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The structure of alumina-supported copper—cobalt catalysts prepared by incipient co-impregnation was
studied by using a combination of various characterization techniques including in situ XRD, XPS, TPR,
XANES/EXAFS, in situ magnetic method, and TEM. The results suggest a much higher dispersion of copper
than cobalt on y-Al,03 and a stronger interaction between cobalt and copper oxide particles, leading to
the formation of mixed copper-cobalt oxides in the calcined catalysts. Cobalt reduction was significantly
enhanced in the presence of copper. Furthermore, our characterizations indicate the formation of bime-
tallic Cu-Co particles in the reduced catalysts and enrichment of the surface of bimetallic particles with
Cu. The catalytic studies showed dramatic modifications of both the rate and selectivity in the hydroge-
nation of CO after addition of even small amounts of Cu to supported Co catalysts. The presence of Cu
increased the selectivity to alcohols by an order of magnitude and decreased the overall carbon monoxide
conversion. Structure-performance correlations suggest that the Cu-Co bimetallic particles may be

involved in higher alcohol synthesis.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic conversion of syngas derived from natural gas,
coal, and biomass to valuable long-chain hydrocarbons and alco-
hols is one of the challenging and attractive subjects in the field
of C1 chemistry [1-3]. The hydrocarbons and alcohols obtained
from this process can be used as fuels, fuel additives for octane
or cetane enhancement, and intermediates for value-added
chemicals such as medicine, cosmetics, and polyester. The major
challenge of carbon monoxide hydrogenation is the efficient con-
trol of the reaction selectivity to olefins, long-chain paraffins, or
oxygenated products. Cobalt catalysts are the catalysts of choice
for synthesis of long-chain paraffins using Fischer-Tropsch reac-
tion, while copper-containing catalysts are selective in methanol
synthesis from syngas. Both cobalt and copper catalysts are cur-
rently used in relevant large-scale industrial processes. It could
be therefore expected that mixed copper-cobalt catalysts would
have higher selectivity to C2+ alcohols.

It is known that the promotion of cobalt catalysts with different
metals could lead to higher Fischer-Tropsch reaction rates and
could also affect selectivity. The modifications of catalyst structure
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and catalytic performance that are due to the promotion with the
noble metals (Ru, Pt, Re, Pd) have been addressed in several reports
[4-7]. The amount of promoting noble metal is usually very low,
because of higher prices and rarity of these metals and sometimes
their detrimental effects on the selectivity to long-chain hydrocar-
bons (e.g., Pt [4]). Recently, it was found [8,9] that addition of small
amounts of Mn can enhance selectivity to higher hydrocarbons in
Fischer-Tropsch synthesis. Promotion with Mn of carbon nanofi-
bres and silica-supported catalysts resulted in higher C5+ selectiv-
ity that was accompanied with some smaller decrease in carbon
monoxide conversion rate. The observed increase in C5+-selectiv-
ity for higher MnO loadings was attributed to the increase in the
CHy coverage measured from SSITKA experiments [9].

Several attempts have been made in the past to design a viable
industrial process for synthesis of higher alcohols from H,/CO/CO,
mixtures (e.g., isobutanol synthesis, Synol process [10]). All these
attempts, however, have not resulted in any major industrial man-
ufacturing. The major difficulties include catalyst deactivation, low
alcohol productivity, insufficient selectivity, and very complex
mixture of reaction products [11,12].

Catalytic systems based on rhodium, copper-zinc, molybdenum
oxide, sulfide-based catalysts, and copper-cobalt precipitated cat-
alysts have been investigated for higher alcohol synthesis [1,2,11].
Rhodium-based catalysts have shown so far the best selectivity for
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higher alcohol synthesis [1,13-17]. However, the limited availabil-
ity and high price of rhodium restrict industrial application of
these catalysts. Several recent reviews have addressed modified
copper-zinc methanol synthesis catalysts and molybdenum-based
catalysts for the higher alcohol synthesis [1-3].

It is expected that the efficient control of selectivity either to
hydrocarbons or to oxygenates may be achieved by using
supported bimetallic cobalt-copper catalysts. The copper-cobalt
catalysts for higher alcohol synthesis were first designed in
1970s in the IFP [18]. A large number of patent applications and
papers, which focused on promoted Co-Cu-based catalysts for
higher alcohol synthesis from syngas, appeared afterward [1,19-
23]. The catalysts were typically prepared by either coprecipitation
of metal nitrates with alkali carbonates or by pyrolysis, in which an
organic acid, such as citric acid [24], was added to the mixture of
metal nitrates before calcination [25]. Most of the catalyst prepara-
tion details have not been, however, disclosed in the open litera-
ture. In addition, several authors [26,27] have reported difficult
reproducibility of the synthesis of copper—cobalt catalysts via
coprecipitation or pyrolysis. Indeed, all preparation steps in the
catalyst syntheses should be controlled with a great efficiency to
obtain high and reproducible alcohol productivities.

Two major concepts about the nature of the active sites in
copper—cobalt catalysts for higher alcohol synthesis have been
developed. First, it has been suggested that the formation of higher
alcohols may involve CuCo bimetallic sites [18,28,29]. Second, the
formation of alcohols has been attributed to a synergy between
metallic copper and partially reduced cobalt species [30-33]. To
provide further insights into the active sites for alcohol synthesis,
Subramanian et al. [34] investigated unsupported Cu-Co mixed
nanoparticle model catalysts for alcohol synthesis from syngas
and found that the Cu-Co mixed nanoparticles were more selective
to ethanol than core-shell structured counterparts containing Co-
core and Cu-shell. Though unsupported nanoparticles seem to be
a good model system to study the active sites and mechanisms
of carbon monoxide hydrogenation, the catalyst handling (e.g.,
pyrophoricity) and catalyst stability are problematic for long-term
and large-scale operations. Insufficient stability is also one of the
major problems relevant to the industrial use of the precipitated
copper-cobalt catalysts [35].

