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The role of Cu:Co composition in bi-metallic Cu-Co/ZnAl,O, catalysts on higher alcohol synthesis (HAS) was investi-
gated at H,:CO = 4. The addition of Cu strongly facilitated Co reduction upon catalyst activation and suppressed coke
deposition during HAS. Formation of predominantly hydrocarbons and higher alcohols was observed on the bi-metallic
catalysts. Co/ZnAl,O, produced mainly CH, and Cu/ZnAl,0O, mainly CH3;0H, while at Cu:Co = 0.6 the best ethanol se-

lectivity of 4.5 % was reached. The microstructure of the spent catalysts confirmed a close interaction of Cu and Co.
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Introduction ity, but it usually exhibits a high selectivity to hydrocarbons,

Fischer-Tropsch synthesis (FTS) is an established process
technology, based on reformed natural gas, with a high
potential towards the reduction of the CO, footprint if bio-
gas or CO,-reforming of natural gas are used as sources of
synthesis gas [1,2]. Advantages of this process lie in the
possibility to tune the octane/cetane number of combustion
fuels and to synthesize higher alcohols [3].

The FTS can be distinguished into the high temperature
(300°C-350°C, ~30bar) and the low-temperature process-
es (200 °C-250°C, ~30bar) [4-6]. For the low-temperature
process Co-based catalysts are typically used, yielding long-
chain hydrocarbons, which enables a further product
upgrade by a cracking process [4,7]. Methane and carbon
dioxide, formed by the consecutive water-gas shift reaction,
are low-value products and therefore undesired in the FTS
process [4,6]. In addition to synthetic fuel production, the
higher alcohol synthesis (HAS) has received increasing atten-
tion, because such alcohols can be used as feedstock chemi-
cals for several applications in the chemical industry [8].

Iron, cobalt and ruthenium are typical FTS-active metals.
Because of the high price for ruthenium and the kinetic in-
hibition of iron by the coupled product water, cobalt seems
to be a promising and cost-effective candidate also for HAS
(Eq.(1)) [4,6]. Further advantages of Co are the high
activity in the low-temperature process as well as the stabil-
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which is desired in conventional FTS, but not in HAS [4, 6].
To shift the product selectivity from hydrocarbons to higher
alcohols, especially for carbon monoxide-rich synthesis gas,
the combination of Co and Cu has been identified as prom-
ising [8].

n CO + 2n Hy — C,Hy,.OH + (n — 1) H,O (1)

According to a simplified picture of the current knowl-
edge [2,3,9,10], the dissociative adsorption of CO on a
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cobalt surface enables a chain growth mechanism, which is
important for long-chain products, but simultaneously
increases possible catalyst inhibition by coke formation.
Introducing Cu into a Co catalyst can increase the activity
to alcohols, primarily to methanol, which is the major prod-
uct on pure Cu catalysts, and iso-butanol because of the
associative adsorption of CO and hydrogen spill over.
Methane is a typical by-product as the optimum binding
energies of the adsorbed intermediates in the methane and
ethanol formation reactions are similar. Thus, methane for-
mation will be hard to exclude in the HAS. Because of the
higher exothermicity of the ethanol formation (Eq.(2)) and
the higher molar reduction compared to methanation
(Eq.(3)), low temperature and moderate pressure should
thermodynamically favor the ethanol selectivity. Additional-
ly, formed methanol can also act as an in situ synthesized
carbon source, facilitating the formation of higher alcohols
[11-13].
Ethanol:

2 CO +4 H, —» C,H;0H + H,0  A,H° = —253.6 k] mol~!
(2)
Methane:

CO+3 H2 = CH4 + Hzo ArHO = 205.9 k] molfl (3)

Theoretically, a Cu-Co alloy could balance the dissocia-
tive CO adsorption on the Cu-Co surface to enable chain
growth and the associative adsorption of CO to enable con-
servation of the C-O bond [11, 12]. However, according to
the phase diagram, Cu and Co do not form an alloy at tem-
peratures below 600°C [14], leading to segregation of the
two metals. The controlled formation of alcohols instead of
hydrocarbons with a cobalt-based catalyst thus poses a
complex challenge and requires fine-tuning of the catalyst,
its composition and microstructure [11]. It has been shown
that nanosized alloy formation may occur during reduction,
when Cu and Co are in close contact in a pre-catalyst phase,
like in a CuCoMo catalyst [15] or in a CuCoAl catalyst
derived from an ex-hydrotalcite precursor phase [16].

An early study on alkali metal-promoted CuO/CoO/
Cr,0; catalysts in HAS reported that pure copper catalysts
produced methanol, whereas a Cu-rich Cu-Co/Cr,0j3 cata-
lyst changed the selectivity to hydrocarbons or to higher
alcohols, depending on the chromium concentrations. On
Co-rich CuO/CoO/Cr,05 catalysts, rather the formation of
hydrocarbons was favored [17]. These results already estab-
lished the composition dependency of selectivity on a ter-
nary catalyst component such as chromium. Addition of
zinc is known to have an enormous effect on methanol
synthesis on copper-based catalysts being able to tune the
reactant selectivity between carbon monoxide and dioxide
[18], but the presence of zinc in Cu-Co tri-metallic catalysts
for HAS is not studied to an extent comparable to methanol
synthesis. So far it is well understood that ZnO acts as
a steric promoter preventing sintering and suppresses
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methane formation due to intermediate stabilization in
CuCoZnAl containing catalysts. Additionally, ZnO has a
positive effect on the selectivity towards alcohols and limits/
mitigates the cobalt carbide formation [19-22].

To enable the close contact between copper and cobalt,
the incorporation of zinc, and at the same time the stabiliza-
tion of the metallic phases in high dispersion thus avoiding
deactivation by sintering effects, catalyst synthesis from a
co-precipitated hydrotalcite precursor phase is a suitable
method as has been previously demonstrated for CuCoAl
[16]. In such single-source precursors, the joint cationic
lattice of divalent copper, cobalt and zinc in one crystalline
hydrotalcite phase enables the homogeneous distribution of
the catalytically active species. In addition, a trivalent metal
cation is needed to allow crystallization of the hydrotalcite
structure [23]. Using AP** in a Zn:Al atomic ratio of 1:2 will
formally give rise to a Cu-Co/ZnAl,O, composition of the
resulting catalyst after calcination and reduction of the
hydrotalcite precursor. Aluminum as trivalent cation was
previously discussed to enhance the catalyst performance
due to the presence of stabilized Cu" species, which could
be beneficial for the associative adsorption of CO [24]. The
presence of basic sites, like surface OH groups or low coor-
dinated O™ sites, in a CuCoAl catalyst is expected to lead to
the formation of formate species, which could be an impor-
tant intermediate for higher alcohols, as it is known from
copper in methanol synthesis [11, 24-26]. Zinc promotes
the formation of methanol from formate, which leads to the
question whether the addition of zinc oxide to the ALO;
catalyst support (forming a ZnAl,O, spinel), can also pro-
mote the formation of higher alcohols.

