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Syngas conversion to fuels and chemicals is one of the most challenging subjects in the field of C1 chemistry. It is considered as
an attractive alternative non-petroleum-based production route. The direct synthesis of olefins and alcohols as high value-added
chemicals from syngas has drawn particular attention due to its process simplicity, low energy consumption and clean utilization
of carbon resource, which conforms to the principles of green carbon science. This review describes the recent advances for the
direct production of lower olefins and higher alcohols via syngas conversion. Recent progress in the development of new catalyst
systems for enhanced catalytic performance is highlighted. We also give recommendations regarding major challenges for further
research in syngas conversion to various chemicals.

green carbon science, syngas conversion, Fischer-Tropsh, Fischer-Tropsh to olefins, higher alcohol synthesis

Citation: An Y, Lin T, Yu F, Yang Y, Zhong L, Wu M, Sun Y. Advances in direct production of value-added chemicals via syngas conversion. Sci China Chem,
2017, 60: 887–903, doi: 10.1007/s11426-016-0464-1

1    Introduction

Over the past decades, considerable efforts by government,
academy and industry have been directed towards providing
environmentally benign products and process with high en-
ergy efficiency and low CO2 emission. Many concepts such
as “Green Chemistry”, “Green Engineering” and “Green Car-
bon Science” and their core principles are proposed for sus-
tainable social development [1–8]. Among these, the philos-
ophy of green carbon sciences developed by He et al. [1] has
received special attention in recent years. The important areas
of green carbon sciences include optimization of petroleum
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refining, transformation of coal, methane, CO2 and biomass.
It is well-known that various fuels and chemicals are tradi-
tionally obtained from refinery of crude oil. With the rapid de-
pletion of the limited petroleum reserves and more stringent
environmental regulations, there is an urgent need for pro-
cesses that can produce fuels and chemicals from alternative
feedstocks [9–20]. Syngas conversion to fuels and chemicals
is considered as an attractive alternative non-petroleum-based
production route. The so called syngas is mainly composed
of carbon monoxide (CO) and hydrogen (H2) with different
ratio and can be obtained from reforming of natural gas, gasi-
fication of coal or biomass. Many products such as ultra-clean
gasoline, diesel, high quality waxes, arenes, olefins, alcohols,
aldehydes, carboxylic acids, carboxylic esters, dimethyl ether
can be obtained through syngas transformation.
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According to the principles of green carbon sciences, one
of the most effective ways is direct production of fuels and
chemicals via syngas conversion [1,21,22]. Recently, direct
production of lower olefins with carbon numbers range from
2 to 4 and higher alcohols with 2 or more than 2 carbons
via syngas conversion has drawn special attention due to the
process simplicity, low energy consumption and clean utiliza-
tion of carbon resource. Major achievements in these two
fields mainly involve the design of new catalyst systems for
promising catalytic performance, which shows considerable
potential for industrial application. Although there are still no
commercial catalysts available for direct syngas conversion
into lower olefins and higher alcohols, both of them are still
recognized as the most challenging subjects in the C1 chem-
istry, and scientists keep keen interests in them. In this review,
we will describe the recent progress in the direct production
of lower olefins and higher alcohols via syngas conversion.
The different catalyst systems for each field are outlined and
discussed. In addition, the corresponding related scientific is-
sues and requirements for future developments are also pre-
sented.

2    Direct production of lower olefins from syn-
gas

Lower olefins, generally referring to ethylene, propylene and
butylene, are basic building blocks in the chemistry indus-
try. Ethylene, one of the largest demand chemical products
worldwide, is the nucleus of the petrochemical industry. The
plastics industry, with the products of polyethylene, polysty-
rene, polyethylene terephthalate and polyvinyl chloride, is
the largest consumer of ethylene. Propylene is also an im-
portant petrochemical feedstock. Except for the production
of polypropylene, propylene could be used in the synthesis
of propylene oxide, cumene, acrylonitrile, isopropyl alcohol
and many other industrially relevant chemicals. Butylene is
an essential raw material for synthetic rubber, and is used by
the fuel industry to enhance the octane number of gasoline. In
the traditional petrochemical industry, ethylene is mainly pro-
duced from cracking of naphtha, petroleum gas and conden-
sate oil [23], and propylene is the by-product of steam crack-
ing of naphtha and fluid catalytic cracking process [24]. With
the rapid growth in petroleum consumption and the limited re-
serve of oil sources, alternative processes are developed for
the production of lower olefins [25]. Recent progress in the
production of lower olefins via syngas include indirect or di-
rect methods as showed in Figure 1 [26]. The indirect process
mainly refers to the methanol to olefins (MTO or DMTO)
technology [25], where an intermediate such as methanol or
dimethyl ether is synthesized from syngas on copper-based
catalysts and then dehydrated to form lower olefins using
molecular sieve catalysts.  The  direct conversion of  syngas

Figure 1         Different reaction paths for the production of lower olefins via
syngas conversion [26] (color online).

into lower olefins is an interesting option compared to MTO
or DMTO from the green carbon science point of view [24].
The direct routes mainly include the oxide-zeolite bifunc-
tional catalysis process and the Fischer-Tropsch to olefins
(FTO) process. TheMTO or DMTO process has already been
commercialized, and many reviews have discussed its devel-
opment in details [27–32]. Herein, we focus on the progress
in the direct production of lower olefins via syngas.