It has been demonstrated recently that porous structure of the
support may efficiently control the metal dispersion [36-39]. In
the catalysts supported by porous oxides, the sizes of metal parti-
cles are typically limited by pore sizes of the support [39,40]. In
contrast to the catalysts prepared by coprecipitation, in supported
catalysts, the support texture may prevent sintering of metal par-
ticles [39,40] or limit sintering to the maximum pore diameter
[41,42]. The support (e.g., alumina) can also strengthen the
mechanical stability of a catalyst, which is particularly important
for fluidized bed and slurry bubble column applications. However,
it can be expected that the interactions between copper and
cobalt might be different in the supported catalysts compared to
the catalysts prepared by coprecipitation, which may lead to
different structure of active phases and different catalytic
performances.

In this paper, a series of alumina-supported Cu-Co catalysts are
prepared by incipient wetness impregnation and are characterized
by a wide range of spectroscopic techniques. Higher copper con-
tents are used in this work in contrast to the cobalt catalysts pro-
moted with noble metals. The catalytic performances of the
promoted catalysts in carbon monoxide hydrogenation are exam-
ined in a fixed bed microreactor. The correlations between the
catalyst structure and catalytic performance are discussed to gain
insights into the probable active sites for the hydrogenation of
carbon monoxide over the bimetallic catalysts.

2. Experimental
2.1. Catalyst preparation

Commercial y-Al,03 (Puralox SCCA 5/170 from Sasol, Germany)
with BET surface areas of ~165m?g-!, pore volume of
0.47 cm®> g~ !, and pore diameter of 8 nm was used as support.
The monometallic and bimetallic Cu-Co catalysts were prepared
by incipient wetness co-impregnation of y-Al,O3; using aqueous
solutions of cobalt nitrate or copper nitrate. Co-impregnation
was used instead of sequential impregnation, because it might pro-
vide better alcohol yields [43]. Aqueous solution of Co(NO3),-6H,0
and/or Cu(NOs3),-3H,0 was added dropwise into dry alumina pow-
der with continuous stirring; the samples were aged at room tem-
perature for about 4 h. The catalysts with 20 wt.% metal content
were prepared by 2-step incipient wetness impregnation. Between
and after the impregnations, the catalysts were calcined in air at
373K for 2 h and at 623 K for 5 h (heating rate of 1 K min~?!). The
catalysts were labeled as xCuyCo/Al,03, where x and y stand for
copper and cobalt weight contents.

2.2. Catalyst characterization

The X-ray powder diffraction (XRD) experiments were per-
formed using a Siemens D5000 diffractometer using Cu Ko radia-
tion for crystalline phase detection. The average sizes of cobalt
and copper oxide crystallites were calculated using the Co304
(311) diffraction peak at 20=36.96° and CuO (111) diffraction
peak at 20 = 35.5°, respectively, according to the Scherrer equation
[44]. The in situ XRD patterns were measured during catalyst
reduction in hydrogen (3% H, in Ar). The experiments were con-
ducted by passing pure H, through the catalyst while increasing
the temperature at a linear rate.

The ex situ X-ray absorption spectra at both Co and Cu absorp-
tion K edges (7709 and 8.979 eV, respectively) were measured at
SNBL BMO1B beam line, ESRF, France. The X-ray absorption mea-
surements were performed in transmission mode; two ionization
chambers were used for X-ray detection. The Si (111) channel
cut monochromator was calibrated by setting the first inflection
point of K-edge spectrum of Co and Cu foils. The X-ray absorption
data were analyzed using the conventional procedure using ATHE-
NA package [45]. The XANES spectra after background correction
were normalized by the edge height. After subtracting the metal
atomic absorption, the k?-weighted EXAFS signal was transformed
without phase correction from k space to r space. Crystalline Co304,
CuO, and Cu,0 were used as reference compounds for XANES and
EXAFS analysis.

The reducibility of the catalysts was studied by temperature-
programmed reduction (TPR). The TPR was carried out by Auto-
Chem I1 2920 apparatus from Micromeritics using 0.05 g of the sam-
ple in 5 vol.% H,/Ar stream (50cm®min~!). The temperature was
increased from room temperature to 1173 K at a rate of 3 Kmin™".

Surface analyses were performed using a VG ESCALAB 220XL X-
ray photoelectron spectrometer (XPS) equipped with Al Ko
(1486.6 eV) non-monochromatized source that was used for exci-
tation with a 300 W-applied power. The analyzer was operated
in a constant pass energy mode (Ep,ss =40 eV). Binding energies
were referenced to the Al,, core level (74.6 eV) of the support.
The vacuum level during experiments was better than 10~ Pa.
The powdered catalyst was pressed as a thin pellet onto a steel
block. The reproducibility was 0.2 eV for the Co2p binding energy.
The in situ reduction was carried out in pure hydrogen at 673 K in
the reactor cell of the preparation chamber attached to the analysis
chamber of the spectrometer. Then, the reduced sample was trans-
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ferred to the analysis chamber of the XPS spectrometer; the prep-
aration and analysis chambers were linked hermetically. The sam-
ple was transferred from the preparation to analysis chambers
under vacuum without exposure to air.

Transmission electron microscopy (TEM) measurements were
performed using a TECNA microscope operating at a voltage of
200 kV. The sample powder was ultrasonically dispersed in ethanol
and deposited on a copper grid prior to the measurements.

The in situ magnetic measurements were performed using a
Foner vibrating-sample magnetometer [46,47]. The magnetometer
is fitted with a continuous flow quartz microreactor equipped with
a built-in Pt-PtRh thermocouple. The experiments were conducted
by passing pure H, through the catalyst while increasing the
temperature from 293 to 873K at a rate of 5Kmin~!; then, it
was kept constant at 873 K. The sample amount for all measure-
ments was around 20 mg. The appearance of ferromagnetic species
in the samples was monitored in situ by a continuous increase in
magnetization during the reduction. The temperature dependence
of the saturation magnetization was measured at 280-873 K range
with temperature ramp of 20 K min~'. The magnetic properties of
Cu-Co alloys have been a subject of numerous previous reports
[48-51].