To address these questions, the group of Muhler investi-
gated a hydrotalcite-derived catalyst series with systemati-
cally varied molar Cu:Co ratios from 1.4 to 3.6 and its cata-
lytic performance in an equimolar H,:CO synthesis gas at
60bar and 280°C [10]. Copper enrichment resulted in a
decreased conversion, but an increased selectivity towards
methanol and ethanol and a moderate selectivity to hydro-
carbons (below 50 % in total) [10]. In comparison, a zinc
oxide-free catalyst has reached a higher CO conversion
(36.2 % without Zn vs. 2.2 % with Zn) but accompanied by
a simultaneously increased methane and methanol selectiv-
ity [10,24].

In this study, we present a series of cobalt-rich Cu-Co
/ZnAl,O, catalysts that have been synthesized by a co-pre-
cipitation of hydrotalcite-based precursors and are com-
pared to pure cobalt or copper reference catalysts. The per-
formance of the catalysts has been investigated in the CO
hydrogenation at lower pressure, decreased gas hourly space
velocity (GHSV) and an increased hydrogen-to-carbon
monoxide ratio compared to the study of Muhler and
co-workers hypothesizing that these conditions could be
beneficial for the higher alcohol yield on a zinc-promoted
copper-cobalt catalyst [10, 24]. It was suggested that the en-
hanced catalyst-reactant contact time supports the chain
growth resulting in heavier HAS products. The increased
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water partial pressure could promote HAS by suppressing
hydrocarbon formation and enable simultaneously the HAS
via a formate mechanism by an in situ established water-gas
shift cycle [27,28]. In addition, our catalysts contained zinc
and aluminum in a stochiometric composition to form a
stable spinel structure and thereby suppressing the incorpo-
ration of the catalytically active copper and cobalt species
into a spinel structure. With such a ZnAl,O, support the
zinc promotion compared to “free” zinc oxide will be mod-
erated to mitigate the above-described dramatic breakdown
of conversion, which may be related by active surface cover-
age with zinc species due to strong metal support interac-
tion [29]. Finally, the hydrogen-enriched carbon monoxide
synthesis gas was expected to avoid hydrogen becoming
limiting and to suppress coke formation. This work
addresses the effect of the Cu:Co ratio in such ZnAl,O4-
supported catalysts on the selectivity and coking behavior
in HAS.

2 Experimental Section
2.1 Catalyst Synthesis and Characterization

2.1.1 Co-Precipitation of Hydrotalcite Precursors and
Synthesis of Mixed Metal Oxides (MMOs)

The investigated precursor samples [(Co; Cuy);ZnAl,
(OH)6]CO; - m HyO with x = ncy/(ncy+nc,) were synthe-
sized via co-precipitation according to Chakrapani et al.
[30] in an automated stirred tank reactor (OptiMax 1001)
from Mettler Toledo. Before co-precipitation was carried
out, the reactor was filled with 200 mL deionized water and
heated to 50 °C. The precipitation was carried out at a pH
of 8.5 from a 0.4 M metal nitrate solution, prepared from
metal nitrate salts with a purity > 98 % (see also Tab. S1 in
the Supporting Information), under stirring (300 rpm) and
with a dosing rate of 2.08 gmin™'. As precipitation agent a
0.6 M sodium hydroxide and 0.09 M sodium carbonate con-
taining solution was used. After precipitation was per-
formed, the ageing process started without any pH control
at the same temperature (50°C) for 1h in the mother
liquor. Afterwards, the precipitate was collected and washed
several times with deionized water to remove excess ions
until the conductivity of the washing water was less than
100 uScm™ as measured with an immersion probe. The
recovered powder was dried in a desiccator for three days
under vacuum. Next, the dried precursor materials were
calcined at 350°C with a heating ramp of 2°Cmin™" in
static air in a muffle furnace. The temperature was held for
3h.

2.1.2 Characterization of Precursors, MMOs and
Spent Catalysts

X-ray powder diffraction (XRPD) patterns of the calcined
pre-catalysts and spent catalysts after CO hydrogenation

www.cit-journal.com

© 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

were recorded with Mo-K,; radiation on a Stadi-P from
STOE, equipped with a Johansson-type germanium (111)
monochromator and a MYTHEN 1 K detector. Line posi-
tions were calibrated against Silicon (NIST SRM 640d). The
diffraction patterns were recorded at room temperature in
the range of 3° to 36° 20. The patterns of the precursors
samples after co-precipitation were recorded on a Bruker
D8 advance with Cu-K, radiation and a LYNXEYE XE-T
detector. The patterns were recorded in Bragg-Brentano
geometry at room temperature between 5° and 90° 20.
Phase analysis was performed using structural data from
ICSD and COD databases. Rietveld refinements [31] were
carried out in TOPAS Academic [32] Version 6.0. The in-
strumental contributions to line broadening were deter-
mined via a Pawley fit [33] from a measurement of LaBg
(NIST SRM 660c) using a Thompson-Cox-Hastings profile.
Microstructural effects leading to line broadening were
modeled as an isotropic size effect and the volume average
column height Dy, For the samples with larger amounts of
hep Co (in Cu-Co -catalysts compositions with x = 0 and
x = 0.125) a simplified anisotropic model was used, which
improved the fit significantly. Strain was omitted since this
led to high correlations among the microstructure parame-
ters. Due to this simplification the Dy, should be regarded
as apparent domain sizes that represents all microstructural
effects. For the ccp metal the intensities especially for the
111 and 200 reflections differ significantly from those calcu-
lated for the bulk material due to stacking faults. Thus,
stacking faults were modeled as implemented in TOPAS
Academic V.6.0 [34], parameters were adjusted manually to
achieve a reasonable fit.

Infrared spectroscopic characterization of the precursors
and calcined samples was performed on a Bruker Alpha-
Platinum Fourier-transform infrared (FT-IR) spectropho-
tometer with attenuate total reflection (ATR) unit. The
spectra were recorded between 400cm™ and 4000 cm™.
The spent samples after catalysis were analyzed on a Bruker
Alpha-P ATR spectrophotometer. The recorded range was
from 100 cm™ to 4000 cm™.

Chemical composition of the spent catalysts was deter-
mined by C, H, N, S analysis in a Euro EA 3000 elemental
analyzer from EuroVector. The combustion was performed
in excess O, at 1000 °C with He as carrier gas. The detection
occurred in a thermal conduction cell.

Thermogravimetric analysis (TGA) was performed for
the precursor materials on a STA 449 F3 Jupiter from
Netzsch. The sample was heated by a heating rate of 5°C
min~" up to 1000°C in synthetic air. The spent samples
were analyzed in a STA 1600 from Linseis. The sample was
heated up to 1000 °C in synthetic air by a heating ramp of
4°Cmin™".