2.1    Bifunctional catalysis route for direct production of
lower olefins

In order to simplify the MTO process, scientists attempted to
find a catalyst with two components to couple the methanol
synthesis and the C–C coupling reaction, where one compo-
nent of the catalyst is used to activate CO to formmethanol or
similar intermediates, and the other component, such as ze-
olite, is responsible for the C–C coupling for olefins forma-
tion. Due to the extremely low activity of the MTO reaction
at low temperature, the methanol synthesis has to be oper-
ated at rather high temperature (ca. 400 °C). Considering the
low selectivity to methanol for the traditional Cu-Zu-Al cata-
lyst at the temperature of theMTO reaction, high temperature
methanol synthesis catalysts with the composite oxides in-
cluding Zn and another transitionmetal such as ZnCr or ZnZr,
are chosen as one part of the bifunctional catalyst. However,
due to the thermodynamic limitation on methanol synthesis
at high temperature, it needs a rapid formation of olefins on
zeolites to enhance the overall CO conversion [25,33–42].
Recently, Jiao et al. [43] reported an OX-ZEO catalyst sys-

tem to produce olefins from syngas (Figure 2). They chose
ZnCr composite oxides to activate the CO molecule, com-
bined with meso-SAPO-34 molecular sieve to offer the acid
site for olefins formation. The prepared ZnCrOx/MSAPO cat-
alyst could reach 80% selectivity of lower olefins with the CO
conversion of 17% under the condition of 400 °C, 25 bar and
a H2/CO ratio of 1.5 (Figure 3). They suggested that CO and
H2 were activated to form CH2 species on the surface of Zn-
CrO2 with abundant oxygen vacancies after in situ treatment
in H2 for 2 h at 310 °C. Such CH2 species are very active and
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Figure 2         OX-ZEO bifunctional catalyst for direct production of olefins via
syngas [42] (color online).

readily react with CO in the presence of H2, forming a relative
less reactive ketene intermediates. Compared with the tradi-
tional MTO catalyst, the bifunctional catalysts for direct syn-
thesis of olefins from syngas have longer operation life and
there was no evident deactivation after reaction for 650 h.
Almost at the same time, Cheng et al. [44] reported a cou-

pling of the methanol-synthesis and methanol-to-olefins re-
actions with a bifunctional catalyst that can realize the direct
conversion of syngas to lower olefins with an exceptionally
high selectivity. Under the conditions of 400 °C, 10 bar and
a H2/CO ratio of 2, the selectivity of lower olefins reached
74% with the CO conversion of 11% (Figure 4). They sug-
gested that CO could be activated at the oxygen vacancies of
ZrO2 surface and formed surface methoxide via formate in
the presence of H2. Due to the low ability of ZrO2 to dissoci-
ate H2, ZnO, which can accelerate the dissociative adsorption
of H2, was also needed. The subsequent C–C coupling pro-
ceeded on SAPO-34 molecular sieve to effectively produce
C2–4 olefins (Figure 5). The reaction temperature of methanol
synthesis was tuned to match the MTO reaction by control-
ling the content of Zn, and the physical mixing method was
adopted to prepare the bifunctional catalyst. It was suggested
that weak acid sites on the molecular sieve and proper dis-
tance of oxides and the molecular sieve facilitated the pro-
duction of lower olefins.

2.2    Fischer-Tropsch to olefins

In the Fischer-Tropsch (FT) reaction, it is generally accepted

that the intermediate species were formed through the cleav-
age of the C–O bond, and then products of different chain
lengths were formed through the linking of C–C bond. The
carbide mechanism for FT synthesis was firstly proposed by
Fischer and Tropsch in 1926. And in the following decades,
the carbide mechanism was further improved by theoretical
study, dynamical modeling, isotopic tracing experiments and
probe molecular techniques [45–51]. The schematic presen-
tation of the carbide mechanism is shown in Figure 6 [51].
The direct route by Fischer-Tropsch to olefins (FTO) is an-

other promising way to produce olefins. During the FTO re-
action, the adsorbed CO molecule is first dissociated and hy-
drogenated to form surface CHx monomers [45]. The car-
bon chain propagation is then initiated to form surface alkyl
species. Further hydrogenation of the alkyl species leads
to the formation of paraffins while dehydrogenation results
in the production of olefins. As the reaction condition is
more moderate than the OX-ZEO bifunctional route, the FTO
process has attracted significant attention from both academia
and industry.
In the FT reaction, the product chain growth possibility

mostly follows the classical Anderson-Schulz-Flory (ASF)
distribution, the mathematical expression of the ASF distri-
bution is shown below:

Ln W
n

nLn Ln= + 2 1n

where the α represents chain growth possibility factor, andWn

represents mass fraction for the hydrocarbon with the carbon
number of n. Product distribution based on ASF model is
showed in Figure 7.
The process of the FTO reaction is very similar to that of

typical FT synthesis, and FT catalysts can be used for produc-
tion of lower olefins after suitable catalyst modification and
optimization of the reaction conditions. The primary aim of
FTO is to maximize lower olefins selectivity while reducing
methane production. According to the ordinary ASF model,
a maximum selectivity toward C2–4 olefins of  56.7 wt%  can

Figure 3         Catalytic performance of ZnCrOx/MSAPO catalyst for lower olefins production. (a) CO conversion and product distribution versus H2/CO ratios; (b)
compare the hydrocarbon distribution among OX-ZEO, FTO and FTS that predicted by the ASF model at a chain growth probability of 0.46; (c) the stability
test of ZnCrOx/MSAPO catalyst [43] (color online).
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Figure 4         Comparative study of the differences in product selectivity over
different catalyst systems for the conversion of methanol under H2. Reaction
conditions: 400 °C, 10 bar, 3600 mL g−1 h−1 of GSHV, 0.010 mL min−1;
time-on-stream (TOS)=200min [44] (color online).