2.3. Catalytic reaction

Carbon monoxide hydrogenation reaction was carried out in a
fixed bed stainless steel tubular microreactor (diy =13.1 mm).
The average catalyst grain diameter was 100 pm. The influence
of intraparticle diffusion limitations was evaluated using Weisz
modulus [52]:

nd
DCOCCO

where r, is the reaction rate (mol/m® s), d is the catalyst grain diam-
eter (m), Dco is carbon monoxide diffusivity (m?/s), and Cco is car-
bon monoxide concentration (mol/m?). The Weisz modulus was
lower than 10~3 even with the most active Co/Al,O5 catalysts indi-
cating the absence of intraparticle mass transfer limitations.

The thermocouple was put inside the reactor and was in direct
contact with the catalyst, so the thermocouple measurement could
reflect the temperature inside the reactor. No temperature spike
and temperature swings were observed during steady state reactor
operation.

The samples were reduced in hydrogen flow (50 cm?/min) at
673 K for 5 h. Then, the reactor was cooled down to 453 K. After
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Fig. 1. XRD patterns of calcined monometallic and bimetallic Cu-Co catalysts.

purging with Ar flow for 1 h, the premixed syngas with a molar ra-
tio of H,/CO = 2 was gradually introduced to the catalyst. Carbon
monoxide contained 5% of nitrogen, which was used as an internal
standard for calculating carbon monoxide conversion. The pressure
was gradually raised to 20 bar. Then, the temperature was slowly
increased to 523 K. A very slow ramp (<0.05 K/min) was used
during the reactor startup with Co/Al,O3 catalysts to prevent
possible reactor runaway [53]. The gaseous products were ana-
lyzed by on-line gas chromatography. Analysis of H,, CO, CO,,
and CH4 was performed using a packed CTR-1 column and a ther-
mal conductivity detector. Gaseous hydrocarbons (C;-C;) were
separated in a capillary Poraplot Q column and analyzed by a
flame-ionization detector. The liquid products were collected in
the trap kept at 283 K and analyzed offline by gas chromatography.
The reaction was conducted for at least 48 h to avoid the inference
of initial transient effects on the catalytic performance.

3. Results
3.1. Calcined catalysts

The representative XRD patterns of calcined monometallic and
bimetallic Cu-Co catalysts are displayed in Fig. 1. The XRD patterns
of monometallic 20Co/Al,03 and 10Co/Al,03 catalysts were consti-
tuted by the peaks of characteristic of Co304 and y-Al,05. The
monometallic 20Cu/Al,03 and 10Cu/Al,03 catalysts display the
characteristic peaks of y-Al,0; and CuO. Table 1 shows that the
cobalt oxide crystallite size estimated from the Scherrer equation
[14] was about 13-14 nm in 20Co/Al,03 and 10Co/Al,05, while
in the supported monometallic 10Cu/Al,03 and 20Cu/Al,0O3 cata-
lysts, CuO forms relatively large crystallites (>25 nm). This obser-
vation and previous results for cobalt catalysts supported by
Puralox-type alumina [37,54] suggest preferential localization of
cobalt oxide particles in alumina pores (dpore = 8 nm). Interestingly,
an increase in cobalt content from 10 to 20 wt.% did not result in
larger cobalt oxide crystallites (Table 1). The sizes of Co304 crystal-
lites are slightly larger than the alumina pore diameter. This can be
attributed [36] to a slightly elongated crystallite shape in mesop-
ores, overestimation of crystallite size from the half-width of the
diffraction profile [55], and discounting very small cobalt particles
because of significant XRD line broadening. In monometallic 10Cu/
Al,03 and 20Cu/Al,O3 catalysts, copper oxide particles with the
sizes larger than the alumina pore diameter seem to be located
on the outer surface of alumina. Interestingly, the XRD patterns
of calcined bimetallic catalysts with Cu/Co weight ratio <3 (molar
ratio <2.78) exhibit only XRD patterns attributed to spinel struc-
tures such as Co304 or CuCo,04 and y-alumina. Note that because
of similar cubic framework and almost identical unit cell parame-
ters (aC0304=8.]77 [56] and acuC0204=8.122A [57]) C0304 and
CuCo,04 are difficult to distinguish using their XRD patterns. The
apparent spinel crystallite size estimated from the Scherrer
equation decreases from 14 nm to 5 nm with an increase in copper
contents (from 0 wt.% to 18 wt.%). Surprisingly, no XRD patterns
assigned to monoclinic CuO were observed even at a relatively high
copper content (10 wt.% Cu). The characteristic peaks of CuO began
to appear when the copper content reached 15 wt.% (Cu/Co molar
ratio increased to 2.78). This suggests that in bimetallic catalysts
with relatively high copper content, no well-crystallized individual
copper phase is present. XRD also did not show the presence of
CuCo0O, mixed oxide in the supported catalysts, which has been
sometimes reported [11,58] in Cu-Co catalysts prepared by
coprecipitation.

