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ABSTRACT: Utilization of nonprecious transition metals for high
alcohols synthesis is of a great importance in heterogeneous
catalysis. We synthesized successfully cobalt metal-carbide (Co—
Co,C) catalysts, which present remarkable activity and selectivity
for high alpha-alcohols via the Fischer—Tropsch reaction. The
formation of the stable cobalt carbide and the Co—Co,C interface
are found to be essential for the observed reactivity. Density
functional theory calculations show that Co,C is highly efficient for
CO nondissociative adsorption, behaving as noble-metal-like,
whereas the Co metal is highly active for CO dissociative
adsorption and the subsequent carbon-chain growth. The interface
between the cobalt metal and its carbide phase, as well as the dual

sites available at the interface for facile

CO insertion to

hydrocarbon, could be used to rationalize the design of the nonprecious transition metal catalysts for the oxygenates in

syngas conversion.
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he high alcohol (C,H,, , ;OH, n > 6) synthesis (HAS) is

an important process in basic chemical industries, and the
products are used widely as feedstock of plasticizers, detergents,
and lubricants. HAS is traditionally produced by a multistep
ALFOL alcohol process' including hydrogenation, ethylation,
growth reaction, oxidation, and hydrolysis. HAS can also be
produced by the hydroformylation® > of a mixture of olefins
and H,/CO by homogeneous precious metal catalysts, which
negatively impacts the separation of products. Alternatively,
homogeneous catalysts were used for hydroformylation and
subsequent hydrogenation of alpha-olefins from Fischer—
Tropsch (F—T) synthesis, and this would unfortunately form
not only alpha-alcohols but also undesired branched
alcohols.”®” Tt is therefore highly valuable to find a one-step
synthesis technique and nonprecious metal catalysts that could
directly produce high alcohols with low selectivity of light
alkanes and methanol.

We found in the past a one-step synthesis of aliphatic C,—
Cyg alpha-alcohols with high-quality fuels and low methanol
from syngas via F—T reaction using nonprec1ous cobalt
catalysts supported on an activated carbon.”” The prepared
catalysts were promising and exhibited excellent stability for
more than 2000 h. In all spent catalysts, the formation of cobalt
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carbide (Co,C) was observed.'”"" Actually, the formation of

cobalt carbide and influence in higher alcohol synthesis was
reported earlier by Mausbeck et al,,'> Zaikovskii et al,'’ and
later by Wang et al."* This indicated that the formation of Co,C
might be responsible for the direct synthesis of the high alpha-
alcohols. This is surprising because in F—T synthesis, Co,C had
a rather low activity," and its formatlon was often regarded as a
sign of the catalyst deactivation.'®™>° On the other hand, the
metal carbide was well-known for its noble-metal-like feature
and could catalyze various reactions such as hydrogenation,”!
desulfurization,”” and the water-gas shift reaction.” Resolving
this controversy is however prevented by the influence of the
supports and promoters often involved in the catalysts. The
formation and stability of cobalt carbide was also sensitive to
the support, pretreatment, and reaction condition.

We synthesized here successfully stable and efficient Co—
Co,C catalysts for high alcohol via the F=T reaction, free from
the supports and promoters. The formation of the Co and
Co,C interface and the dual sites at the interface were found
essential for efficient alcohol synthesis via the F—T reaction.
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Figure 1. HRTEM images of the Co—Co,C, Co—Co0,C/AC1, and Co/AC2 catalysts: (a) as-prepared Co,C sample; (b) the spent Co—Co,C
catalyst; (c) the spent Co/AC2 catalyst; (d) the spent Co—Co,C/ACI catalyst after F—T reaction.

Density functional theory calculations found that Co,C
provides the active sites for CO nondissociative adsorption,
and the Co metal provides the active sites for CO dissociative
adsorption and subsequent carbon-chain growth; the CO
insertion to hydrocarbon for oxygenates at the Co and Co,C
interface is facile.