Figure 5         Reaction coupling of methanol-synthesis and methanol to olefins
for direct production of lower olefins via syngas [44] (color online).

 

Figure 6         The carbide mechanism for Fischer-Tropsch synthesis [51].

be achieved with an α value of about 0.5 [24,51,52]. One of
the most efficient ways of shifting product selectivity to low
α values is by increasing the reaction temperature. However,
a decrease on the chain growth probability results in an in-
crease in methane selectivity as indicated by the ASF prod-
uct distribution. In addition, the produced olefins are prone to
further hydrogenation to paraffins at high temperature result-
ing in decreased selectivity to lower olefins. Moreover, par-

ticle sintering and coke formation at high temperature would
lead to serious deactivation [53]. Due to the above limitation,
there is no catalyst available for the industrial application of
the direct conversion of syngas into lower olefins via the Fis-
cher-Tropsch synthesis. Generally, most of the reported FTO
catalysts are still a kind of FT catalyst with a low alpha value.
The product distribution for this kind of catalysts still obeys
the ordinary ASF model. Obviously, with the simultaneous
goals of high selectivity to lower olefins, low methane selec-
tivity and high stability, it is necessary to develop new FTO
catalyst that deviates from the ASF distribution [24].

2.2.1  Fe-based FTO catalyst
Fe-based catalysts are widely studied for the direct production
of lower olefins from syngas, and de Jong et al. [24] have
previously reviewed these catalyst systems. In general, the
Fe-based FT catalysts possess the advantages of low metha-
nation activity, high ratio of olefin to paraffin and high wa-
ter-gas-shift (WGS) activity, favorable for CO-rich syngas
conversion. Some promising results have been achieved for
Fe-based FTO reaction. The selectivity to lower olefins for
high temperature Fe-based FT synthesis using fluidized bed
can reach 24% [54]. Many research groups focused on the
modification of the supports [55–61] and the effect of pro-
moters [62–64] to maximize the lower olefins selectivity. Re-
cently, the Fe-based catalyst promoted by S and Na and using
α-alumina or carbon nanofiber as weakly interacting supports
were prepared by de Jong et al. (61 C%) [65], and these cata-
lysts exhibited excellent performance for selective formation
of lower olefins (61 C%) as shown in Table 1.
Detailed studies on the effect of sodium and sulfur indicated

that sodium was beneficial for suppressing methane forma-
tion and increasing chain growth probability values, and low
loading of sulfur resulted in increasing lower olefins selectiv-
ity and catalytic activity and decreasing  methane  selectivity

Figure 7         The typical product distribution based on Anderson-Schulz-Flory
(ASF) model [26] (color online).
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Table 1     The catalytic performance of different Iron catalysts a)

Selectivity (C%)
Sample FTY b) (10−6 molCO−1 gFe. s−1)

CH4 C2–4 olefins C2–4 Paraffins C5+
Fe/CNF 1.41 23 61 4 12

Fe/α-Al2O3 (12 wt% Fe) 0.65 22 61 4 13
Fe/β-SiC 6.52 31 58 4 7
Fe/SiO2 0.14 38 56 5 1
Fe/γ-Al2O3 0.07 54 44 2 0
Fe-Ti-Zn-K 0.13 83 16 1 0
Fe-Cu-K-SiO2 0.20 43 46 2 9
Bulk Fe 0.08 76 21 2 1

a) Reaction conditions: 350 °C, 1 bar, H2/CO of 1, 20 mg of catalyst [65]; b) Iron time yield (FTY) represents moles of CO converted to hydrocarbons per
gram of Fe per second.

[66]. They suggested that the effect of sulfur on the ac-
tivity and product selectivity might be attributed to selec-
tive blocking of hydrogenation sites by sulfur. The author
also found that the iron carbide particle size played a cru-
cial role in the direct production of lower olefins via syngas
and lower olefins are preferred to form at promoted terrace
sites [67]. In addition, different ordered mesoporous ma-
terials-supported Fe-based catalysts with sulfur and sodium
as promoters were investigated, as shown in Figure 8, and
the carbon-supported catalysts with the weak support-cata-
lyst interaction was found to have better FTO performance
than those with strong support effect, which suppressed the
formation of active iron carbide [68].
Since the Fe-based catalysts possess excellent FTO perfor-

mance, the factors influencing the stability was further stud-
ied. de Jong et al. [69] recently reported the effect of the
iron particle size and the promoter (sodium and sulfur) on
the stability of Fe/CNF catalyst under the industrially relevant
conditions (340 °C, 20 bar, H2/CO=1). Their results showed
that the unpromoted catalysts had lower initial catalytic ac-
tivity, while the catalysts promoted with Na and S exhibited
the opposite trend (Figure 9). However, substantial deactiva-
tion was observed over a period of 100 h for the promoted
catalysts. The author used a tapered element oscillating mi-
crobalance (TEOM) to study the coke deposition on these two
catalysts and found that the loss of active Fe surface area co-
incided with the increase in the Fe particle size was the main
cause of deactivation.
Zhou et al. [70] also studied the effect of sulfur on the re-

activity of catalysts by using hierarchical structured α-Al2O3
as support and impregnating an appropriate amount of sulfur.
With the addition of sulfur, the Fe/Al2O3-H-8S catalyst ex-
hibited not only enhanced Fischer-Tropsch synthesis activity
and selectivity toward lower olefins, but also increased resis-
tance against carbon deposition.
Some transition metals such as Mn, Ti and V, with higher

CO affinity, are usually used as additives to improve the olefin
selectivity [71–74]. Mn can play the role as both an electronic
assistant and a structural promoter. On the one hand, Mn can

 
Figure 8         Schematic depiction of the preparation methods for iron sup-
ported on ordered mesoporous materials as efficient Fe-based FTO catalysts
[68] (color online).