XPS and XAS have provided additional information about cobalt
and copper phases and dispersions in the calcined catalysts. The
XPS spectra of calcined cobalt and copper monometallic and bime-
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Table 1
Crystallite sizes in the calcined alumina-supported Cu-Co catalysts.
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Sample Crystallite diameter by XRD Cobalt concentration (wt.%) Copper concentration (wt.%)
D (M?®C0,04)/nm D (CuO)/nm XPS Bulk XPS Bulk
20Co/Al,03 14.1 - - - -
10Co/Al,03 13.5 - 2.0 10 0 0
2Cu18Co/Al,03 10.5 - - 18 - 2
5Cu15Co/Al,03 10.9 3.7 15 2.6 5.0
10Co010Cu/Al,05 9.6 - 3.2 10 5.1 10
15Cu5Co/Al,03 6.4 26.0 2.4 5 16.2 15
18Cu2Co/Al,03 5.0 25.3 - 2 - 18
10Cu/Al,04 - 26.9 0 0 10.3 10.0
20Cu/Al,04 - 25.6 - - - -

2 The average crystallite size of cobalt oxides (MeCo,04 where Me = Co?* or Cu?*) was calculated according to the [311] diffraction peak at 20 = 36.7. The average
crystallite size of copper oxides was calculated according to the [11 1] diffraction peak at 20 = 35.5°.
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Fig. 2. Co2p (a) and Cu2p (b) XPS spectra of calcined Cu-Co catalysts.

tallic catalysts are shown in Fig. 2. The Co2p XPS spectra suggest
the presence of Cos0,4 in the subsurface layer of the calcined cata-
lysts. This cobalt phase is generally identified by the binding
energy at 780 eV, the spin-orbital splitting, and the absence of in-
tense satellite structure [59,60]. Indeed, the Co2ps/, binding energy
of our catalysts was 780 eV, and only very low intense satellites
were observed. The Cu2p XPS spectrum of 10Cu/Al,O5 suggests
the presence of CuO detected by the peak at 934 eV assigned to
CuO (2ps3)2), spin-orbital splitting, and satellites. The Cu 2p3p;,
binding energies were lower for the supported bimetallic catalysts.
The Cu/Co ratios measured by ICP in the bulk and by XPS in the
subsurface layer are shown in Table 1 for the calcined catalysts.
XPS indicates a much higher surface concentration of copper than
cobalt in the calcined catalysts.

The energy-filtered TEM micrographs (Fig. 3) of 10Cu10Co/
Al,03 catalyst indicate uniform chemical distribution of cobalt
and copper. Cobalt oxide particles of 10-20 nm were detected by
TEM. CuO particles were smaller than those of Co304. These parti-
cles form interfaces and interact with each other. The distance
between the two adjacent planes, d, was measured to be
0.47 nm, which was characteristic of Co304. The d;;; spacing of
Co,03 and CoO was 0.32 and 0.25 nm, far smaller than the d;q;
spacing of Co304 and CuCo,04 (0.47 nm). Unfortunately, Co304
and mixed CuCo,0, spinels cannot be clearly identified and distin-
guished from each other from interplanar spacings. This also con-
firms that Coz04 and CuCo mixed spinels could be major cobalt
phases in the calcined catalysts. The presence of smaller CuO
particles was identified by d;;; spacings of 0.23 nm [61,62].

Further information about cobalt and copper phases in the cal-
cined catalysts was obtained by XANES/EXAFS. The XANES, deriva-
tive XANES spectra, and EXAFS Fourier transform moduli of
calcined Cu-Co catalysts and reference compounds measured at
Cu and Co K-absorption edges are shown in Figs. 4, 5 and 6.
Cos0, is a spinel structure with two types of cobalt sites (Co**
and Co®"). In Co50,, Co?* and Co>* ions have respectively tetrahe-
dral and octahedral coordinations. Therefore, the XANES spectrum
of Co30, is a superposition of the spectra of Co®" and Co®* ions.
XANES spectra identical to that of Co304 were previously observed
for monometallic Co/Al,0O5 catalysts [63,64]. Fig. 4 shows that the
Co XANES spectra evolve with an increase in copper content. This
corresponds to the decrease in the intensity of the lower energy
contribution of XANES spectrum that could be due to the absorp-
tion edge of Co®" sites. Hence, the presence of copper in mixed
Cu-Co catalysts could result in decrease in the concentration of
Co?* ions.

Table 2 displays data about coordination of Co?* and Co>* ions in
Co304 spinel. The influence of local coordination of cobalt in spinel
structure of Fourier transform modulus was investigated using
FEFF code [65]. Four peaks at 1.50, 2.48, 3.00, and 4.70 A are
observed in the moduli of Fourier transform of cobalt EXAFS
(Fig. 6a). In accordance with previous reports [38,66,67], the first
peak at 1.50 A is attributed to first CoO coordination shells for octa-
hedral Co®" (d=1.912 A) and tetrahedral Co?* sites (d =1.943 A).
These two CoO coordination shells are usually not resolved in the
Fourier transform moduli [38,66,67]. On the basis of FEFF simula-
tions, the peaks situated at 2.48 and 3.00 A, respectively, were as-
signed to Co®**-Co®* (d=2.854A) and to both Co**-Co**
(d=3.346 A) and Co?'-Co®* (d=3.495A) coordination shells in
Co0304 (Table 2). The peak at 4.70 A was attributed to the Co**-
Co>" distance of 5.244 A. The CuCo/Al,05 catalysts with different
Cu or Co contents showed cobalt EXAFS Fourier transform moduli
similar to Co304 (Fig. 6a). Thus, cobalt ions in the alumina-sup-
ported Cu-Co catalysts have local coordination close to that in
spinel with possibly some enrichment in Co®* ions at higher copper
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Fig. 3. EFTEM and TEM images of calcined 10Cu10Co/Al,0s3 catalyst (Co green, Cu red). (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

contents. Interestingly, FEFF modeling showed only slight influ-
ence of substitution of Co?* by Cu?' ions in spinel structure on
the EXAFS Fourier transform modulus.