Nitrogen physisorption was measured at 77 K in a Nova
3200e sorption station from Quantachrome and the data
was analyzed by the method of Brunauer-Emmett-Teller
(BET). Before recording the isotherms, the samples were
degassed under vacuum at 80°C (hydrotalcites) or 100°C
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(oxides) for 5h. Afterwards the isothermal profiles between
p/po = 0.0 and 1 were recorded. The multipoint BET surface
area was determined by applying the BET equation in an
individual range for each sample of p/p, only considering
the increasing volume by using the micropore BET assistant
of the NovaWin software.

Temperature programmed reduction (TPR) of 30 mg of a
250-355um sieve fraction of the calcined oxides was
performed in a quartz glass U-shape tube reactor on a
BelCat-B from Bel Japan Inc. First, the sample was dried by
heating up with 7°Cmin ™' to 100 °C in 50 mL min™" of pure
Ar. The temperature was held for 60 min to ensure a com-
plete drying of the sample. Afterwards, the temperature
programmed reduction was performed. As reducing at-
mosphere, 6.4vol% H, in Ar with a volume flow of
80 mLymin" at ambient pressure was used. Starting from
room temperature the sample was heated up to 800 °C with
a heating ramp of 6 °C min™". After reaching the target tem-
perature, it was held for 15min to ensure a complete re-
cording of the reduction profile. The formed water during
reduction was separated by a mole sieve to enable the analy-
sis of the consumed H, via a thermal conductivity detector.
The TPR profile of the pure copper sample was recorded
using a BelCat II from Bel Japan Inc using 60 mg of a 250-
355 pm sieve fraction. The pretreatment and TPR recording
were performed as described above. The hydrogen con-
sumption was determined by thermal conductivity, which
changes proportional to the consumed hydrogen.

2.1.3 Catalytic Testing

Catalytic testing of the synthesized mixed metal oxides was
performed in a 16-fold parallel Flowrence plant of Avanti-
um. Around 179 mg of a sieve fraction of 38-125um was
diluted with an equal amount of silicon carbide (SiC). The
catalyst bed was placed in between a pre- and post-catalytic
bed of SiC to ensure isothermal properties and to improve
the warming up and mixing of the inlet gas stream. Before
CO hydrogenation was performed, the catalytic materials
were activated in pure hydrogen by heating up to with 6°C
min™ to 120°C under atmospheric pressure. The total
volume flow was set to 200 mLymin™
and divided for the individual reactors,
meaning that each reactor of the 16-fold
plant contained a partial volume flow of
12.5mLymin~!. After 30 min holding

varied from 200 °C to 300 °C in 25 °C steps at a pressure of
20 bar. Afterwards, the initial temperature of 200°C was
re-adjusted to evaluate the catalyst activity change in depen-
dence of the temperature program. This step was followed
by a second cycle of the same temperature program at a
pressure of 60 bar without exposing the catalyst to ambient
conditions. Each temperature step was held for 12h to have
enough time to take two gas chromatograph (GC) samples
of each reactor.

To study the thermal stability of the catalysts, the maxi-
mum temperature was raised to 380°C and held for six
hours. After this high-temperature treatment in synthesis
gas, the catalysts were cooled back to 200°C to determine
their activity change. This last process condition was held
for 6 h. Afterwards, the catalyst beds were cooled down to
room temperature in pure He. The catalysts were passivated
by opening the reactor lid in a helium gas stream, to enable
a smooth ventilation and slow air contact to re-oxidize the
catalysts carefully. The data were evaluated by calculating
the average of the two data points, representing the mean
activity data over 6 h. The selectivities are based on the car-
bon balance and the whole data evaluation is described in
detail in the Supporting Information (SI).

3 Results and Discussion

3.1 Catalyst Synthesis and Characterization

A catalyst series with varying copper-cobalt ratios as well as
the pure cobalt and copper reference catalysts were synthe-
sized by co-precipitation. The conditions of the co-precipi-
tation were set to favor the formation of crystalline hydro-
talcite materials. The typical chemical formula of a
hydrotalcite mineral with carbonate ions in the interlayer
can be as follows: [M*"sM>*,[(OH),COs] - mH,O with
M?*" as divalent cations (Co, Cu and Zn) and M*" as a triva-
lent cation (Al). In order to vary the metal ratios of the cata-
lyst precursors, the composition was predefined by the
metal salt solution and the nominal stoichiometric formula
of the prepared precursors are listed in Tab. 1. The nominal

Table 1. Nominal metal composition of the co-precipitated cobalt-copper catalysts. The
ratio of zinc to aluminum was chosen to be in the stoichiometric ratio of a spinel struc-
ture. x is the nominal fraction of copper based on the catalytic active metal (Co + Cu).

time, the temperature was increased up  nominal Co, Cu fractions

XCu/(Cu+Co), nominal nominal precursor composition

to 250°C with the same heating ramp.
At this temperature, the reduction was
performed for an additional 4h to ensure 50 % Co, 50 % Cu

0% Co, 100 % Cu

a complete reduction of the catalyst. CO ¢ 5o. o 3750 Cu

hydrogenation was performed using a

hydrogen-to-carbon monoxide ratio of 4 ~ 7>% €0:25% Cu

and a total volume flow of 75 mLymin™ 87.5% Co, 12.5% Cu

resulting in a GHSV of around 2800 h™

100% Co, 0% C
per catalyst bed. The temperature was PR

1 [Cu;ZnAl,(OH),,]CO;5 - m H,O

0.5 [Co3.5Cu3.5ZnAl,(OH),0]CO;5 - m H,O
0.375 [Co4.375CUu5 625ZnAl,(OH),0]CO3 - m H,O
0.25 [Co5.,5Cu; 75ZnAl,(OH),0]CO; - m H,O
0.125 [Co6.125Cug g75ZnAl,(OH),,]CO5 - m H,O
0 [Co,ZnAlL,(OH),,]COs - m H,0
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copper fraction of the catalytic active metals (x = nc,/
(ncytnc,)) will be used as sample label for the precursors,
calcined, reduced and spent catalysts.

The powders prepared via co-precipitation were analyzed
by XRPD, the patterns are shown in Fig. 1a. The reflections
can be assigned to the hydrotalcite structure without any
additional reflections. This indicates crystalline phase purity
and implies that a metal cation distribution close to the
nominal composition is present in the hydrotalcite precur-
sor, which enables a close contact in the resulting catalyst.
Furthermore, with increasing copper content the 001 reflec-
tions (like 20 = 11.6° and 26 = 23.4°) become much sharper,
indicating an increased domain size (from 7 to 30 nm, see
Fig. 1b), i.e., a larger number of stacked layers. From the
severely broadened cross plane reflections Okl (e.g., 012,
015, 018) substantial stacking disorder can be deduced,
which is common in nanoscale layered materials. Since the
only observed reflection with I = 0, which is 110, is of low
intensity, no reasonable information on the in-plane do-
main size is available. The lattice parameters evolve accord-
ing to the change in chemical composition. While a shows a
near constant value of 3.09A for x = 0-0.5 it drops to
3.05 A for x = 1. Even more sensitive is ¢, which drops from
23.28 A to 22.53 A when substituting Co”* for Cu** in a near

linear way. The significant contraction of the unit cell along
this axis cannot be explained by the rather similar ionic
radii (75 and 73 pm, respectively) and may indicate a
decrease in water content in the interlayer space, which
would be a viable explanation.

