely studied Co-Cu combination is first
developed and later generalized to Cu-Fe and Co-Fe systems.
The identification of metal oxides with potential to act as
promoters was developed using the optimal α:β ratio for
CuαCoβ catalysts. For this, the performance of CuαCoβ
catalysts with variable α:β was first evaluated in the direct
conversion of syngas to HA at T = 543 K, P = 5.0 MPa, and
molar H2:CO = 2.0 (Figure 3a and Table S4). CO conversion
increased linearly with the increasing Co content as
dissociative adsorption and activation of CO are enhanced,
with STYHA peaking at 56 mgHA h−1 gcat−1 for Cu1Co4, before

the population of Cu sites expectedly becomes insufficient to
keep supporting performance gains.
Upon selection of the optimal α:β = 1:4, catalysts with 10

mol % metal oxide content (Cu1Co4@MOx-10) were prepared
and evaluated. Metal oxides including ZnO, MnO2, MgO,
CeO2, ZrO2 and Al2O3 were selected based on their broad
range of reducibility and acid−base properties. The analysis of
catalytic performance (Figure 3b and Table S5) suggests two
groups: ZnO, MnO2, and MgO yielded lower XCO and STYHA
values than MOx-free Cu1Co4, whereas CeO2, ZrO2, and Al2O3
provide superior ones. Apart from the methanol-favoring
Cu1Co4@ZnO-10 catalyst, overall product distributions were
similar for the other MOx, exhibiting selectivities toward HA
between 5 and 15% and selectivities toward hydrocarbons, the
major set of byproducts, generally exceeding 80%. CO
conversion follows ZnO < MnO2 < MgO < (Cu1Co4) <
CeO2 < ZrO2 < Al2O3. Since the outstanding XCO over
Cu1Co4@Al2O3-10 does not reflect a similarly high STYHA due
to its low SHA, Cu1Co4@ZrO2-10 offered the highest STYHA of
156 mgHA h−1 gcat−1 in this initial screening arising from its
compromise between XCO and SHA.
Basic characterization was performed to investigate the

superiority of ZrO2 over other oxides. HAADF-STEM images
with EDX elemental mapping of Cu1Co4@MOx-10 show that
Cu, Co, and MOx were generally highly dispersed in all
calcined samples with minor differences (Figure S2), with SBET
of all calcined Cu1Co4@MOx-10 samples exceeding that of
Cu1Co4 (Table S1). The correlation of STYHA with increasing
SBET (Figure 3c) and decreasing Co3O4 crystallite size (Figure

Figure 3. (a) Influence of the α:β ratio on catalytic performance for CuαCoβ catalysts. Reaction conditions: T = 543 K, P = 5.0 MPa, and H2:CO =
2.0. GHSV = 12000 cm3 h−1 gcat−1. Influence of MOx on (b) catalytic performance, (c) the relation between STYHA and SBET, and (d) STYHA
normalized by SBET (rHA) for Cu1Co4@MOx-10 catalysts. Reaction conditions: T = 543 K, P = 5.0 MPa, H2:CO = 2.0, GHSV = 24000 cm3 h−1

gcat−1. Error bars representing the standard deviation of 3 measurements at TOS between 14 and 16 h are shown. Trend lines are added to guide the
eye.
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S3 and Table S1) points to the notable role of the oxide in the
inverse architecture as a geometric spacer fostering the
formation of smaller Cu and Co oxide nanoparticles. Next,
we investigated whether this effect can entirely account for
trends in catalytic performance. Indeed, normalization of
STYHA by SBET (rHA) strongly suggested other effects at play
beyond geometric ones dependent on the identity of MOx that
are likely electronic and interfacial in nature (Figure 3d). After
these results, the CuαCoβ@ZrO2-γ family was selected for
further investigation.