The XANES and derivative XANES spectra of the Cu-Co catalysts
at Cu absorption edge were compared with XANES spectra of CuO
and Cu,0 reference compounds (Fig. 5). The XANES results of the
calcined catalysts at Cu absorption edge are within the range ex-
pected for Cu?* ions. The XANES spectrum of CuO has two distin-
guishable features characteristic of Cu?* (3d°) compounds [68]
with a small pre-edge absorption at 8978 eV and a shoulder at
8986 eV, which is assigned to the 1s-4p “shake down” transition.
However, relative to crystalline CuO, the calcined catalysts have a
more intense white line (first peak after the absorption edge), indi-
cating a higher 4pc density of states [69]. The Fourier transform
moduli of EXAFS for the catalysts with higher copper contents
resemble the references data for crystalline CuO (Fig. 6b). Broader
and lower intense radial distribution peaks for the second and
third CuCu coordination shells at 2.54, 3.01, and 5.61A in the
calcined catalysts indicate smaller sizes of CuO particles and higher
Debye-Waller factor. Note that the Fourier transform modulus of
the 5Cu15Co/Al,05 catalyst with smaller copper content is rather
different from the EXAFS Fourier transform modulus of CuO and
Cu-Co catalysts containing higher amounts of copper. It looks sim-
ilar to the Fourier transform modulus of Co304. The peak in EXAFS
Fourier transform modulus in 5Cu15Co/Al,O53 at 4.90 A, which is
almost absent in the samples with high copper content, seems to

be attributed to Cu**-Co3* distances in mixed Cu,Cos;_,0,4 phase.
Modeling EXAFS data using FEFF code suggests that 5Cul5Co/
Al,03 catalyst contains both CuO and mixed Cu-Co oxide phases.
In the mixed Cu-Co oxide phase, a significant fraction of Cu®* ions
have local coordination similar to that of Co?* ions in Co50,. This is
confirmed by a peak in EXAFS Fourier transform modulus at 4.90 A.
This type of copper coordination was previously observed in Cu,._
Coz_xO4 spinels [57,70]. Thus, a noticeable concentration of Cu,.
Cos_,O4 mixed compounds seems to be present in the calcined
bimetallic Cu-Co catalysts.

3.2. Catalyst reduction

The H,-TPR profiles of 20Co/Al,03 monometallic cobalt catalyst
supported on Al,O3 (Fig. 7) display two hydrogen consumption
peaks. In agreement with previous reports [38,66,71,72], these
peaks correspond to two steps reduction of Cos04 into metallic co-
balt, which proceeds via intermediate formation of CoO. Reduction
of smaller CoO particles into metallic cobalt proceeds particularly
difficult and requires higher temperatures. It corresponds to the
high-temperature broad TPR peak. The monometallic copper
catalyst shows a single reduction peak at 493 K, which probably
corresponds to the single step reduction of CuO into metallic cop-
per. For bimetallic samples, the H,-TPR profiles are more complex;
they show several reduction steps. These peaks could be assigned
to the reduction of Co304 and CuO to partially reduced oxide
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Fig. 4. XANES (a) and XANES derivative (b) at Co K-absorption edge of calcined Cu-
Co catalysts.

species and ultimately to copper and cobalt metal phases. XANES/
EXAFS showed a strong interaction between cobalt and copper in
the calcined catalysts, which could lead to the formation of non-
stoichiometric spinel Co;_,Cu,Co,04 [57,70]. Therefore, it is rea-
sonable to suppose that some peaks in the H,-TPR profiles of the
bimetallic catalysts can be attributed to the reduction of these
mixed CuCo oxides. Note that addition of even smaller amounts
of copper results in dramatic decrease in temperature of catalyst
reduction. The enhanced reducibility of the precipitated cobalt cat-
alysts in the presence of copper was previously reported by Bail-
lard-Letoumel et al. [73]. The formation of easy reducible mixed
CuCo species and possible hydrogen activation on the reduced cop-
per sites could probably explain the shift of reduction peaks to
lower temperatures with increasing copper contents.

The in situ XRD measurements were used to provide further in-
sights into the genesis of active phases in monometallic and bime-
tallic Cu-Co catalysts. The samples were reduced by passing 3%H,/
Ar through the catalyst while increasing the temperature with
simultaneous XRD analysis. The in situ XRD patterns of 20Co/
Al,05 catalyst (Fig. 8a) show reduction of Cos0,4 phase into CoO
which starts at 573 K. CoO then can be reduced completely to
Co® when the temperature reaches 1073 K. In agreement with pre-
vious reports [41,42,74], metallic cobalt is present as mostly cobalt
fcc cubic phase. These observations are consistent with TPR and
magnetization measurements.

In the bimetallic 10Cu10Co/Al,O3 catalyst, the reduction of
Co304 phase to CoO appears to proceed at a lower temperature
(~473 K) (Fig. 8b). The in situ XRD patterns of the catalysts reduced
at 523 K show the peaks located at 26 = 43.8° and 50.9°, while in
cobalt fcc phase, these peaks are located at 20[111]=45.9° and
260[200] = 53.5° [75]. This is consistent with a previous report by
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Fig. 5. XANES (a) and XANES (b) derivative at Cu K-absorption edge of calcined Cu-
Co catalysts.

Volkova et al. [58], who also observed appearance of Co-Cu mixed
metallic phases on reduction of Cu-Co mixed oxide with interspac-
ing parameters that were intermediate between copper and cobalt
fcc metallic phases. This suggests the formation of Cu-Co alloys in
the reduced bimetallic catalysts.

The magnetic method, which is selectively sensitive to the pres-
ence of ferromagnetic phases, has provided additional information
about catalyst reducibility and structure of reduced cobalt and cop-
per metallic phases. Fig. 9 shows the magnetization curves of 10Co/
Al;03, 20Co/Al;05, and bimetallic Co-Cu/Al,05 catalysts during
temperature ramping in hydrogen. No noticeable variation of mag-
netization was observed during the reduction of copper monome-
tallic catalyst, because copper does not form any ferromagnetic
phases. The magnetization measurements for monometallic cobalt
catalysts show appearance of cobalt-metal ferromagnetic phase at
600 K. Promotion of this catalyst with copper results in a remark-
able decrease in the temperature of the emergence of ferromag-
netic phases. This observation is consistent with TPR
measurements (Fig. 7), which also indicate much easier catalyst
reducibility in the presence of small amounts of copper. The value
of magnetization obtained in the catalysts after reduction increases
with higher cobalt contents in the catalysts. Quantitative analysis
of magnetization values suggests that higher extent of cobalt
reduction (>80%) in the supported Cu-Co catalysts could be
achieved at much lower temperatures than in cobalt monometallic
counterparts.