IR spectroscopy (shown and discussed in the SI, Fig. S1a)
shows spectra expected for hydrotalcite materials and sup-
port the above-described hypothesis by the decreasing water
deformation mode and the additional weaker hydroxyl
stretching mode by increasing copper content. The calcina-
tions to the corresponding MMOs were performed at
350 °C in an analogous way as it is known for copper-based
methanol synthesis catalysts [35]. This temperature leads to
decomposition of the hydrotalcite structure but does not
cause a complete decomposition of the carbonate species. It
rather leads to a remainder of so-called high-temperature
carbonate, which is discussed to mitigate metal oxide sinter-
ing and results in a more nanostructured catalyst [36]. This
was also confirmed for our copper-rich samples by thermo-
gravimetric analysis of all prepared precursors (shown and
discussed in Fig. S2). The XRPD patterns of the MMOs
shown in Fig. 1c confirm the complete decomposition of
the precursor phase. On the Co-rich side, the formation of a
spinel phase is evident with a lattice parameter of a = 8.08 A

132
a) _L A x=1 b) 2831 g =30
128
23.2
x=0.5 126
. 23.1 124
5 \ _ =
b =0.375 23.0] J22
= 20 £
%‘ }L A A x=0.25 %22_9. - g -18\5
c 116 =
2 __j& N -~ X=0.125 2281 - 1148
- 003 012 113 2271 112
006 10 015 018 110 Xx=0 110
2281 s = = =" 18
| I . IZnAI-HydrotaIcite 22.5 - i
10 20 30 40 50 60 70 0.00 0.25 0.50 0.75 1.00
20/° x Cu
1) d) 8127
x=1 1a
x=05 a1y
S
& x = 0.375 13
> <810 - E £
’é x =0.25 b 3
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£ x = 0,125 8.09 E
w
C0,0,-Spinel | | | sos| B {1
SR B N o T O . ; .
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20/° x Cu

Figure 1. Powder XRD pattern of the co-precipitated [(Co,_,Cuy);ZnAl;(OH),,]CO3 - m H,O hydrotalcite precur-
sors (a) with x = ncy, (Ncu+nco) . The reference was taken from the ICSD database for a Zn-Al-Hydrotalcite
(ICSD#155052). The reflections are labeled with the corresponding Miller indices taken from the reference.

In b) the variation of the lattice parameter c and domain size along the c-axis is plotted as function of chemical
composition. ¢) XRPD patterns of the mixed metal oxides after calcination at 350 °C in static air of the corre-
sponding hydrotalcite precursor. The reference of Co304-spinel was taken from ICSD database (ICSD#26091).
The extracted lattice parameter a and isotropic domain size are plotted in d).
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(Fig.1d). The broad reflections were refined as isotropic
domain size with Dy, = 3.7(5) nm. However, it should be
noted that a discrimination among different spinel phases
(e.g., ZnAl,0, and Co30, or a mixed phase) is not possible
given the similar lattice parameters and the broad reflec-
tions. Thus, the values can only be understood as the sam-
ple average. Still a trend can be deduced, with increasing Cu
content up to x = 0.5 the domain size decreases down to
1.5(5) nm and a increases slightly to 8.1(1) A. For x = 1 the
sample can be regarded as amorphous since only one broad
halo is visible.

Interestingly, the pure cobalt sample (x = 0) has the high-
est specific surface area after calcination, shown in Fig. S5.
The accessible surface areas of the precursors were in the
same range around 80 m’g', except for the pure copper
containing (x = 1) hydrotalcite reaching only roughly half
of that value. The increase in surface area due to the calci-
nation is attributed to the released water and carbonates
leading to pore formation in the materials. Additionally, the
temperature was low enough to avoid metal oxide sintering
yielding a porous material [36]. The oxide surface areas of
the copper-rich MMOs (x = 0.25-0.50) were similar and
reached values around 100 m°g™". Contrarily, the cobalt-rich
samples (x=0-0.125) reached even higher surface areas
above 160 m°g™" showing that large specific surface areas of
the MMO pre-catalysts can be achieved for the more crys-
talline samples (Fig. 1c) that do not contain high-tempera-
ture carbonate.

The TPR results of the catalyst series are shown in Fig. 2.
The temperature labels refer to the temperature of highest
rate of hydrogen consumption. The cobalt-free sample
(x = 1) shows a slight increase in the hydrogen consump-
tion signal starting at ~200 °C and reaching the maximum
rate at about 334 °C. Afterwards, an additional broad signal
was observed around 537 °C. These two temperature ranges
indicate that there are two different reducible species pres-
ent in that sample. The one at lower temperature is assigned
to copper oxide being reduced to copper metal, while the

" 334 °C
6x10%4 537 °C x=1
5x10°- 200 °C
247 °C =
i4x1OL 194 °C x=0.5
~ 258°C -
:§3x1ok 178 °C x =0.375
308 °C
4| x=0.25
2x10 186 °C 345 °C
1x10t ] _//\M 0.125
283°C 612°C , o
100 200 300 400 500 600 700 800
Temperature / °C

Figure 2. TPR profiles of a sieve fraction of 250-355 pm of the

prepared pre-catalysts. The reduction was measured in 6 vol %

H, in Ar with a heating rate of 6°Cmin™". The labeled tempera-
tures indicate the maximum hydrogen consumption.

one at higher temperature can be attributed to zinc oxide
reduction and brass formation [37]. A similar behavior was
observed for the pure cobalt sample (x = 0), where the
low-temperature reaction is assigned to Co;0,4 reduction to
CoO and the high-temperature peak to formation of cobalt
metal as discussed in detail in the SI.