Composition-Performance Trends for CuαCoβ@ZrO2-γ
Systems. The influence of ZrO2 content as well as Cu:Co
ratio on catalytic performance was studied to uncover
composition-performance trends shaping CuαCoβ@ZrO2-γ
systems. The impact of the ZrO2 content on catalytic
performance was first evaluated, revealing distinct volcano
relationships in both XCO and STYHA with maxima at γ = 10
mol % ZrO2 (Figure 4a and Table S6). HA productivity was
2.4 and 5.3−10 times higher than over the unpromoted
Cu1Co4 catalyst and ZrO2-rich Cu1Co4 catalysts prepared
either by traditional wet impregnation on commercial ZrO2 or
by the sol−gel method, respectively. For reference, pure ZrO2
was prepared by the same sol−gel method and showed no
conversion of CO. Figure 4b shows the influence of γ on the
BET surface area and crystallite sizes for Cu1Co4@ZrO2-γ
systems. Low contents (γ = 5−20 mol %) promote higher BET
surface areas and decreased crystallite sizes (Table S1 and
Figure S4), which expectedly enhanced the CO conversion and
productivity of HA.

The variation of catalytic performance with respect to Cu
and Co content was then investigated, with ZrO2 fixed at 5 mol
% (CuαCoβ@ZrO2-5). A volcano-like relationship between
performance and α:β emerged (Figure 4c and Table S7). The
monometallic extremes of Cu@ZrO2-5 and Co@ZrO2-5 were,
as expected, highly selective toward methanol and hydro-
carbons, respectively, with negligible HA productivity.
Performance largely increased, however, for Cu1Co4@ZrO2-5
(SHA = 21.9%, STYHA = 135 mgHA h−1 gcat−1), confirming the
optimality of the Cu:Co ratio of 1:4 chosen to identify the best
oxide promoter (Figure 3). Values for α:β below the optimal
1:4 resulted in increasing XCO and favored production of C1
byproducts, namely, CH4 and CO2. The alcohol distribution
was slightly influenced by α:β (Figure 4d), as the proportion of
longer-chained (notably C5+) alcohols increases with the
relative Co content, which could be attributed to enhanced
dissociative adsorption of CO and the resultant coupling
between generated CHx* species.34 As the best compromise
between high activity and HA selectivity, Cu1Co4@ZrO2-5 was
selected for further characterization and kinetic investigations.
The influence of operating temperatures, pressures, molar

H2:CO feed ratios, and GHSV on HAS over the optimal
Cu1Co4@ZrO2-5 was systematically explored (Figure 5 and
Table S8). An increase in reaction temperature expectedly
raised XCO at the expense of SHA (Figure 5a) due to the
exothermicity of alcohol formation. Arrhenius plots (Figure
S5) gave access to apparent activation energies in the vicinity
of 50 kJ mol−1 for the formation of methanol, alkenes, and HA,
compared to around 80 kJ mol−1 for methane and alkane

Figure 4. Influence of γ on (a) catalytic performance and (b) SBET and crystallite sizes as determined by XRD analysis for Cu1Co4@ZrO2-γ
catalysts. Systems with γ = 0 mol % and γ = 90 mol % are equivalent to Cu1Co4 and supported Cu1Co4/ZrO2-90 systems, respectively. Influence of
the α/β ratio on (c) catalytic performance and (d) alcohol distribution for CuαCoβ@ZrO2-5 catalysts. Reaction conditions: T = 543 K, P = 5.0
MPa, H2:CO = 2.0, GHSV = 24000 cm3 h−1 gcat−1. Error bars representing the standard deviation of 3 measurements at TOS between 14 and 16 h
are shown. Trend lines are added to guide the eye.
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formation. These results were overall lower than those
reported for supported Co-Cu catalysts likely due to different
reaction conditions.35 Of note, the decrease in XCO upon
increasing total pressure (Figure 5b) seemingly contradicts Le
Chatelier’s principle and previously reported results,33 possibly
associated with changes in surface H*/CO* coverage or
pressure-induced phase and structural evolution.24 Lowered
residence time by increasing GHSV expectedly enhanced SHA
at the expense of XCO (Figure 5c), also increasing selectivity
toward methanol and alkenes, reducing that toward alkanes.
This arguably hints at faster kinetics in CO insertion steps into
CHx* yielding HA than in hydrogenation steps forming
alkanes, and decreased residence times favoring desorption of
intermediates toward HA formation.33 Finally, increasing the
molar H2:CO feed ratio enhanced XCO and the selectivity
toward paraffins due to the greater availability of H2, but
reduced the selectivity toward methanol and HA36 (Figure
5d), with low H2:CO = 1.0−1.5 proving optimal for SHA and