The measured field dependence curves with hysteresis loop
[46,47] (not shown) indicate the presence of ferromagnetic parti-
cles in the reduced catalysts. To identify the formation of mixed
Co-Cu metallic phases, the dependence of magnetization at satura-
tion in the reduced samples was measured as a function of temper-
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Table 2
Cobalt coordination in crystalline Co304 (Co?*C0>*,04).?

Central ion Neighbor Coordination number Distance (A)

Co** (0] 4 1.943
Co** 12 3.346
0] 12 3.386
Co** 4 3.495
(0] 12 4.271
[0} 12 5.092
Co** 16 5.244
(0] 4 5.439
Co** 12 5.708

Co** (0] 6 1.912
Co** 6 2.854
(6] 2 3.300
Co** 6 3.346
(0] 6 3.565
0] 24 4.466
0] 12 4.666
Co** 12 4.943
Co** 8 5.244
Co** 12 5.708
0] 6 5.866

2 Interatomic distances smaller than 6 A.

ature. Fig. 10 displays thermomagnetic curves obtained for mono-
metallic cobalt catalyst and CoCu counterparts with different
copper contents. As expected, the magnetization drops with tem-
perature that corresponds to thermal disordering of ferromagnetic
domains. Note, however, that the decrease in magnetization with
temperature is more pronounced when copper is present in the
catalysts. This seems to be an indication of formation of bimetallic
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Fig. 7. H,-TPR profiles of Cu-Co catalysts.

Cu-Co particles that have different ferromagnetic properties rela-
tive to metallic cobalt. Indeed, if only individual monometallic
cobalt or copper particles were present, the thermomagnetic curve
should be identical to that observed with the monometallic Co/
Al,0O3 catalyst.

XPS was used for identification of different cobalt species in the
catalysts reduced in situ in H, at 673 K (Fig. 11). Cobalt and copper
metal phases were identified in the XPS spectra by binding ener-
gies (Co2ps, =778 eV [76], Cu2ps, =932.6 eV [77]), spin-orbital
splitting, and line shape. The results suggest almost complete
reduction of copper to the metallic state (Fig. 11a), while both
cobalt metallic species and CoO were detected (Fig. 11b). The ex-
tent of cobalt reduction was higher in bimetallic 10Cu10Co/Al,05
(>50%) than in monometallic 10Co/Al,03 (~30%). Copper surface
concentration was much higher than concentration of cobalt in
both calcined and reduced catalysts (Table 3).

3.3. Catalytic performance

The catalytic data are shown in Tables 4 and 5. The catalytic
performance was evaluated after 48 h of the reaction after stabil-
ization of catalytic activity. No visible deactivation was observed
after 48 h on-stream. Hydrocarbons, alcohols, and water were the
major reaction products; low selectivity to CO, was observed
under our reaction conditions. In agreement with previous results
[37,54,64], the monometallic cobalt catalyst exhibited higher
activity in Fischer-Tropsch synthesis producing mostly medium-
chain and long-chain hydrocarbons with only trace concentrations
of alcohols. The carbon monoxide hydrogenation activity of mono-
metallic copper catalyst was much lower under the same reaction
conditions; methanol and water were major reaction products
with smaller concentrations of hydrocarbons. Addition of even
small amounts of copper to Co/Al,O3 leads to a 10 times higher
selectivity for alcohol synthesis and immediate drop in overall
activity. Promotion of cobalt catalysts with copper also affects
hydrocarbon selectivity. While 10Co/Al,03 catalyst under the reac-
tion conditions showed 30% selectivity to C;. hydrocarbons, no
long-chain hydrocarbons were detected in the bimetallic Cu-Co
catalysts even with low copper loadings (Table 5). A monometallic
copper catalyst makes methanol with selectivity more than 85%,
while the bimetallic catalysts are more selective to lighter hydro-
carbons and higher alcohols.

4. Discussion

The characterization and catalytic studies show that the struc-
ture and catalytic performance of bimetallic Cu-Co catalysts
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prepared via impregnation are much different from the monome-
tallic counterparts. Calcined monometallic cobalt and copper cata-
lysts contain Co3z04 and CuO crystallites respectively, while the
presence of mixed CuCo,0,4 oxide has been detected in bimetallic
catalysts. In the catalysts with lower copper content, Cu?* ions
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Fig. 10. Thermomagnetic curves of reduced Cu-Co catalysts. Magnetization is

measured at saturation. Temperature ramp 20 K min~"'. The catalysts were reduced
in Hy at 673 K.
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Fig. 11. Co2p and Cu2p XPS spectra of the catalysts reduced in situ in H, at 673 K.

seem to be partially incorporated in the structure of Cosz04 type
spinel. This is consistent with the absence of CuO diffraction
patterns for copper—cobalt bimetallic catalysts, lower contribution
of Co?* jons to Co K-absorption edge (Fig. 4a and b), and local cop-
per coordination in the catalysts with lower copper content similar
to that of Co?* ions in Co30,.

The presence of even small amounts of copper results in a
significant enhancement of catalyst reducibility. This is probably
due to the fact that copper and mixed Cu-Co species can be
reduced to metallic state at lower temperature than cobalt oxides.
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Table 3
Bulk and surface copper and cobalt concentration in the reduced catalysts.