The TPR analysis of the binary Cu-Co samples demon-
strates that the copper reduction is lowered gradually to
180 °C with increasing amounts of cobalt. The typical shape
of the CuO reduction with a shoulder assigned to inter-
mediate Cu(I) formation [38, 39] remained unaltered. Addi-
tionally, a second broad peak was observed at temperatures
higher than the CuO reduction peak and was found to
increase with the cobalt content in the Cu-Co samples. This
additional peak was similar in shape to the second reduc-
tion process observed in the pure cobalt or copper sample
at higher temperature and was not followed by any other
reduction peak upon further heating. As the formation of
brass was not observed in hydrotalcite-derived copper cata-
lysts at these low temperatures [38,39], this broad peak is
tentatively assigned to the cobalt metal formation shifted by
the presence of metallic copper to lower temperatures com-
pared to the pure cobalt reference. This effect is likely
caused by spillover of activated hydrogen from the freshly
formed copper metal particles. With lowering cobalt con-
tent, this second feature can be shifted down in temperature
to 247 °C for the equimolar sample (x = 0.5), in comparison
to 612°C in the pure cobalt sample (x = 0, Fig.2). A small
amount of copper (x = 0.125) does already facilitate the
reduction of cobalt oxide, but the maximum hydrogen
uptake at high temperature is shifted only to 345 °C. These
findings suggest that after the activation of the catalysts at
250°C with pure hydrogen, only the copper-rich binary
catalyst x = 0.5 can be safely expected to contain fully re-
duced copper and cobalt species before CO hydrogenation
started. Thus, this catalyst will be discussed in more detail
below as a representative of the bi-metallic samples.

3.2 Activity Test in CO Hydrogenation

The reference temperature of the CO hydrogenation was
chosen to be 200 °C to remain in the kinetic regime prevent-
ing thermodynamic limitations. The binary Cu-Co catalysts
performed in a similar manner in the catalytic activity tests.
Cs, products were sometimes present but only as a very mi-
nor fraction. Therefore, the discussion of the catalyst’s com-
position-dependent activity and selectivity will be con-
ducted in the following for three selected ZnAl,O4-
supported catalysts, the pure Co- (x = 0), the pure Cu-
(x = 1) and the binary catalyst with an equal molar ratio
Cu:Co =1 (x = 0.5) based on the selectivity for linear C, to
C, products. The conversions and selectivities of all investi-
gated Cu-Co catalysts are shown and discussed in the SI
Fig. S7-S11. The process parameters over the time on
stream of the catalytic test are also provided in Fig. S6.
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3.2.1 CO Hydrogenation at 20 bar

After activation in pure hydrogen at 250 °C for 4 h, the pure
Co and Cu catalysts reached low CO conversions at 200 °C
and 20bar as shown in Fig.3a. Generally, low conversion
was expected for Cu catalysts compared to Co. Based on the
TPR profiles (Fig.2), the reduction temperature of 250 °C
likely resulted in an incomplete reduction of these MMOs
giving rise to the low activities for both catalysts. The high
CO, content in the product gas stream (shown in Fig. S9a)
indicated on-going reduction and supports this assumption.
The pure cobalt and copper catalysts formed only low
amounts of hydrocarbons or long chain alcohols (Fig. 3b,c)
from which the water molecule could be reconsumed by
water-gas-shift reaction to form CO,. Therefore, the CO,
selectivity rather indicates on-going reduction of the
MMGOs.

The binary Cu-Co (x = 0.5) catalyst showed higher con-
version and selectivity to hydrocarbons and the increase in
reaction temperature by 25 °C further enhanced the activity
of Cu, Co and CuCo catalysts but also the hydrocarbon

selectivity. Traces of ethanol was formed for the pure Co
catalyst (x = 0) at 225°C (Fig.3c). The binary Cu-Co
(x = 0.5) catalyst formed alcohols, but less with lower selec-
tivity level than at 200 °C. On the pure Cu catalyst (x = 1),
the product distribution shifted towards methanol with in-
creasing temperature with a simultaneous selectivity of
around 10% for C; to C, hydrocarbons. Because of this
hydrocarbon formation with water as a by-product, the
selectivity of CO, was for this catalyst almost constant over
the temperature range and is assigned to the water gas shift
reaction.

Temperatures of 250 °C-300 °C at 20 bar resulted in com-
plete CO conversion for all cobalt-containing catalysts
(cf. SI Fig. S7). Thus, the catalytic performance will be dis-
cussed only in the kinetic region at 200-225°C. The data-
point at 200°C before the catalyst has been exposed to
harsher catalytic conditions (250°C-300°C) will be com-
pared to the datapoint after returning back to 200°C in
temperature program (cf. process scheme in Fig. S6) as a
rough measure of catalyst stability. Back at 200°C (after
T-variation in Fig. 3), the activity was enhanced, compared

a) 1004
90+
80+
70+
60
50
40+

Xeo ! %

after
T-variation
20 between
Xcu 200 °C - 300 °C

200 225 200
Temperature / °C

Temperature / °C

& ¢ HOH
C,H,OH after
1EZZ c,H;0H T-variation
between
FicHoH 200 °C - 300 °C
xCu Zzzza
0 05 1
7

7

%%

b) 100 {555 CHy . c) 1004
90 (SN C,H, T a?ﬂ: 90
w C.H =variation
80- 2He between 80
CH o . o
7o 4 200 °C - 300 °C o
Xcu
< %1 0 05 1 <
~ 504 ~ 504
(2] (2]
40- 40-
30 30
20- 201
101 101
0 : : : 0
200 225 200

200 225 200
Temperature / °C

Figure 3. In a) the CO conversion of selected catalysts and temperatures (x = 0 (left bar), x = 0.5 and x = 1 (right bar)) at
20 bar are shown. Below are the corresponding selectivities and product distribution (n-C; to n-Cy) in the b) alkane- and
) alcohol formation presented. The second run at 200 °C was performed after the temperature variation (T-variation) to
reference activity changes due to catalyst ageing. The total volume flow was set to 75 mLymin~" with H,:CO = 4 and

GHSV =2800h".
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to the initial catalytic performance at 200 °C, for the pure
Co catalyst and slightly lowered for the mixed Cu-Co cata-
lyst (x = 0.5) but almost equal for the copper catalyst, which
formed, as expected, mainly methanol with only a small
amount of ethanol (cf. SI Fig. S7b,c). The increase in the
activity of the Co catalyst (x = 0) can be attributed to a
more complete reduction under high pressure in a strongly
reducing H,/CO atmosphere which might compensate the
need for higher temperature as it was expected from TPR
results (Fig.2). Simultaneously, the hydrocarbon selectivity
increased, with predominantly methane being formed, and
the selectivity towards ethanol completely vanished, as
expected for a pure cobalt catalyst [19]. The initial ethanol
formation (at low conversion) thus was not stable and can-
not be assigned to the effect of zinc on the cobalt catalyst
but rather to the still oxidized nature of the catalyst after
incomplete activation.

Stable C, to C,4 alcohol formation at 200 °C was observed
only over the Cu-Co mixed catalysts. This selectivity is as-
cribed to the interplay between both metals and confirms

the promotional effect of bi-metallic catalysts explained by
theory [11] and reported in the literature [10, 16]. Interest-
ingly, as shown in the SI Fig. S7, already a relatively low
amount of copper (12.5at% Cu in the catalyst with
x = 0.125) in the cobalt catalyst resulted in an increase of
the ethanol selectivity from 0.3% to 4% at 200°C and
20 bar after the temperature treatment. The best catalyst at
these conditions, was a cobalt-rich binary sample with
x = 0.375 with an ethanol selectivity of 4.5% (shown in the
SI Fig. S7c and Fig. S10).