STYHA. Exploiting the knowledge gained from this kinetic
study, the stability of Cu1Co4@ZrO2-5 was assessed in a 300 h
catalytic run under optimized reaction conditions (T = 548 K,
P = 5.5 MPa, H2:CO = 1.5, and GHSV = 36000 cm3 h−1 gcat−1,
Figure 5e). A first equilibration period of about 50 h led to
stable XCO = 9% and STYHA = 220 mgHA h−1 gcat−1. A constant
SHA of 21% was kept throughout (Figure S6), showing a lack of
apparent catalyst deactivation beyond the initial reaction-
induced structural changes.

Composition-Performance Trends for CuαFeβ@MOx-γ
and CoαFeβ@MOx-γ Systems. The suitability of ZrO2 as a
promoter also applied to the other two bimetallic catalyst
families, namely, CuαFeβ@MOx-γ and CoαFeβ@MOx-γ, given
the generally superior performance of the promoted catalysts
containing ZrO2 compared to other MOx (Tables S9 and S10).
An analogous investigation to the case of Cu-Co catalysts for
the bimetallic α:β ratio (Figures S7 and S8, Tables S11 and
S12) and the ZrO2 content γ (Figure 6 and Tables S13 and

Figure 5. Influence of (a) temperature, (b) pressure, (c) space velocity, and (d) H2:CO ratio on catalytic performance for the Cu1Co4@ZrO2-5
catalyst. Reaction conditions: T = 543 K, P = 5.0 MPa, H2:CO = 2, GHSV = 24000 cm3 h−1 gcat−1. Error bars representing the standard deviation of
3 measurements at TOS between 14 and 16 h are shown. (e) Stability test over Cu1Co4@ZrO2-5. Reaction conditions: T = 548 K, P = 5.5 MPa,
H2:CO = 1.5, GHSV = 36000 cm3 h−1 gcat−1. Trend lines are added to guide the eye.
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S14) revealed Cu1Fe2@ZrO2-10 and Co1Fe4@ZrO2-10 as the
best performers in their respective families. Given the higher
catalytic performance of the Cu1Fe2 and Co1Fe4 catalysts,
however, the relative improvement in STYHA provided by the
addition of ZrO2 is not as extreme as that observed in Cu1Co4
catalysts (Figure 7a), but the performance advantages of the
ZrO2-promoted architecture compared to that of the
unpromoted and supported ones are nonetheless clear in all
three bimetallic families regardless of the active metal pairing.
Similarly, by optimizing reaction conditions (Tables S15 and

16), a remarkable STYHA of 279.0 mgHA h−1 gcat−1 (SHA =
20.5%) and 345.3 mgHA h−1 gcat−1 (SHA = 23.2%) were attained
for Cu1Fe2@ZrO2-10 and Co1Fe4@ZrO2-10, respectively, for
at least 350 h on stream (Figures S9 and S10).
In the context of existing m-FTS catalysts reported in the

literature under comparable operating conditions (Tables
S17), the best performing catalysts herein reported compare
favorably in terms of both STYHA and SHA (Figure 7b).

Insights into the Nature and Role of ZrO2. Since
relatively low ZrO2 contents in M1αM2β@ZrO2-γ catalysts were
sufficient to significantly enhance catalytic performance
beyond geometric effects, the Cu1Co4@ZrO2-5 catalyst was
first thoroughly characterized to explore electronic and

interfacial effects associated with ZrO2 in promoted Cu-Co
catalysts, followed by an analogous extension to the Cu-Fe and
Co-Fe families.
The first step was to visualize metal and ZrO2 distributions