Sample Cobalt concentration (wt.%) Copper concentration (wt.%)
Bulk (ICP) Surface (XPS) Surface/bulk Bulk (ICP) Surface (XPS) Surface/bulk
10Co/Al,05 10 1.0 0.1 0
10Cu10Co/Al,04 10 2.0 0.2 10 4.0 04
10Cu/Al,03 0 - 10 4.0 04
Table 4

Catalytic performances of Cu-Co catalysts in carbon monoxide hydrogenation.

Catalyst? CO conv. (%) GHSV (ml/gcat/h) Time yield (mmol/h g.)° Carbon selectivity (C mol%)" Total alc. STY (mg/gca: h)?
HC ROH CO,

10Co/v-Al,03 36.6 28,800 149.1 97.7 1.9 0.4 Trace

5Cu15Co/Al,04 309 4500 19.6 88.5 103 1.2 43.8

10Cu10Co/Al,03 16.5 3600 8.5 82.6 171 0.3 20.6

15Cu5Co/Al;05 23.2 1800 6.0 75.6 233 1.1 25.0

18Cu2Co/Al,03 12.7 1800 3.2 77.7 209 13 9.5

20Cu/y-Al,05 25.2 900 32 10.9 85.8 33 39

@ Catalyst (Ratio of Co/Cu) 2.0 g mixed with 3.0 g SiC(0.062 mm), in situ reduction in H, at 673 K for 5 h before reaction.
b Reaction conditions: Temp. = 523 K; P = 20 bars; R (H,/CO) = 2, Time yield (mmol/(gc.c h) = conv.% * Fco (mol/h)/wea(g) * 1000.
¢ Carbon selectivity is defined as the selectivity of all the carbon-containing products formed from converted carbon, and the values are recalculated from the original data;

HC = total hydrocarbons including methane; ROH = total alcohol including methanol.

d Total alc. STY = space time yield of alcohols.

Table 5

Products distributions for hydrocarbon and alcohol product family. The reaction conditions, conversions, and GHSV are from Table 4.

Catalyst Hydrocarbons distribution (C mol%) Alcohol distribution (wt.%)?
CH4 CogH Cs_7H C7.H MeOH EtOH C3.0H

10Co/Al;03 31.1 30.8 5.4 304 2.6 1.4 95
5Cu15Co/Al,03 51.0 315 5.9 0 43.1 371 19.8
10Cu10Co/y-Al,03 371 339 11.7 0 35.7 43.7 20.5
5Co15Cu/Al,04 32.8 322 10.6 0 20.7 34.7 445
2Co18Cu/Al,03 (1:9) 303 34.1 133 0 58.5 174 24.1
20Cu/Al,05 10.9 No No 0 99.5 0.2 0.3

@ Alcohol distribution (wt.%): the proportion of each alcohol in the total value; C5.0H = alcohol of C number higher than 2.

Previous reports [78-80] indicate dissociative hydrogen adsorption
on metallic copper with very low activation barrier [70]. Similar ef-
fects have been observed after promotion of cobalt catalysts with
noble metals [7]. Thus, reduced metallic Cu and Cu-Co particles
could activate hydrogen for the reduction of more hardly reducible
cobalt species. The reduction of the catalysts leads to the increase
in magnetization measured in situ using Foner magnetometer.
Formation of Cu-Co bimetallic particles was observed at relatively
lower temperatures (423-473 K). These particles could further cat-
alyze the reduction of cobalt species. This observation is consistent
with previous ex situ magnetic results for cobalt-copper coprecip-
itated catalysts [81]. In contrast to the results of Courty and Chau-
mette [82] for the coprecipitated catalysts, the extent of cobalt
reduction was rather high in the supported Cu-Co counterparts.
Note that higher concentration of cobalt containing ferromagnetic
metallic phase was detected at relatively lower temperature. Thus,
the in situ magnetic measurements could attribute the activity of
copper—-cobalt catalysts in carbon monoxide hydrogenation to
bimetallic Cu-Co particles [18,28,29].

The formation of Cu-Co bimetallic particles has also been
confirmed by thermomagnetic curves. The thermomagnetic curve
measured for monometallic supported cobalt catalyst is almost
identical to that to bulk cobalt. The presence of copper in the cat-
alysts modifies the thermomagnetic curves. In the presence of
copper, the magnetization drops much more rapidly with temper-
ature. Note that the decrease of magnetization with temperature
suggests significant interaction between copper and cobalt. The

modification of ferromagnetic properties should occur if cobalt
and copper mixed together in the metal particles forming alloys.
The modification of ferromagnetic properties is not expected in
cobalt core-copper shell particles. In the core-shell particles, the
cobalt and copper phases are nearly separated and the concentra-
tion of Cu-Co alloy should be smaller.

The catalytic results are consistent with the characterization
data. The catalytic performance of Cu-Co alloys seems to be rather
different from monometallic copper or cobalt species. The addition
of even small amounts of copper during impregnation results in
significant modification of catalytic performance. The selectivity
seems to be modified to a greater extent, while the carbon monox-
ide hydrogenation rates decrease 7-8 times. Medium-chain and
long-chain hydrocarbons are the principal products of carbon mon-
oxide hydrogenation on the cobalt catalyst. The cobalt turnover
frequency (TOF, reaction rates normalized by the total number of
Co atoms on the surface of metal particles) for 10Co/Al,05 catalyst
was calculated from reaction rates, extent of cobalt reduction and
cobalt dispersion. Co dispersion was calculated from XRD Co304
particle size (Table 1) using the formulas from Ref. [83]: D¢, = 96/
dco (nm), dco = 0.75dco304. The extent of cobalt reduction (~30%)
was estimated from XPS data for the reduced catalysts. The calcu-
lation yields TOF ~ 0.8 s~ for 10Co/Al,05 at 523 K, H,/CO =2 and
P =20 bar. This value is somewhat higher than cobalt TOF mea-
sured under typical conditions of Fischer-Tropsch synthesis
(T=473-493 K) [84-86], which is probably due to higher reaction
temperature in our carbon monoxide hydrogenation experiments
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than during the Fischer-Tropsch reaction (T =523 K versus 473-
493 K).