3.2.2 CO Hydrogenation at 60 bar

The increase of the pressure from 20 to 60bar favors the
CO conversion as is expected for a reaction with volume
contraction such as HAS (Eq.(1)). The CO conversion of
the pure Co catalyst (x = 0) increased with increasing pres-
sure roughly by factor of three (compare Fig. 3, second run
(after T-variation) at 200 °C with Fig. 4, first run at 200 °C).
However, the conversion increased only slightly for the
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Figure 4. a) CO conversion of selected catalysts (x = 0 (left bar), x = 0.5 and x = 1 (right bar)) at 60 bar. Below are the cor-
responding selectivities and product distribution (n-C; to n-C;) in the b) alkane- and c) alcohol formation presented. The
second run at 200 °C was performed after the temperature variation (T-variation) to reference activity changes due to
catalyst ageing. The third run at 200 °C was performed after 380 °C to reference activity changes due to possible sinter-
ing effects. The total volume flow was set to 75 mLymin~' with H,:CO = 4.
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copper-containing catalysts. The observed formation of the
C,-C, alcohols at low temperatures (< 250°C) and the
formation of hydrocarbons with increasing temperature
(> 225°C) agrees with theory [12]. In our study, the product
distribution remained similar for all catalysts, only the over-
all selectivity was increased. Also, the reference run at
200°C at 60bar (Fig.4, 200°C, after T-variation) did not
show any strong change of the CO conversion or the selec-
tivity of the copper-containing samples in comparison to
the previous catalytic test at 200 °C, indicating a stable per-
formance and product distribution.

In comparison with reported results on similar catalysts,
our ethanol selectivities are modesty (Fig.4c). The herein
reported copper-cobalt catalyst with equimolar ratio
(x = 0.5) reached a selectivity to ethanol of 2.5% at a full
conversion at 60 bar and 250 °C whereas a similar catalyst
prepared in the group of Muhler reached a selectivity of
7.5% at a conversion of 9.3% at 60bar, a higher GHSV
around 9600h™ and 280°C [10]. In the herein presented
study, no ethanol formation was observed at a temperature
around 250 °C for our self-prepared Cu-Co catalyst (x = 0.5,
GHSV ~ 2800h7}, full conversion). The main differences
between literature catalytic performance and this study are
the lower reaction temperature and the higher hydrogen
excess in the herein described experiments (H,:CO = 4 vs
H,:CO = 1) [10], which is a composition closer to methana-
tion stoichiometry than to ethanol formation. An additional
difference is the copper content, which was x = 0.6 of the
above-mentioned literature reference [10] and x = 0.5 for
the herein reported catalyst.

The CO conversion on the pure cobalt catalyst (x = 0)
kept changing at the different reference measurements over
the complete catalysis run of 165h at varying conditions,
also in the experiments conducted at 60 bar. The CO con-
version changed from 26 % to 84 % during the temperature
variation in between of the two measurements at 200 °C of
the first and second run (Fig.4). The main products were
hydrocarbons. This activity increase must be related to
some structural changes of the pure cobalt catalyst (x = 0).
The absence of CO, formation during the temperature
treatment (SI, Fig. S9b) does in this case exclude a reduction
of cobalt oxide residues as it was suggested in the catalytic
tests at 20 bar. It further indicates that a steady extent of
reduction has been reached without any water gas shift
(WGS) activity. A promotion of zinc oxide in a similar
manner as it is known from copper-methanol catalysts was
not observed for cobalt catalysts, but a stabilizing effect was
reported covering the catalyst activity [19]. Therefore, the
increase in conversion of the pure cobalt catalyst must be
caused by a structural rearrangement of the activated cobalt
species.

During the following thermal stability test at 380 °C still
further improvement of the CO conversion to 93 % was ob-
served after returning to kinetic control at 200 °C (see Fig. 4
and SI Fig. S8). Again, at the 380 °C test no CO, formation
was observed. The high selectivity of hydrocarbons and the

www.cit-journal.com
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absence of alcohols (cf. SI Fig. S8b,c) lead more to the
conclusion, that probably the products have changed the
active site of the cobalt catalyst. Since it is known that cobalt
forms cobalt carbide at higher temperatures, the carburiza-
tion would be noticed by a lowered CO conversion, which
was not the case in our catalytic tests [40]. On the other
hand, a change of the cobalt phase induced by hydrocarbon
deposition and hydrogenation could have activated the
cobalt catalyst by forming a more active hcp cobalt site,
which was to some extend found in the spent sample
(cf. Fig. 5b). [41]

A slightly increased CO conversion over the pure Cu
catalyst (x = 1) from 2 % at 200 °C before 380 °C and 60 bar
(Fig.4a) to 4% at 200°C after 380°C and 60bar and an
increased CO, selectivity during CO hydrogenation at
380°C (Fig. S9b) were observed and may indicate an on-
going activation process of this catalyst beside the WGS
activity as it was observed over the complete temperature
range. Simultaneously, the selectivity of methanol increased
by 10% from 89% to 99 %. This behavior might be ex-
plained by enhanced strong metal-support interaction as
the ZnAl,O, support starts to reduce at higher temperatures
in accordance with the hypothesis that a Cu-Zn surface
alloy can favor methanol synthesis [37,42]. Also, on-going
sintering can lead to a gradual activity increase of supported
Cu catalysts [43].

In summary, it was shown that the cobalt catalyst (x = 0)
changed the active site during reaction after reaching full
activation and that for the hydrotalcite-derived copper cata-
lyst (x = 1), the CO conversion and methanol selectivity
increased after developing a highly active site at high tem-
perature treatment. However, subsequent activation played
a much smaller role for the bi-metallic catalysts due to
strongly lowered reduction temperatures of these samples.

Instead, the CO conversion of the mixed Cu-Co catalysts
decreased only slightly over 63h of time (SI Fig. S8 and
Fig. S6) during the temperature variation test up to 300 °C
at 60bar, likely due to particle growth caused by the
strongly reducing atmosphere and the relatively high tem-
perature that, according to the TPR profiles (Fig. 2), should
lead to a full reduction. Their performance in the run at
200 °C and 60 bar resulted in a relatively unaffected selectiv-
ity towards alcohols from C, to C, (SI Fig. S8c) demonstrat-
ing again that the catalysts are quite stable in product for-
mation at these strongly reducing conditions upon
temperature and pressure variations. Up to the last refer-
ence experiment at 200°C at 60 bar, the catalysts reached
150 h on stream before the thermal stability test at 380 °C
was performed.