To reveal the intrinsic activity of cobalt carbide free of
influence of the supports and promoters, we synthesized the
unsupported and pure Co,C according to Bahr and Jessen’s
method.”* In this method, Co;0, was fully reduced first in H,
at 553 K and subject to an extensive carburization by CO at 493
K for at least 468 h. The good crystallinity of Co,C as prepared
can be justified from the clear lattice fringe of 2.17 and 2.20 A
in the HRTEM image (Figure la and Table S1), which are
characteristic interlayer spacing of Co,C (002) and (020)
planes. The lattice fringe of 2.46 A on top of Co,C substrate
comes from the oxide passivation layer CoO(111). In situ XRD
measurement (Figure 2) gives the peaks at 20 = 37.0, 41.3,
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Figure 2. In situ XRD pattern for the unsupported bulk Co,C sample
in a H, flow during temperature-programmed reaction.

42.6, 45.8, and 56.6°, which can be assigned to the crystalline
plane of Co,C (110), (002), (111), (021), and (112) according
to PDF 01-072-1369, respectively. No peaks from the Co metal
can be observed. The as-prepared Co,C is stable in a H, flow
until 423 K, as seen from in situ XRD measurement. It starts to
decompose into fcc and hep Co at higher temperature, and the
decomposition rate reaches a maximum between 473 and 523
K, consistent with previous results.">'” The characteristic Co,C
peaks disappears completely when temperature is higher than
573 K.

The as-prepared Co,C catalysts were tested for the F—T
reaction under a typical condition of 493 K, 3.0 MPa, H,/CO
molar ratio of 2, and 33.6 mL-min~" (Figure S1). Though the
corresponding temperature is high enough to decompose the
cobalt carbide as indicated above, the presence of CO would
however stabilize the corresponding carbide and prevent its
complete decomposition.

This is indeed verified by the high-resolution transmission
electron microscopy (HRTEM) image of the spent Co,C
sample after the F—T reaction and X-ray diffraction measure-
ment (Figure S2). As shown in Figurelb, the lattice fringe of
2.00 A from the Co metal (not present before the reaction in
Figurela) is clearly seen, whereas the lattice fringe of 2.10 and
2.39 A from Co,C remains. Namely, as-prepared Co,C was
only partially decomposed to the Co metal, and both coexist
under the F—T reaction condition. Because Co metal comes
from the decomposition of Co,C, naturally, there is
considerable interface between Co and Co,C (noted as Co—
Co,C hereafter) formed, as seen evidently in the HRTEM
image. As shown later, the presence of Co,C and its interface
with the Co metal is essential for the efficient high alcohol
selectivity.

The reactivity of Co—Co,C catalysts generated during the
F—T reaction is summarized in Table 1. The linear alpha-
alcohols (C;—C,g), naphtha distillates, and diesel fuels are all
possible products through F—T reaction. The CO conversion is

Table 1. Evaluation Results of CO Hydrogenation over the Unsupported Co—Co,C, Co—Co,C/AC1, and Co/AC2 Catalysts”

selectivity (C %)

alcohol distribution (C %)

BET”
catalyst SA, m?/g CO con% C,—C, CO,
Co—Co,C 8.7 253 324 4.6
Co—Co,C/AC1 683 714 20.8 S.1
Co/AC2 648 55.5 31.5 7.6

C., alcohols others C,0OH C,—C;OH Cs—C,sOH
26.0 37.0 1.4 13.0 60.9 26.1
358.7 384 0.0 8.4 52.5 39.1
53.4 7.5 0.0 14.2 40.2 45.6

“Reaction conditions: H,/CO = 2.0, temperature 493 K, pressure 3.0 MPa, total flow rate 33.6 mL-min~"; FT reactions were tested on the basis of
almost the same total Co loading of three catalysts. bThe surface areas of AC1 and AC2 were 1135 and 1068 m?/ g, respectively. The other texture

and structural properties of AC1 and AC2 were almost the same.
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25.3%, the selectivities of light hydrocarbons (C,—C,) and CO,
are only 32.4 and 4.6%, and the alcohol selectivity is as high as
of 37.0%. The alcohol and hydrocarbon distributions on the
Co—Co,C were in good agreement with Anderson—Schulz—
Flory (ASF) distribution. Importantly, among the alcohols
produced, the distributions from ethanol, C,—Cj linear alpha-
alcohols, and C4—C,4 linear alpha-alcohols were 13.0, 60.9 and
26.1%, respectively. The selectivity of the high linear alpha-
alcohol is significant. Because there is no support and promoter
in this catalyst, this result shows that the corresponding activity
and selectivity comes solely from Co—Co,C.