and compare them with their unpromoted and supported
counterparts (Figure 8). HAADF-STEM coupled with EDX
mapping of used Cu1Co4@ZrO2-5 samples (Figures 8b and
S11) feature well-dispersed ZrO2 ranging from clusters to
larger islands up to several nanometers in size covering small,
evenly distributed Cu and Co nanoparticles. These ZrO2
regions are likely to be highly amorphous, owing to the
absence of diffraction peaks pertaining to crystalline ZrO2
polymorphs in the XRD profiles at all contents below 20 mol %
(Figures S1 and S12). A high interfacial density between Cu
and Co nanoparticles and ZrO2 is also visible, in line with the
structural promotion effect shown in Figure 4b. It is reasonable
to think that this distribution, where ZrO2 can act as a barrier
phase between metal domains, may hinder sintering (Figure
S13). Elemental maps also revealed that ZrO2 addition
enhances metal dispersion compared to that in the
unpromoted case (Figures 8a and S14) and density of ZrO2-
metal interfacial sites compared to the supported system
(Cu1Co4/ZrO2-90, Figure 8c). Additionally, STEM-EDX

Figure 6. Influence of γ on catalytic performance for (a) Cu1Fe2@ZrO2-γ and (b) Co1Fe4@ZrO2-γ. Reaction conditions: T = 523 K, P = 5.0 MPa,
H2:CO = 2.0, GHSV = 24000 cm3 h−1 gcat−1. Error bars representing the standard deviation of 3 measurements at TOS between 14 and 16 h are
shown. Trend lines are added to guide the eye.

Figure 7. (a) Influence of ZrO2 content on normalized STYHA for M1M2@ZrO2 catalysts. (b) Comparison of STYHA and SHA of M1M2@ZrO2
catalysts at individually optimized reaction conditions with those of representative m-FTS catalysts previously reported in the literature (Table
S17). (1) Co1Fe4@ZrO2-10, reaction conditions: T = 518 K, P = 5.5 MPa, H2:CO = 1.5, and GHSV = 48000 cm3 h−1 gcat−1. (2) Cu1Fe2@ZrO2-10,
reaction conditions: T = 503 K, P = 5.5 MPa, H2:CO = 1.5, GHSV = 36000 cm3 h−1 gcat−1. (3) Cu1Co4@ZrO2-5, reaction conditions: T = 548 K, P
= 5.5 MPa, H2:CO = 1.5, GHSV = 36000 cm3 h−1 gcat−1. (4) Co1Fe4@ZrO2-10, reaction conditions: T = 473 K, P = 5.0 MPa, H2:CO = 2.0, GHSV
= 24000 cm3 h−1 gcat−1.
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images further showed a much higher dispersion for Cu than
for Co in the supported case, possibly due to different metal-
ZrO2 interaction strengths,37 again leading to inferior
proximity of intermetallic sites. Interestingly, for Cu1Co4@
ZrO2-90, both Cu and Co elements were highly dispersed on
ZrO2 and no visible particles were observed (Figure S15).
However, the STYHA of Cu1Co4@ZrO2-90 was only half of
Cu1Co4/ZrO2-90 (Table S6), due to particle size effects critical
in FTS-like reactions.13 These initial observations suggested
that the superior density and nature of Cu-Co-ZrO2 interfacial
sites in the ZrO2-promoted architecture could be key features
worthy of further investigation.
The well-studied role of ZrO2 in hydrogenation catalysts

recommended a careful evaluation of its effect on the
interaction of catalysts with hydrogen.38 The influence of γ
in the response of Cu1Co4@ZrO2-γ catalysts to H2-TPR
analyses was performed to evaluate copper and cobalt oxide
reducibility (Figure 9; Figure S16 shows the H2-TPR analysis