 
Figure 9         Size and promoter effect on stability of carbon-nanofiber-sup-
ported iron-based Fischer-Tropsch catalysts [69] (color online).

form a strong interaction with Fe to improve the dispersion
of the iron species; on the other hand, it can also give some
electrons to promote the dissociation of CO and improve the
selectivity of olefins. Yang et al. [75] prepared carbon nan-
otube-supported Fe catalysts with different amount of K and
Mn promoters. They found that Mn could increase the sta-
bility of FeCxN1−x and promote the adsorption of CO. The
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study by Liu et al. [76] about the MnOx modified Fe3O4 cat-
alyst suggested that MnOx nanoparticles were embedded on
the surface of Fe3O4 microspheres (Figure 10). The Mn ad-
ditive could effectively adjust the surface properties of iron
carbide, inhibit olefin secondary hydrogenation reactions and
improve the selectivity to lower olefins (60.1%). The X-ray
absorption fine structure (XAFS) result showed thatMn could
promote the formation of the θ-Fe3C phase, which can help
to improve the olefin/paraffin ratio and promote lower olefin
production. The results of DFT simulations showed that H2
could easily dissociate into adsorbed atoms at the Fe–C bond
on the Fe3C surface leading to the formation of CH2 species
by combining with absorbed C atom. The weak hydrogena-
tion ability of Fe3C help to improve the olefin/paraffin ratio
[77].
The preparation method has much effect on the catalytic

performance of Fe-based catalysts. Gao et al. [78] stud-
ied the FTO reaction over Zn promoted Fe-based catalyst.
The addition of the Zn promoter was shown to improve
both the lower olefin selectivity and the catalyst stability.
Severe carbon deposition and deactivation were found to
occur with the catalysts prepared via the impregnation
method, which contain greater quantities of surface ZnO
on the surface. However, those samples synthesized using
the microwave-hydrothermal approach showed improved
dispersion of Zn and Fe species, and higher activity and
better stability resulting from reduced carbon deposition
were thus achieved. A series of novel FeK-OX composite
catalysts were reported by Duan et al. [79] to exhibit high
selectivity to lower olefins with high stability. The method
for introducing promoters and iron species was found to
have a great influence on the design and fabrication of highly
active, selective and stable iron-based composite catalysts
for the FTO reaction.
Carbonaceous materials, such as carbon black [73], car-

bon nanotube [75,80,81], activated carbon [65,66,82–84] and
grapheme [85], are interesting alternatives for the prepara-
tion of supported catalysts. Venter et al. [73] reported the
highly dispersed FeMn bimetallic particles supported on a
high surface area amorphous carbon black to have the lower
olefins selectivity up to 76% under the reaction conditions of
275–290 °C, 1 bar and a H2/CO ratio of 3. However, the cat-
alytic activity decreased to 55% after 100 h of reaction in the
stability test. The deactivation was suggested to be caused
by the heavy carbon deposition. Carbon materials are al-
ways modified by nitrogen and oxygen doping, which could
work as promoters and evidently promote the production of
unsaturated hydrocarbons. Lu et al. [86] prepared a Fe/NC-
NTs catalyst using the anchoring effect and the intrinsic ba-
sicity of nitrogen-doped carbon nanotubes (NCNTs), where
iron nanoparticles were conveniently immobilized on NCNTs
without surface pre-modification. The obtained catalyst pre-
sented promising catalytic performance in the FTO reaction

with 46.7% selectivity to lower olefins, 14.4%CO conversion
as well as high stability. They suggested that the intrinsic ba-
sicity of the NCNTs support would enhance CO dissociative
adsorption and promote the lower olefin desorption, resulting
in high selectivity to lower olefins. The participation of the
nitrogen is responsible for the high activity as it can promote
the reduction of iron oxide and accelerate the formation of the
active χ-Fe5C2 phase (Figure 11).

Figure 10         (a) Structural model for theMn/Fe3O4 catalyst; (b) scanning elec-
tron microscope (SEM) images of the Fe3O4 microspheres; (c) transmission
electron microscope (TEM) images of the reduced 6 wt%Mn/Fe3O4catalyst;
(d) original scanning transmission electron microscopy (STEM) image of the
6 wt% Mn/Fe3O4 catalyst as prepared; (e) the corresponding STEM-energy
dispersive X-ray spectroscopy (EDX) elemental mapping of Fe, O and Mn
on the catalyst [76] (color online).