To prepare the supported Co—Co,C catalysts with high
dispersion, it is challenging to find the proper supports which
could easily form Co,C species. We achieved this on a unique
activated carbon (AC1) from a coconut shell Using this
support, the dispersed Co catalysts can be carburized to a
significant amount of Co,C in a flow of syngas, as seen from
XRD (Figure SS). The reactivity of the as-prepared catalysts
(noted as Co—Co,C/AC1) under the same F—T reaction
conditions used above is given in Table 1. Similar to the
unsupported Co—Co,C, a rather high linear alpha-alcohol
selectivity of 38.4% was obtained. The alcohol and hydrocarbon
distributions on the Co—Co,C/AC1 were also in good
agreement of ASF distribution, respectively, as the unsupported
one. The difference with respect to the unsupported one was
that the distribution of high alpha-alcohols (Cs") increased
from 26.1% up to 39.1% in total alcohols. Moreover, the CO
conversion increased dramatically from 25.1% to 71.4% due to
the increase of cobalt component dispersion and surface area.
Figure 1d shows the corresponding HRTEM image after the
F—T reaction. The lattice fringe of 2.16, 2.19, and 2.08 A from
Co,C (111), (002), and (11—1) planes and that of 2.03 A from
the fcc Co(111) plane in direct contact with the former one to
form Co—Co,C interfaces are clearly seen. XRD measurement
(Figure S3 in SI) also confirms the coexistence of Co and Co,C
phases, fully consistent with the unsupported Co—Co,C.

To see the possible role of Co,C more clearly, a Co catalyst
supported on an activated carbon from an almond nut and
pretreated by an aqueous diluted HCl was prepared. The
catalyst was reduced in hydrogen, and there is no presence of
Co,C observed after carburization in a flow of syngas from
XRD in Figure S4. The prepared catalyst (noted as Co/AC2)
was test for the F—T reaction, and the corresponding reactivity
is given in Table 1.Though the CO conversion is as high as
55.5%, which is inline with its higher surface area, the main
product is the hydrocarbons with selectivity of 84.9%, and the
alcohol selectivity (7.5%) is rather low. This is a typical result
found in supported cobalt catalysts for F—T synthesis.”>”° The
HRTEM image of the spent Co/AC2 (Figurelc) shows that
the catalyst composes mainly the fcc Co with the lattice fringe
of of 2.08 A from Co(111), in addition of the oxide passivation
layer with the lattice fringe of 249 A from CoO(111).
Importantly, Co,C is hardly seen for Co/AC2 catalyst even
after the F—T reaction.

The above results show that the presence of Co,C
dramatically increases the alcohol selectivity. Further experi-
ments at similar CO conversion by varying flow rate (Table S2)
also show similar activity and selectivity. Moreover, by adding
different structure promoters such as La and Zr, the relative
ratio of Co,C and Co could be changed. As seen from Figure
S6, with a higher ratio of Co,C/Co, there is a higher alcohol
selectvity. Because neither Co,C nor Co alone could achieve
the high reactivity of alcohol observed, independent of the flow

3622

rate, it is thus the formed Co,C and Co interface that is
responsible for the observed reactivity in both supported and
unsupported Co—Co,C catalysts.