During the high temperature catalysis at 380°C, the
binary catalysts reached full conversion and formed only
hydrocarbons (cf. SI Fig. S8). Their catalytic performance
in CO conversion was reduced by half comparing the
kinetic experiments at 200°C of the initial run and after
380°C. The maximum activity loss of 55% was observed
for a cobalt-rich catalyst (x = 0.25). This activity loss
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could be caused by metal sintering or coking. However,
the selectivities were unaffected by the temperature treat-
ment.

3.3 Characterization of the Spent Catalysts after
Passivation in Air

To better understand the state of the catalysts and especially
the above-described dynamic changes of the copper-free Co
catalyst (x = 0), the spent samples were analyzed after
careful air contact as described in the experimental section.
The XRPD patterns of the spent catalysts are presented in
Fig. 5a. They were all analyzed with Rietveld refinement to
extract the lattice parameters and the quantitative composi-
tion of the assigned phases (shown in SI Fig. S15). Due to a
partial overlap of reflections and correlation with the back-
ground, the estimated error in the quantification was 1-2 %
and the microstructure was treated only in a simplified
manner without distinguishing size and strain effects to not
over parametrize the fits. Because both copper and cobalt

can crystallize in the ccp structure with similar lattice
parameters only one ccp phase was modeled. For the ccp
metal, a model for stacking faults was included to account
for the resulting altered intensities, which are well known to
occur in this material [44].

All samples contain a spinel phase after catalytic treat-
ment up to 380 °C, which is assigned to the ZnAl,O, sup-
port. It accounts in all samples for ~ 40 wt % (see Fig. 5b)
of the sample and a significant inversion between Zn** and
A’ across their sites of ~30% was found. The expected
weight fraction of the ZnAlL,O, in a fully reduced catalyst
with composition Cu;ZnAl,O, (cf. composition of the pre-
cursor) would be ~30 %. This overestimation of the weight
fraction by ~ 10 % may in part due to errors in the quantifi-
cation but may as well indicate amorphous content in the
sample.

There is a significant change in lattice parameter of the
spinel phase with chemical composition of the catalysts, in
particular a shrinkage of the cell parameter a with increas-
ing Cu content (Fig.5c). The domain size shows a mini-
mum at around x = 0.25-0.375, which indicates either a
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Figure 5. Powder XRD analysis of the spent catalysts after CO hydrogenation at 20 bar / 60 bar and 200 °C-380 °C
after passivation at room temperature with air. The complete pattern a visualized in a) with the dark grey bars
corresponding to the Cu (ccp) reference (ICSD#7954) and the black bars corresponding to the ZnAl,O,4 reference
(ICSD#609005). The resulting quantification of the assigned phases by a Rietveld refinement is shown in b). c) Com-
positional dependence of the cell parameter and domain size of the spinel phase. d) The ccp phase shows a signifi-
cant expansion of the cell parameter with the copper content x. The red line is a linear fit to all data points, the
dashed lines indicate the lattice parameters for bulk ccp Cu and Co taken from several entries of the ICSD (#627115,
627114, 622435, 44989). The apparent domain size shows a drastic initial decrease upon addition of copper in the

catalyst system.
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smaller crystallite size or could also be caused by substitu-
tion. A substitution of Zn>* by Co*" seems to be a likely case
[45], which would render the spinel support at least chemi-
cally active in an interaction with the catalyst.

In addition to the spinel phase, metallic phases are pres-
ent in all samples. For the copper-rich samples with x = 1
and 0.5 only ccp metal was found, while for lower values of
x a coexistence of ccp and hcp metal was observed (Fig. 5b).
The sample with x = 0, i.e., only cobalt as catalyst, needs
special attention here: Firstly, the coexistence of a hcp and
ccp metal phase suggests that cobalt adopts both poly-
morphs here. The thermodynamically stable form is hcp,
both at room temperature and even at the highest catalyst
test temperature (380°C). The coexistence of both poly-
morphs in various specimen and the complex dependency
on heat treatment and particle size is long known [46].
However, alloying with other metals (e.g., Zn) could con-
tribute to further stabilizing (partially) the ccp phase, since
a Co-rich alloy with Zn adopts the ccp structure [47]. The
lattice parameters of both phases are well in agreement with
those reported in literature for hcp and ccp Co [48].
Secondly, the metal phases show a much higher crystallinity
in the pure cobalt catalyst (x = 0, Fig. 5a) as compared to all
other compositions. As soon as copper is introduced the
domain size of the metal phases decreases substantially
from 35 nm for x = 0 to 6.5 nm for x = 1 (see Fig. 5d), where
the most significant drop down to 10nm already occurs
with a small addition of copper, i.e., for x = 0.125. It should
be noted that these domain sizes rather underestimate the
actual domain size, in particular since no strain was mod-
eled for the sake of stabilizing the fit. But strain is expected
due to the well-known defective nature of ccp metal nano-
particles. The actual metal particle size will be underesti-
mated even by a higher extent as these may consist of sever-
al domains. Furthermore, the formation of Cu,O due to
passivation will also reduce the average domain size of the
ccp phase since the oxide will grow at the expense of the
metal.

When tracing the evolution of the cell parameter of the
ccp phase (see Fig.5d) with chemical composition of the
catalyst a virtually linear trend is evident suggesting alloying
of Cu and Co. This is surprising since no miscibility
between Cu and Co is known in the bulk. The difference
plots do not indicate the need for additional phases to fit
the patterns and favor such single metal phase scenario.
Still, one should bear in mind that two coexisting ccp
phases may cause such linear change in apparent cell
parameter by a constant shift of their phase fractions as an
alternative scenario. Given the similar lattice parameters,
severe line broadening and limited angular range it is virtu-
ally impossible to discriminate among the two scenarios.

However, the situation is even more complex if we con-
sider the presence of reduced zinc in the catalysts, according
to the Cu/ZnO methanol catalyst [37,42], there is a reason-
able possibility that cobalt and zinc form mixed particles or
a surface alloy with a cobalt-rich core under reaction condi-
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tions in a ccp phase [49], which can be undetected by XPRD
as in the case of Cu/ZnO. Additionally, it can be discussed
that the Cu-Co mixed phase creates a CuCo surface alloy
representing multiple weak CO adsorption sites lowering
the C-O dissociation and increasing the selectivity towards
oxygenated FTS products [50]. The nanostructure of the
catalyst could enhance the number of such CuCo surface
alloy enhancing the alcohol formation. In this scenario,
depending on the reaction conditions, the yield of alcohols
can be seen as an indicator of such a Cu-Co mixed phase
whereas the hydrocarbon formation refers to the fraction of
active pure Co surface. Alternatively, methanol formation
on (pure) Cu was discussed, which could promote HAS by
in situ formed methanol [11].