Methanol was the major product with 85% selectivity over the
monometallic 20Cu/Al,03 catalyst. The monometallic copper cata-
lysts contain only copper active metal sites. The number of active
sites for methanol synthesis was calculated from XRD patterns of
oxidized catalyst assuming copper particle shrinking after reduc-
tion according to the molar volumes of CuO and metallic Cu:
dcy = 0.86dcy0. Copper dispersion was calculated from copper
metal particle size using the formula: Dc¢,,% = 104/dc, (nm) [87].
XPS data indicate complete copper reduction after treatment with
hydrogen at 673 K (Fig. 11). The copper turnover frequency (de-
fined similarly to cobalt TOF) was calculated using the carbon
monoxide hydrogenation rate (Table 4) and copper dispersion.
The TOF at 523 K, H,/CO =2, and P =20 bar was 5.97 x 103 s~}
for 20Cu/Al,O3 catalyst that is consistent with previous reports
about the activity of copper methanol synthesis catalysts [88-
90]. This suggests much lower intrinsic activity of copper metal
sites in carbon monoxide hydrogenation than that of cobalt sites.

The bimetallic Cu-Co catalysts show that the selectivity is very
different to those observed on monometallic cobalt and copper cat-
alysts. No production of long-chain (C7+) hydrocarbons has been
observed over the bimetallic catalysts, and the bimetallic catalysts
exhibit higher selectivity to C2+ alcohols and higher selectivity to
lighter hydrocarbons. Note that major changes in the reaction rates
and selectivities occur at relatively low copper content. The in situ
magnetic measurements indicate high cobalt extent of reduction.
Characterization data showed some enhancement of metal disper-
sion (Table 1) in the catalysts while the catalyst reducibility seems
to be significantly improved in the presence of even small amounts
of copper. The thermomagnetic curves indicate formation of Cu-Co
alloy particles, while XPS (Table 3) suggests some increase in cop-
per concentration in the reduced catalysts. These observations
suggest that carbon monoxide hydrogenation over Cu-Co catalysts
prepared by co-impregnation proceeds on Cu-Co bimetallic parti-
cles that could be enriched with copper atoms on the outer surface.
The formation of Cu-Co bimetallic particles enriched on outer sur-
face with copper is consistent with the thermodynamic data. In-
deed, it is known [91] that Cu and Co show limited miscibility in
the Cu-Co alloys. The surface energy of copper (1.934JM~2) is
smaller than that of cobalt (2.709 ] M~2) [92], which could result
in preferential localization of copper on the particle surface. The
concept of active sites for carbon monoxide hydrogenation in
supported Cu-Co catalysts, which would involve copper and par-
tially reduced cobalt species, seems to be less credible. Indeed, if
the active sites involve ionic cobalt, it would difficult to explain
the dramatic drop of catalytic activity after the addition of small
amounts of copper to the cobalt monometallic catalyst (Table 4).
Characterization results suggest that on copper addition to cobalt
catalysts, both cobalt reducibility and cobalt dispersion have been
enhanced.

Thus, the bimetallic catalysts seem to contain several types of
active sites that could be associated to copper, copper—cobalt alloy,
and cobalt nanoparticles. The TOF of cobalt sites in carbon monox-
ide hydrogenation is two orders of magnitude higher than of
copper sites. A significant decrease in carbon monoxide reaction
rates on addition of small amount of copper to cobalt catalysts sug-
gests preferential localization of cobalt inside the metal particles
where cobalt atoms are not available for the reaction. An attempt
was made to evaluate the TOF in carbon monoxide hydrogenation
on bimetallic catalysts, assuming formation of Cu-Co bimetallic
particles with extent of cobalt reduction of about 60% and metal
dispersion calculated from XRD data (Table 1). The estimated
TOF (about ~10~2 s~ ') confirms a significant drop of per site activ-
ity in the bimetallic catalysts after addition of copper. Previous re-
ports suggest [86,93,94] that for the supported cobalt catalyst, the

carbon monoxide hydrogenation rate for cobalt nanoparticles lar-
ger than 6-8 nm is proportional to the number of cobalt surface
atoms. The catalytic activity of alloy particles is not only a function
of particles sizes but also dependent on the surface and bulk
compositions of the bimetallic particles. It appears that the turn-
over frequency in carbon monoxide hydrogenation on mixed cop-
per cobalt particles remarkably drops with higher fraction of
copper.

Our present results suggest that the selectivity to higher alco-
hols on supported copper—cobalt bimetallic particles remains,
however, rather limited. Chemical promotion combined with opti-
mization of metal particle size and fraction of copper and cobalt in
the bimetallic clusters might be efficient routes to further enhance
alcohol selectivity over supported Cu-Co catalysts.

5. Conclusions

A combination of various characterization techniques allowed a
clear picture of the genesis of active sites in supported copper-co-
balt catalysts to be developed. XRD and XAS indicated a higher dis-
persion of copper than cobalt in the calcined supported catalysts. A
strong interaction between cobalt and copper oxide particles,
which leads to CuCo,0,4 mixed spinel, was further confirmed by
EXAFS. TPR and in situ magnetic measurements showed a much
easier reduction of cobalt in the presence of copper. The in situ
magnetic measurements also showed a formation of bimetallic
Cu-Co particles in the reduced catalysts. The catalytic studies have
shown a dramatic modification of carbon monoxide hydrogenation
rate and selectivity after addition of even smaller amounts of
copper to supported cobalt catalysts. The selectivity to alcohols in-
creases several times, while overall carbon monoxide conversion
decreased. Both the characterization and catalytic studies suggest
formation of bimetallic Cu-Co species and enrichment of the
surface of the bimetallic particles with copper. These bimetallic
copper-cobalt particles could be involved in alcohol synthesis over
the supported Cu-Co catalysts.
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