In terms of the underlying reaction mechanism, we first note
the following: the fact only alpha-alcohols are produced on
both supported and unsupported Co—Co,C catalysts dictates
that the formation of alcohols via the hydroformylation of the
olefin intermediates from F—T reaction with a CO/H, can be
excluded, because otherwise, it would produce branch-alcohols.
Moreover, the alcohol and hydrocarbon distributions on Co—
Co,C catalysts, as found similarly in our earlier result,'® follows
the ASF distribution. Because the F—T reaction on pure Co
metal catalysts follows ASF distribution as well, the similar ASF
distribution found on Co—Co,C implies that the chain
propagation on the Co—Co,C catalysts may occur mainly on
the Co metal part, providing the active sites for which CO
dissociates and hydrogenates to form CH, monomer, initiating
the chain growth through C—C coupling.”’~* This is likely
because the Co metal catalyst is well documented in the
literature for its hi%h selectivity of the linear hydrocarbon in the
F—T reaction,”™ and this also corroborates the present
findings of only linear alcohol formed on Co—Co,C catalysts.
The essence of Co,C in Co—Co,C catalysts could be therefore
rationalized by providing the active sites for CO nondissociative
adsorption, coupling with the linear hydrocarbon intermediates
formed on the Co metal part at the Co and Co,C interfaces to
form linear oxygenates, which are subject to further hydro-
genation to selectively produce the linear alpha-alcohols.

Metal carbides are usually less reactive than the correspond-
ing metal and noble-metal-like phases,®”** and the non-
dissociative adsorption of CO molecules on Co,C is possible.
To shed further light on this, we resort to DFT calculations
(details in SI) on CO adsorption and dissociation. Co,C has an
orthorhombic structure, and the Co—Co distances in bulk
Co,C (2.61 and 2.87 A) are 5% ~ 15% larger than those (2.49
A) in the Co metal. Calculated density of states (Figure S7 and
S8) shows that Co,C is metallic in nature: Co is a cation with a
Bader charge of 0.48 ¢, and C is anion with Bader charge of
about —0.99 e. The distinct geometrical and electronic features
of Co,C from the Co metal have great impact on the
corresponding reactivity, as seen below.

According to the above experiments and previous DFT
study,33 two representative Co,C (111) and (110) surfaces
with lower surface energy were considered, and an open fcc
Co(100) surface was also calculated for reference. The Co-
terminated Co,C surfaces representing the structure under H-
rich condition (lower CO/H, ratio) was first studied.
Compared to the binding energy of CO* (—1.71 eV) at the
favorable 4-fold site of Co(100) (Figure 3e), the binding energy
of CO* (=2.21 eV) at the favorable 3-fold site of Co,C(111)
(Figure 3b) is enhanced by almost 0.50 eV. The origin for this
comes from the lattice expansion and positive charge of Co in
Co,C. In particular, for the latter one, the positive charge of Co
greatly facilitates o-donation from CO%, strengthening its
chemical bonding with Co cation underneath. On the other
hand, the positive charge Co in Co,C is energetically
unfavorable for binding the highly electronegative species,
such as atomic C and O. The limited charge transfer from Co
cation to C* and O* as well as their electrostatic repulsion with
lattice C in Co,C would destabilize the overall energetic.
Actually, for C*, the calculated binding strength (—7.74 eV) at
the most favorable site of Co,C (111) (Figure 3d) is weakened
by 0.27 eV than that of Co(100) (—8.01 eV, Figure 3g),
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Figure 3. Energetic and geometric information for direct CO
activation on Co,C (111) (red) and fcc Co (100) (blue) surfaces:
(a) potential energy diagram for direct CO dissociation (activation
barriers and reaction energies in eV are indicated). (b), (c), and (d)
are CO adsorption, CO dissociation transition state, and atomic C
adsorption on Co,C (111), while (e), (f), and (g) are those on Co
(100) surface.

whereas for O*, the corresponding binding strength is similar
(—5.99 V) on both surfaces (Table S3).