Additionally, all copper containing samples contain a de-
tectable amount of Cu,O that increases with x (Fig.5b),
which results likely from the treatment of the catalysts in
air after the experiments. It should be noted that CoO may
have formed as well, as the two compounds Cu,O and CoO
show very similar diffraction patterns. Given the broad
reflections a distinction is not possible. For the sample con-
taining only cobalt, the formation of significant amounts of
crystalline CoO is not evident, which implies a quantitative
reduction of the oxidic (spinel) precatalyst under reaction
conditions. Furthermore, this sample contains minor
amounts of SiC, which was used as diluent for the catalyst
during activity tests. This sample is also unique in showing
two additional reflections at 9.8 and 10.9° 26, which remain
unassigned after searching the databases. Based on IR and
TGA results (see SI Fig. S12-S14) they are tentatively
assigned to crystalline fractions of hydrocarbon waxes or
other carbonaceous deposits [51].

The formation of cobalt carbide and graphitic hydro-
carbons was observed previously on Cu-Co catalysts with
different cobalt-to-copper ratios [52]. Formation of cobalt
carbide was not observed in the XRPD patterns of the spent
samples (Fig. 5a) since no corresponding additional reflec-
tions could be observed. This leads to the conclusion that
bulk cobalt carbide could only be present as a minor phase
or in an amorphous state if present at all. Surface carbide is
expected to lower hydrocarbon selectivity and enhance the
formation of alcohols because of the enhanced associative
adsorption of CO. Simultaneously, the carbide formation
results in a deactivation of the catalytic performance, which
was observed before to stabilize only after 40h time on
stream [52, 53]. Such a behavior was not found in this study
supporting the absence of cobalt carbides in these Cu-Co/
ZnAl,Oy catalysts at the applied reaction conditions.

IR spectroscopy of the spent samples (see Fig. S12) shows
for the copper-containing catalysts absorption bands be-
tween 1541 cm™" and 1393 cm ™', which probably correspond
to carbonate stretching modes, similar as in the calcined
catalysts. However, unlike there, this carbonate is not neces-
sary a residue of the synthesis, but rather additional surface
carbonate formed from CO,. Only for the pure cobalt cata-
lyst with x = 0, strong absorption bands around 3000 cm™
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and 1500cm™ were observed. These strong bands at
1474cm™ and 1460 cm™ can be assigned to methyl groups
of formed coke or aliphatic hydrocarbons. Asymmetric
C-H bending can give rise to the band at wavenumber
1460cm™ [54,55]. In the range of 3000 cm™ and
2800 cm™, C-H stretching modes are excited [55]. The
band at 2953cm™ could be assigned to asymmetric CHj
stretching, whereas the bands at 2912cm™ and 2844 cm™
could be C-H stretching modes of CH; or CH, groups [55].
IR spectroscopy thus gives evidence of carbon enrichment
in the pure cobalt catalyst, which was also confirmed by C,
H analysis (Fig. S13), were carbon was found to be 30 wt %
of the recovered catalyst. Additionally, a thermogravimetric
analysis of the spent sample shows a drastic mass loss
around 300°C of about 28% of the cobalt catalyst
(Fig. S14), which corresponds to the burn-off of the depos-
ited coke. However, the stability of the catalytic perfor-
mance of the cobalt catalyst was good over the 165h of run
time, despite the coke formation.

All copper-containing catalysts contained only small
amounts of carbon and hydrogen, which can be assigned to
carbonate groups or re-adsorbed water, as neither the IR
spectra nor the TG analysis delivered clear further evidence
for coke formation or burn-off. The TGA curves showed a
mass gain due to metal oxidation rather than a mass loss
due to burn-off of deposited hydrocarbons. This also con-
firms that the catalyst passivation was successful and sub-
stantial fraction of the catalyst have remained in the metal-
lic state. These results show that the presence of copper
strongly suppresses the formation of coke during HAS on
the catalysts studied here. Such a promotion by copper was
also observed by Cu-Ni or Cu-Co catalysts in other reaction
systems [56-58]. To the best of our knowledge the promo-
tion effect of copper on the coke suppression was not yet
discussed in the context of higher alcohol synthesis.

4 Conclusion

The addition of copper prevents coke formation on cobalt
catalysts and enhances the selectivity towards alcohols at
temperatures below 250°C in Cu-Co/ZnAl,O, catalysts.
Bi-metallic catalysts showed a clearly different behavior,
which was beneficial for HAS, compared to the pure copper
or cobalt catalysts. The XRPD data suggests a possible alloy
formation of Cu and Co in the ccp phase, which would
imply a close interaction of both metals. Relatively low pres-
sure (20 bar) and temperatures above 225 °C result in com-
plete conversion at an GHSV of around 2800h™" in a syn-
thesis gas stream of a H,:CO ratio of 4. Unfortunately, these
process conditions were found not to result in an increase
in the HAS activity of the catalysts. Compared to literature
reports, the selectivity to higher alcohols of the studied cata-
lysts was low at otherwise high activity. However, a copper
content of already 12.5at %, which is accompanied by a sig-
nificant drop of the domain size of the ccp phase compared

to the pure cobalt catalyst, has a positive effect on the alco-
hol selectivity from CO hydrogenation and on the mitiga-
tion of coking. Nevertheless, the hydrocarbon selectivity
was found to be always predominant in this hydrogen-rich
synthesis gas.

Another important effect of copper was the facilitated
reduction of the cobalt oxide. The activity of the pure
copper catalyst was enhanced, and methanol formation was
improved after a treatment in reducing gas at 380 °C. These
results demonstrated the necessity of higher temperatures
to reach a completely activated state of this Cu/ZnAl,O,
catalyst from a hydrotalcite precursor. The activation of the
pure cobalt catalyst was also not complete prior to the cata-
lytic experiment and proceeded after each temperature or
pressure variation. Even though significant coke formation
was found for this catalyst, it showed - just like the other
hydrotalcite-derived catalysts studied here - a stable catalyt-
ic performance after it was fully activated up to 165h on
stream.
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I Symbols used

a [A] Cell parameter

c [A] Cell parameter

Dvol [nm] Isotropic crystallite size (volume
average)

GHSV [h'] Gas hourly space velocity

AH° [kfmol™']  Reaction enthalpy
I (-] Millersche indices (hkl) (unique
designation of crystal faces)

m [-] Number

n [mol] Molar amount

S (%] Selectivity

T [°C] Temperature

x [-] Cu fraction based on Cu and Co
X [%] Conversion
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I Greek letters

(-] Vibration mode
[°] Diffraction angle

I Abbreviations

ccp Cubic closed package

DFT  Density functional theory

FTS Fischer-Tropsch synthesis

GC Gas chromatography

HAS  Higher alcohol synthesis

hep Hexagonal closed package

IR Infrared

M Divalent cation

M’* Trivalent cation

MMO Mixed metal oxide

n-C;  Linear hydrocarbon / alcohol with # carbon atoms
SMSI  Strong metal support interaction
TGA  Thermogravimetric analysis

TPR  Temperature programmed reduction
WGS  Water gas shift

XRPD  X-ray powder diffraction
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