for pure CuO and Co3O4 references). For γ = 0−20 mol %,
increasing γ shifted metal oxide reduction peaks Tpeak (CuO to
metallic Cu, Figure 9a, Co3O4 to CoO and subsequently
metallic Co, Figure 9b) toward lower temperatures, indicating
more facile reduction in the presence of ZrO2. This
observation is aligned with the direct relation between γ and
the alkane:alkene ratio observed in the product stream (Figure
S17). These results suggest that ZrO2 might influence the H*
coverage and hydrogenation activity, phenomena similarly
hypothesized for methanol synthesis.39 Temperature-pro-
grammed H2-D2 exchange experiments40 (Figure 10) further
demonstrate the improved H2 activation ability of Cu1Co4@
ZrO2-10 compared to Cu1Co4, with the exchange temperature
of the former (onset of HD formation) occurring more than 20
K lower, signifying more facile H2 and D2 splitting and
recombination. Noticeably, increasing γ from 20 mol % to
beyond 50 mol % does not result in further reducibility
changes (Figure 9d). Instead, new signals pointing to less facile

Figure 8. STEM-EDX elemental mapping and TEM images after reaction obtained from catalysts with α:β = 1:4 with varying ZrO2 contents: (a)
Cu1Co4, (b) ZrO2-promoted Cu1Co4@ZrO2-5, and (c) supported Cu1Co4/ZrO2-90. Scale bars represent 50 nm for elemental maps and 20 nm for
TEM images.
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reduction of additional oxidic phases emerge (Figure 9c) that
are tentatively associated with interfacial sites comprising Cu,
Co, and larger and likely more crystalline ZrO2 domains, where
electron transfer between Cu/Co and ZrO2 could lead to the
reduction and formation of small Cu or Co particles stabilized
by ZrO2 as well as the generation of surface oxygen vacancies
in ZrO2.

37,41

A step further, the analysis of chemical states disclosed
unique properties of the ZrO2-promoted catalyst architecture.
Ex situ XPS analyses of the used Cu1Co4@ZrO2-5, Cu1Co4,
and Cu1Co4/ZrO2-90 catalysts were performed to capture the

main surface electronic features of these systems (Figure 11).
Common features for all Cu1Co4-based catalysts can be found
on the copper and carbon regions. Cu LMM spectra showed
characteristic peaks at BE = 570.5 and 567.8 eV for Cu1+ and
Cu0 species, respectively, likely reflecting a partial surface
reoxidation upon exposure to air after reaction for all samples.
No signals attributed to Cu2+ were detected in the Cu 2p
spectra (Figure S18). For C 1s spectra, the peak at 289.0 eV
could be assigned to −COO or −C�O groups in organic
acids or aldehydes42 possibly arising from reaction inter-
mediates remaining strongly bound to the catalyst surface.

Figure 9. Influence of γ on the response to H2-TPR analysis for Cu1Co4@ZrO2-γ catalysts. Signals used to deconvolute experimental profiles
correspond to the reduction of (a) Cu oxide; (b) Co oxides; and (c) additional Cu-Co-ZrO2 oxidic phases. (d) Influence of γ on the phase
reduction peak temperature, Tpeak.

Figure 10. Temperature-programmed H2-D2 exchange profiles for (a) Cu1Co4 and (b) Cu1Co4@ZrO2-10, with the exchange temperature (at the
onset of HD formation) marked.
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More importantly, two notable features distinguish the
ZrO2-promoted catalyst from its unpromoted and supported
counterparts. Deconvolution and assignment of the Co 2p
signal of the Cu1Co4 catalyst (Figure 11a) showed three
characteristic peaks around 786.7, 781.0, and 778.3 eV, which
can be ascribed to satellite, Co2+, and metallic Co species,
respectively. Of the two possible assignments for the Co2+
species, CoO and Co2C, the latter was deduced to be present,
in line with the peak at around 283.2 eV of the C 1s spectrum
assigned to Co2C. XRD measurements of used Cu1Co4
catalysts (Figure S10) further show characteristic peaks
pertaining to Co2C without the presence of CoO. However,
for the Cu1Co4@ZrO2-5 catalyst, only satellites and Co2C were
detected and not metallic Co (Figure 11b), hinting that the
presence of low contents of ZrO2 promotes carbide formation
from metallic Co (as metallic Co was the main phase observed
for freshly reduced catalysts from Figures S4 and S19).
Meanwhile, for the ZrO2-supported Cu1Co4 catalyst, only CoO
was observed (Figure 11c).
The second distinctive feature of the ZrO2-promoted system

is associated with metal−support interfaces. The deconvolu-
tion of the signal obtained in the Zr 3d region for the
Cu1Co4@ZrO2-5 catalyst (Figure 11b) necessitates the
assignment of a secondary signal (BE = 180.6 eV) besides
the one associated with the lattice Zr4+ (BE = 181.8 eV), that

could be assigned to a lower oxidation state species (denoted
Zrδ+) not present in the supported catalyst (Figure 11c).28