Stabilizing the CO* molecule but destabilizing the C*
species on Co,C have a great impact on reaction energetics and
kinetics for CO dissociation. For instance, the calculated
reaction energy for direct dissociation CO* to C* and O* on
Co,C(111) is thermal neutral (0.01 eV), whereas it is highly
exothermic (—0.75 eV) on Co(100) (Table S4). Because the
corresponding transition states on two surfaces (Figure 3c,f)
are similar, the dramatic decrease of the reaction energy on
Co,C(111) would suppress the corresponding kinetics. The
calculated barrier of 2.18 eV is indeed much higher than that of
1.49 eV on Co(100), as plotted in Figure 3a. Under the F—T
reaction condition, CO activation may be assisted by the
presence of hydrogen, which is particularly true for the catalysts
with relative lower activity.””*> We also tested this reaction
pathway, and the calculated effective barrier for CO*+H*—
HCO*— CH*+0* on Co,C(111) is 2.12 eV, just 0.06 eV
lower than that of the direct pathway (Figure S9). Whereas on
Co(100), the corresponding barrier of 1.52 eV for the H-
assisted pathway remains modest. Considering the F-T
reaction temperature (493 K), the barriers on Co,C(111) are
too high to dissociate CO efficiently. In other words,
Co,C(111) could provide the efficient sites for nondissociative
adsorption of CO molecules, behaving as noble-metal-like.

The above conclusion applies also for different Co,C surfaces
and CO/H, ratio (Table SS, S6, Figure S10, S11, S12, and
S13). On the Co-terminated Co,C(110) surface,the calculated
CO binding energy is —2.01 eV, and the corresponding
dissociation barriers are 2.16 and 1.86 eV for direct and H-
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assisted pathway (Figure 4), respectively. Under higher CO/H,
ratio condition (carbon rich), C-terminated Co,C surfaces

2.4
I Direct
I H-assisted
I~ 2.1
<
=
86
ot
2 1.8
g L
=
=
=
s
= 1.549
)
<
1.2-

Co(100) Co,C(111) Co,C(110)
Figure 4. Activation energies (in eV) of direct (red) and H-assisted
(blue) CO activation pathways on fcc Co (100), Co-terminated Co,C

(111) and (110) surfaces.

might become favorable. Our calculations on C-terminated
Co,C(111)and (110) surfaces show that the CO binding
energies are at least —1.86 eV, while the corresponding
dissociation barriers for both direct and H-assisted pathways are
at least 2.00 eV higher. These show that irrespective to Co,C
surface orientations and termination, its noble-metal-like
feature leads it as the efficient active sites for nondissociative
adsorption of CO molecules. In this context, we note that we
studied thorou§hly CO dissociation on both fcc and hep Co
metals in past.”" Actually, except for close-packed hcp (0001)
surfaces, most of the facets exposed in hep Co were active for
CO dissociation, and the corresponding barriers were
comparable and even lower than that of fcc Co(100) included
in this work. CO dissociative adsorption on Co metal catalysts
as well as subsequent C—C coupling for hydrocarbon is
therefore clear.

To provide further support on the role of the Co and Co,C
interface for alcohol synthesis, we constructed a simplified
model, with a Co strip on the Co,C(111) surface, on the basis
of HRTEM measurement (details in Figure S14 and Table S7).
It is found that adsorbed molecular CO on Co,C can easily
insert into the CH, intermediate on the Co strip with a barrier
of 0.77 eV. The modest value indicates that the interface is
indeed facile for alcohol formation. Whereas, on Co,C (111),
the corresponding barrier is 1.48 eV, which is 0.71 eV higher
than that of the interface sites. This demonstrates that even
hydrocarbon formed on cobalt metal might migrate to cobalt
carbide, and the overall contribution to the alcohol formation
would be lower, compared with the sites at the Co and Co,C
interface.

In summary, we successfully synthesized stable Co—Co,C
catalysts under the F—T reaction condition. The formation of
Co,C and the interface with the Co metal are essential for the
production of the high alpha-alcohols. The selectivity comes
from the synergetic effect of the Co—Co,C catalysts, namely,
noble-metal-like Co,C for CO nondissociative adsorption, and
the Co metal for CO dissociative adsorption and subsequent
carbon-chain growth. The interface between metal and its
carbide phase, free from of precious transition metal, provide
the efficient dual sites for synthesizing oxygenates in syngas
applications.
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