Figure 11         TEM and high resolution TEM (HRTEM) characterization of
activated catalysts with iron loading of 10 wt%. (a, b) Fe/NCNTs; (c) Fe/t-
CNTs; (d) Fe/u-CNTs. The insets in (a) and (c) are the corresponding particle
size distributions [86] (color online).
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A supported iron-based catalyst using the nitrogen and oxy-
gen functionalization of CNTs as the support was prepared by
Schulte et al. [56]. The sample was then tested under the in-
dustrially relevant conditions of 340 °C, 25 bar and a H2/CO
ratio of 1. The catalyst was shown to have comparable initial
conversion with an excellent olefin selectivity [S(C3–6)>85%]
and a low chain growth probability (a≤0.5). Nitrogen- and
oxygen-containing functional groups were found to act as ef-
ficient anchoring sites for the deposited iron nanoparticles.
N-doped graphene is also an efficient electron donor to iron

catalysts for CO hydrogenation. A supported iron catalyst
with N-doped graphene prepared by Chen et al. [85] showed
high selectivity to lower olefins of ca. 50% under the condi-
tions of 340 °C, 5 bar and a gas hourly space velocity (GHSV)
of 5000 h−1. The X-ray absorption spectroscopy (XAS) result
of the Fe L-edge and X-ray diffraction (XRD) indicated that
the iron supported on N-doped graphene possessed a more
reduced state, which could promote the selectivity of light
olefins.
Long chain olefins are also important platform chemicals

for producing highly valuable products, such as aromatic
compounds and lubricating oils, as well as higher alcohols
[87]. Zhai et al. [88] fabricated Zn- and Na-modulated Fe
catalysts by a simple co-precipitation/washing method. Zn
was found to serve as a structural promoter, and the existence
of Na on the surface of the Fe catalyst altered the electronic
structure, making the catalyst very active for CO activation.
In addition, the electronic structure renders the catalyst un-
expectedly selective toward olefins—especially C5+ olefins
(with more than 50% selectivity in hydrocarbons)—while
lowering the selectivity of undesired products (Figure 12).

2.2.2  Co-based FTO catalyst

For the CO hydrogenation reaction, cobalt (Co) is also an
effective active metal for application in the industrial FTS
process. Compared with iron, cobalt has long been consid-
ered the most favorable metal for the synthesis of long chain
hydrocarbons due to its high activity, high selectivity to lin-
ear paraffins, and low water-gas shift (WGS) activity [52,89],
thus the Co-based catalysts generally believed to be not suit-
able for production of shorter chain hydrocarbons and olefins.
However, Dan et al. [90] reported a Co0-CdA catalyst pre-
pared using Cd vapors as the reducing agent to reduce CoY
(Co2+ ions exchanged into A-type zeolites), and propylene
was found to be the only detectable hydrocarbon product at
the conditions of 151 °C, 6.5 bar and a H2/CO ratio of 1.
However, the Co clusters in the cage were unstable, eas-
ily migrated to the outside of the cage, and agglomerated to
large particles during the reaction. Mirzaei et al. [91] pre-
pared cobalt manganese oxides by co-precipitation and stud-
ied them for the conversion of syngas to lower olefins. The
effect of a range of preparation variables was investigated in
great details. They found the CoMn catalyst with  an  appro-

Figure 12         (a) XRD patterns of the calcined catalysts; (b) the comparison
of activity vs. TOS between Fe-Zn-0.81Na and Fe-1.2Na catalysts; (c) the
activity and product distribution over Fe-Zn-0.81Na, Fe-Zn, and Fe catalysts
(reaction conditions: 340 °C, 20 bar, syngas (CO:H2:CO2:Ar=24:64:8:4),
60000 mL g−1 h−1); (d) the hydrocarbon distribution and Anderson-Schulz-
Flory (ASF) plot over Fe-Zn-0.81Na; (e) catalytic activity and the o/p ratio
as a function of Na content [88] (color online).

priate support to possess the lower olefins selectivity up to
50% at 450 °C. In addition, other Co-based catalysts have
also been reported for the FTO production [92–94].
Recently, our group [95] discovered the cobalt carbide

(Co2C) quadrangular nanoprism catalyst, which was obtained
after the reaction using a cobalt-manganese complex oxide
(CoxMn3−xO4) catalyst, to exhibit high selectivity to lower
olefins (~60.8 C%) as well as low selectivity to methane
(~5.0 C%) at the conditions of 250 °C, 1 bar, a H2/CO ratio
of 2. The product distribution deviated greatly from the
classical ASF distribution with the ratio of olefin to paraffin
(O/P) for the C2-4 slate to be as high as 30. Decreasing the
H2/CO ration from 2 to 0.5 greatly improved the O/P ratio for
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the C2–4 slate to 51, making it suitable for the H2-lean syngas
conversion. We were astonished to find the CO-conversion
rate and the product selectivity to change considerably with
time on stream. At the first 4 h of reaction, the activity
gradually decreased to a minimum value of 6.8% and then
increased continuously at the expense of C5+ selectivity over
the next stage. The selectivity to lower olefins, methane and
CO2 increased first with time-on-stream and then remained
stable. To elucidate the catalyst structure evolution, we
carried out in-depth studies using XRD and TEM character-
ization, and found the Co2C to play a vital role in the lower
olefins formation. With TOS of reaction ranged from 0 h
to 150 h, the content of Co2C increased from 10.3 wt% to
50.6 wt%, while metallic Co with mass percentage of 3.9
wt% only existed at the initial reaction stage. Formation
of Co2C was traditionally regarded as the main cause of
deactivation during the FT reaction with low activity and
high methane selectivity, the Co2C nanoprisms obtained in
our experiments must be different from the reported Co2C
phase. Detailed studies suggested that the residual sodium
in the as-prepared CoMn catalyst enhanced the formation
of Co2C while the manganese contributed to the formation
of nanoprisms, via the CoxMn1−xO precursor. Precise char-
acterization of the surface structure of the Co2C catalyst
revealed a strong facet effect for Co2C nanoparticles during
syngas conversion. More specifically, the (101) and (020)
facets of Co2C are beneficial for the production of olefins and
inhibit the formation of methane (Figure 13). Further DFT
calculations demonstrated that the CH2CH2 species remain
the most stable on the Co2C (101) surface, and methane is
difficult to form on both Co2C (101) and (020), which agree
well with the experimental finding. The stability test of
more than 600 h was carried out over this CoMn catalyst
from an industrial viewpoint as showed in Figure 14, and no
obvious deactivation was observed, indicating the promising
potential for industrial applications. Claeys [96] claimed that
this findings may provide new ideas and pathways on the
Co-based catalysts as well as other forms of carbides for this
reaction.