This observation was matched in the O 1s spectrum, where an
additional signal (BE = 528.6 eV) needed for deconvolution
could be ascribed to polarized oxygen atoms in the vicinity of
interfacial oxygen vacancies between ZrOx and Cu or Co
species. Based on this, surface ZrOx species in the Cu1Co4@
ZrO2-5 catalyst are likely to be defective at its interface with
metals and different from bulk ZrO2 in supported catalysts.
From the XPS results of the reduced catalyst (Figure S19),
partial reduction to ZrOx may occur during catalyst pretreat-
ment in H2. Since CO-TPD profiles (Figure S20) indicated
more favorable CO adsorption on the ZrO2-promoted catalyst
than on the unpromoted and supported counterparts based on
integral areas under the curves, we hypothesize that the high
population of defects over the ZrOx phase may also foster CO
capture and activation.28

The General Promotional Effect of Zirconia. The newly
obtained knowledge pertaining to the structural and electronic
roles of ZrO2 can be generalized to include the CuαFeβ@ZrO2-
γ and CoαFeβ@ZrO2-γ families. Similar structural motifs
appear in the HAADF-STEM and TEM images of Cu1Fe2@
ZrO2-10 (Figures 12a and S21) and Co1Fe4@ZrO2-10
(Figures 12b and S22), showing a common architecture with
highly dispersed ZrO2 in contact with small active metal

Figure 11. XPS spectra around indicated regions after reaction obtained from catalysts with α:β = 1:4 with varying ZrO2 contents: (a) Cu1Co4, (b)
ZrO2-promoted Cu1Co4@ZrO2-5, and (c) supported Cu1Co4/ZrO2-90. Signals used to deconvolute experimental spectra correspond to indicated
species.
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nanoparticles. Meanwhile, the presence of ZrO2 reduced the
particle sizes and crystallinity of the metal oxide precursors
(Figures S23 and S24). Along with evidence of Co and/or Fe
carbide formation (Figures 13a, S25 and S26), the defective
nature of ZrO2 in both cases is corroborated by the presence of
the corresponding deconvoluted peaks in the XPS spectra
(Figure 13b,c), this is notably implying that such a favorable
feature of the oxide is not limited to a specific metallic
combination with which it interacts but possibly a general
property of zirconia in promoted catalysts. This may lead to
similar behaviors in terms of reactant activation. As with
Cu1Co4@ZrO2-γ, the increase in iron oxide reducibility in H2-
TPR experiments on Cu1Fe2@ZrO2-γ (Figures 13d and S27)
and Co1Fe4@ZrO2-γ (Figures 13e and S28) catalysts upon
increasing γ hints at improved hydrogen activation in the
presence of ZrO2. The contrasting trends in CuO reducibility
in Cu1Fe2@ZrO2-γ and Co3O4 reducibility in Co1Fe4@ZrO2-γ
may originate from the differing nature of Cu and Co in
interaction with Fe, being less favorable for the former leading
to more apparent Cu segregation and lowered Cu-Fe interfacial
area, while Co-Fe alloying is possible.
In contrast to the more commonly reported supported metal

catalysts, the presence of low quantities of metal oxide on
active metals is a shared characteristic among all of the families
investigated. Rodriguez et al. initially introduced the term
“inverse catalyst” for model systems exhibiting layers of metal
oxides on flat metal surfaces.25−27 Subsequently, this term has
been extended to describe more realistic catalysts in the related

water−gas shift and methanol synthesis reactions, among other
applications.28−30 However, the precise boundaries in terms of
composition and physical or catalytic properties of this concept
remain elusive, precluding a clear distinction from the
established concept of promotion of bulk metal catalysts by
metal oxides. In our view, the term “inverse catalyst” may
appropriately describe the general architecture involving
relatively low amounts of oxides dispersed on bulk metals,
whereas the term “promoted” would imply enhanced perform-
ance relative to the oxide-free bulk metals. As such, all catalysts
examined in Figure 3b exhibit an “inverse” architecture, but
only CeO2, Al2O3, or ZrO2 would act as promoters.
The promotional effect of zirconia is a clear and common

outcome and provides indirect insights on the resultant impact
of various structural features on reactant activation (Figure
14). In the optimal catalysts containing up to 10 mol % of
ZrO2, defect-rich amorphous ZrO2 in intimate contact with
Cu-, Co-, and Fe-containing phases may promote H2 activation
at metal−support interfacial sites, enhancing surface H*
coverage. The activation of CO, whether dissociative or
nondissociative, may also be enhanced boosted by the more
facile carbide formation.43,44 A high density of interfacial sites
between ZrO2 domains and Co, Cu, or Fe with a low tendency
to sinter may favor coupling of adsorbed intermediate species,
increasing the rate of HA production. Deeper understanding of
oxide-metal interactions will require accurate quantification of
the density of metal-zirconia interfacial sites, assessing the
unequal interactive nature and strength between Cu-ZrO2, Co-

Figure 12. STEM-EDX elemental mapping and STEM images of (a) Cu1Fe2@ZrO2-10 and (b) Co1Fe4@ZrO2-10. Scale bars represent 50 nm in
all images.
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ZrO2, and Fe-ZrO2, and monitoring of catalyst surface
dynamics using operando characterization techniques. While
we have demonstrated the benefits of zirconia promotion as a
general characteristic of all three families studied here, further
work on the exploration of “inverse” architectures in HAS may
reveal even more pronounced promotional effects.

■ CONCLUSIONS
This work presents the viability of small amounts of highly
dispersed metal oxide on metal particles acting as activity and
selectivity promoters in higher alcohol synthesis from syngas
and shows its generality after revealing parallel features for Cu-
Co, Cu-Fe, and Co-Fe systems. Upon developing a scalable
synthetic route, this study revealed ZrO2 displaying the largest

potential over a variety of oxides. Volcano-like composition-
performance trends applicable to all families identified 5−10
mol % ZrO2 and different metal ratios (Cu:Co = 1:4, Cu:Fe =
1:2, Co:Fe = 1:4) as optimal compositions. These catalysts
demonstrate superior performance; for instance, Cu1Co4@
ZrO2-5 achieved, respectively, two and five times higher HA
productivity compared to unpromoted and supported counter-
parts with no sign of deactivation for at least 300 h on stream,
while Co1Fe4@ZrO2-10 showed the highest selectivity to HA
of 31.8% and highest STYHA of 345 mgHA h−1 gcat−1, exhibiting
the highest productivity reported under comparable con-
ditions. Extensive characterization reveals unique catalytic
properties associated with the architecture of ZrO2-containing
catalysts, primarily attributed to the multifaceted roles of

Figure 13. XPS spectra of used Cu1Fe2@ZrO2-10 (above) and Co1Fe4@ZrO2-10 samples (below) for (a) C 1s, (b) O 1s and (c) Zr 3d regions.
Signals used to deconvolute experimental spectra correspond to indicated species. Influence of ZrO2 content on the phase reduction peak
temperature (Tpeak) of (d) Cu1Fe2@ZrO2-10 and (e) Co1Fe4@ZrO2-10. The values of Tpeak were extracted from the H2-TPR results in Figures S25
and S26.

Figure 14. Overview of structural and catalytic features characteristic of zirconia-containing M1M2 catalysts for the analyzed architectures.
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zirconia. The zirconia promoter exhibits an amorphous and
highly defective nature, leading to enhanced surface area, metal
carbide formation, H2 activation, and CO adsorption while also
contributing to structural stability. These findings open up new
pathways for future advancements in catalyst development for
higher alcohol synthesis.
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