3    Higher alcohol synthesis

Higher alcohols, which commonly refer to alcohols with car-
bon number higher than that of methanol, are widely used in
many applications. For example, C2–5 higher alcohols mixed
withmethanol could be used as fuels and fuel additives for oc-
tane enhancement and C6+alcohols could be used as valuable
feedstocks for detergents, plasticizers and lubricants [97,98].
With increasing environmental concerns, energy security is-
sues and strong desire for greener processes, higher alcohol
synthesis (HAS) via syngas conversion continues to gain con-
siderable attention [1,97].
The reaction pathway for HAS is  very  complicated,  and

Figure 13         TEM characterization of the CoMn catalysts at the steady stage
of reaction. (a, b) Low-resolution TEM images; (c, e) high-resolution im-
ages of Co2C nanoprisms with exposed facets of (101), (−101) and (020); (d)
distance (length) of the lattice fringes; (f) the Co2C nanoprisms model with
four rectangular faces and two rhomboid faces [95] (color online).

Figure 14         The stability test of CoMn. Reaction conditions: 250 °C, 3 bar,
6000 mL g−1 h−1 and H2/CO of 1 [95] (color online).

concerns many reaction process such as Fischer-Tropsch syn-
thesis and the water-gas-shift reaction. There are generally
multiple products including alcohols, paraffins, olefins, and
other chemicals present in the catalytic conversion of syngas.
Some important reactions are listed as follows:

n n nCO +  2 H =  C H OH +  ( 1)H On n2 2 + 1 2 (1)

n n nCO +  (2 + 1)H =  C H + H On n2 2 + 2 2 (2)
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CO +  H O =  CO +  H2 2 2 (3)

Among them, Reaction (1) is the higher alcohol formation
reaction; Reaction (2) is the typical FT reaction while Reac-
tion (3) is the water-gas-shift reaction [99].
Much work has been done on higher alcohol synthesis

around the world in the aim of improving the catalytic perfor-
mance including the catalytic activity, alcohol selectivity and
stability. Different reaction mechanisms and active sites were
reported over different catalyst systems. Generally, there
are four types of HAS catalysts: modified methanol cata-
lysts, modified Fischer-Tropsch (FT) catalysts, molybdenum
based catalysts, and rhodium based catalysts. The modified
methanol catalysts, developed by Snam in Italy and Lurgi in
Germany, include the high pressure (HP) and low pressure
(LP) types. The main alcohols obtained are methanol and
iso-butanol [100–103]. Modified FT catalysts mainly include
Fe-based and Co-based catalysts [99,104,105], which feature
high selectivity to higher alcohols. The products generally
obey the Anderson-Schulz-Flory (ASF) distribution [106].
Molybdenum-based catalysts represent molybdenum oxide-,
molybdenum sulfide-, and molybdenum carbide-based cat-
alysts. The main products of molybdenum based catalysts
are C1–5 straight chain primary alcohols [107]. Although
Rhodium-based catalysts show the best selectivity to C2+
oxygenates than other catalyst systems, the high price and
limited availability hinder their industrial applications. Ex-
cept for the Rh-based catalysts, the other three still suffer
from low selectivity to alcohols, particularly to higher alco-
hols, and poor stability. Therefore, novel catalysts suitable
for HAS with high selectivity and stability are highly desired.
The modified FT catalysts have been studied over decades

due to their attracting product distribution. There have been a
lot of reports in the literature on the reaction mechanism, cat-
alyst systems, kinetics and process engineering of modified
FT catalysts for HAS [97,99,105,108]. And it is also well
recognized that dual sites with different functions are needed
for modified FT catalysts. One active site such as Co0 or FeCx
serves for CO dissociation, carbon chain growth and hydro-
carbon formation, and the other active site for the non-disso-
ciative insertion of CO, for example Cu or Co2C. The exact
nature of the actual active dual sites is still unclear, and recent
works focus on the optimization of catalyst preparation and
reaction conditions, while some work discussed the effect of
the promoters and the elucidation of the active site through the
combination of experimental and DFT studies. The establish-
ment of the stronger synergism effect between the dual sites
is one of the significant recent progress. Herein, some typical
results for HAS over the modified FT catalysts are presented
and discussed.

3.1    Reaction mechanism

In our previous review [105], the reaction path and mecha-

nism over the modified FT catalysts were discussed in details.
Generally, the CO insertion mechanism proposed by Xu et al.
[106] (Scheme 1) is widely accepted, which includes the FTS
process and methanol synthesis process. In this mechanism,
similar to the FT reaction, CO dissociates (kd, k1) and prop-
agates (kp) to form surface alkyl species (CnHz*), which are
further transformed into different products based on the ter-
mination reaction of the alkyl species. Termination by CO
insertion (kCO) gives surface acyl species (CnHzCO*) which
is then hydrogenated to alcohols (kH'). Termination by dehy-
drogenation or hydrogenation (kH) gives olefins and paraf-
fins, respectively. During HAS, there is always competition
between alcohol formation and hydrocarbon formation. The
CO insertion mechanism can explain the experimental obser-
vations that the modified FT catalysts mainly produce linear
primary alcohols and that alcohols obey the ASF distribution
with a chain growth factor similar to hydrocarbons.
Although the CO insertion mechanism gives the detailed

reaction routes of the surface species, the detailed structure
of the dual sites on modified FT catalysts is still unclear.
For the Cu-modified FT catalysts, many researchers tend
to believe in a Cu–M structure proposed by Xu et al. for
HAS. The M refers to the FT element (Fe, Co, etc.). On the
Cu–M dual sites, CO dissociates on the FT element (Fe, Co,
etc.) and converts into methylene species by hydrogena-
tion, thus initiating the chain growth to form surface alkyl
species. And CO adsorbs molecularly on Cu and inserts
into the alkyl–metal bond to form acyl species (CnHzCO*).
As depicted in Scheme 2, molecularly adsorbed CO on Cu
and surface alkyl group on the FT element can combine to
give surface acyl either by migration of either molecularly
adsorbed CO or surface alkyl group to the FT element or Cu,
respectively. Hydrogenation of the surface acyl groups gives
alcohols. Both routes require the synergism between the Cu
and FT elements and loss of this synergism will decrease the
alcohol selectivity.

Scheme 1         CO insertion mechanism over modified FT catalysts [106].
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Scheme 2         Schematic depiction of the Cu-M dual sites for high alcohol syn-
thesis [105] (color online).

3.2    Modified Co-based catalysts

The Co-based catalysts are the most studied systems for
HAS. Among them, the Cu modified Co-based catalysts are
especially well-known. Since the IFP developed the Cu-Co
catalysts in the 1980s, these catalyst systems received much
attention due to their high total alcohol selectivity and high
C2+ alcohol distribution. According to the theory of the dual
sites, many groups attempted to design Cu-Co catalysts with
intimate contact in order to improve the catalytic perfor-
mance and prevent the Cu phase segregation. The Cu-Co
alloy and Co@Cu or Cu@Co core shell nanoparticles were
usually prepared with different preparation methods. The
catalytic performance, kinetics and deactivation behavior
were investigated. Electronic and structure promoters were
also incorporated into the catalyst systems to stablize the
special dual site structure and improve the higher alcohol
selectivity [109–114].
Prieto et al. [115] performed DFT calculations and mi-

crokinetic modeling to predict the preferred metal sites and
the optimal composition. According to their prediction, they
carried out the controlled synthesis of the superior Cu-Co al-
loy catalysts for the selective conversion of syngas to higher
alcohols. The so-called precise synthesis methods were based
on metal nanoparticle exsolution from a molybdate precur-
sor compound whose crystalline structure isomorphically ac-
commodates Cu2+ and Co2+ cations in a wide range of com-
positions. A Cu/(Cu+Co)ratio of 0.35 was found to give the
maximum selectivity to ethanol and higher alcohols, which
were close to 50 C% and 60 C%, respectively. Meanwhile,
the maximum yield of C2+ alcohols with 27 mmol gCu+Co−1 h−1

was achieved.
In other reports, catalysts such as CuCoO2 [116], CuCo2O4

[117], LaCo1−xCuxO3 [118,119] and CuCoAl-LDH [120],
were used as the precursors to facilitate the formation of
Cu-Co alloys. The deactivation of these Cu-Co alloy cata-
lysts was also investigated. Liu’s group [110] claimed that
the deactivation of the Cu-Co alloy catalyst was mainly
due to volatilization of cobalt species, whereas sintering
and coke deposition were hardly observed. Co2C might
play a protective role for the decomposition of the Cu-Co
alloy and volatilization of cobalt species. However, Yang et
al. [121] prepared a Cu-Co model catalysts by the deposi-

tion-precipitation method and found an obvious structural
evolution of catalysts during the reaction. They observed
severe sintering of the catalyst and the formation of CoxC on
the catalyst surface, both of which reduced the number of
surface Co atoms and led to catalytic deactivation.
It is commonly accepted that the Cu phase is easy to en-

semble on the catalyst surface due to its lower surface en-
ergy than Co atoms, and cover surface Co atoms. To illu-
minate the role of Cu in the Cu-Co alloy catalyst, Su et al.
[122] performed the kinetic studies and investigated its dy-
namic structure. They drew the conclusion that the addition
of Cu will weaken the CO/HCO dissociation, reduce the for-
mation of CHx species, control surface Co ensemble size and
inhibit CHx insertion.
Besides metallic alloys, Kruse’s group [123–126] devel-

oped the core shell structure catalysts for HAS. They used
the oxalate route for the catalyst preparation. Typically,
co-precipitation of metal salts with oxalic acid as the precip-
itant was adopted to produce the oxalate precursors and then
perform the thermal decomposition to prepare “CoCuMn”
[123,125] (Figure 15) and “CoCuNb” [126] (Figure 16) nano-
sized core-shell particles. The CoCuMn catalysts usually
showed selectivities to 1-alcohols or combined 1-alco-
hols/1-alkenes higher than 60% and occasionally up to 95%.
The product distribution obeys the Anderson-Schulz-Flory
distribution. Because the calculated chain-lengthening
probabilities for these products are higher than 0.6, but
usually below 0.9, these catalysts were suggested to be good
candidates for producing the C8−14 slate as feedstocks for
plasticizers, lubricants, or detergents. For the “CoCuNb”
ternary catalyst, a bimodal nanosized particle structure was
obtained by oxalate co-precipitation. The bimodal nano-
sized particle distribution contained Co-Cu particles with
sizes ranging from 25 nm to 40 nm, which plays the role
of CO dissociation and CO insertion, and smaller Nb oxide
particles (mainly NbO2) between 4 and 8 nm in size, which
play the role of the structural dispersant (“spacer”) and the
promoter for 1-alcohol/1-olefin production. The selectivities
to 1-alcohols with mainly the C2−5 slate usually exceeded 50
wt%, and the combined selectivities to 1-alcohols/1-alkenes
were 73 wt% for CO conversions ranging between 5% and
20%. Different from the ternary metal catalysts, a CuCo
bimetallic model catalyst was also prepared by this group,
as shown in Figure 17 [124]. The influence of the precursor
activation was investigated. Significant restructuring was
found to occur during precursor activation, which would
further affect the catalytic performance. This study showed
that the reduction conditions have a great influence on the
structure of the active site. To design a highly efficient HAS
catalyst, each step should be precisely controlled.
Dong et al. [127] developed a cobalt-copper catalyst pro-

moted by “herringbone-type” multiwalled carbon nanotubes
(CNTs).  This  catalyst  displayed  a high  (C2–8-alc.+DME)-
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Figure 15         3D tomographic reconstructions of atom probe microscopy re-
sults for a CoCuMn core-shell nanoparticle. (a) Atommap result of CoCuMn
catalyst nanoparticles; (b, c) an enlarged view from a 5 nm thick slice of
the particles at the core-shell interface and intracore; (d) a 3D model of the
core-shell nanoparticles [125] (color online).

 
Figure 16         Ternary cobalt-copper-niobium catalysts for the selective COhy-
drogenation to higher alcohols [126] (color online).

Figure 17         Influence of precursor activation on structure and HAS perfor-
mance for CuCo catalyst [124] (color online).

STY of 760 mg g−1 h−1 under the reaction conditions of 50 bar
and 300 °C, which was 1.78 times that of the CNT-free host,
Co3Cu1. They ascribed the considerably increased yield of al-
cohols to: (1) an increase of the concentration of CoO(OH),
responsible for the selective formation of higher alcohols;
(2) excellent adsorption performance for H2 with this kind of
CNTs; (3) synergism of the high surface-concentration H-ad-
species with CO2 in the feed-gas.
Gao et al. [120] demonstrated the fabrication of core-shell

Cu@(CuCo-alloy) nanoparticles (NPs) embedded on an
Al2O3 matrix via an in situ growth of CuCoAl-LDH

nanoplatelets on aluminum substrates followed by a calci-
nation-reduction process, whereby the composition, particle
size and shell thickness could be tuned by changing the
Cu/Co molar ratio in the LDH precursors. When serving
as efficient catalysts toward CO hydrogenation to produce
higher alcohols, the catalyst with a Cu/Co ratio of 0.5 showed
the best catalytic performance with a CO conversion rate of
21.5% and a selectivity (C6+ 1-alcohols slate) of 48.9%. The
unique electronic and geometric interaction between Cu and
Co in the Cu@(CuCo-alloy) NPs, which avoids the phase
separation, contributed to the significantly enhanced catalytic
performances. In addition, the open channels associated with
the 3D hierarchical structure of the Cu@(CuCo-alloy)/Al2O3
catalyst facilitated mass diffusion/transportation as well as
prevented hotspot formation, thus increased its stability and
recyclability.
Although copper was traditionally believed necessary for

modify Co-based catalysts for HAS, a lot of evidences have
shown that Co+/Co could also be the active site for HAS,
where cobalt species with higher valance could adsorb CO
non-dissociatively. The recently published Co-based HAS
catalyst systems without the addition of Cu mainly include
CoGa [128], CoMn [129], Fe-promoted Co/AC [130,131],
etc. The typically active dual sites in these catalysts are the
Co-Co2C model. There is no doubt that Co2C formed dur-
ing the FTS is responsible for its deactivation. However, the
formation of Co2C has positive effect on the oxygenate pro-
duction [132].
Ding’s group [130,131,133–135] prepared a series of

Co-based catalysts without Cu, and it was found that the for-
mation of the Co and Co2C interface and the dual sites at the
interface would be essential for highly efficient alcohol syn-
thesis via the FT reaction (Figure 18). The noble-metal-like
Co2C serves as the CO nondissociative adsorption, and the
metallic Co works as the CO dissociative adsorption and
subsequent carbon-chain propagation.
In order to produce more Co2C and improve the catalytic

performance, promoters such as alkali [136], La2O3 [98], CaO

Figure 18         Schematic depiction of the formation of high alcohols via syngas
conversion at cobalt metal/carbide interface [135] (color online).
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[137], Al2O3 [138], SiO2 [139], activated carbon [135], ZrO2
[140], and ZnO [141] were added to Co-based catalysts. An-
ton et al. [142] studied the effect of sodium on the struc-
ture-activity relationship of cobalt-modified Cu/ZnO/Al2O3
catalysts for HAS, and they found that the presence of Na
facilitated the carbidization of Co metal sites to form bulk
Co2C. A close contact between metallic Co0 and Co2C was
assumed to generate additional active site for HAS.
Spivey’s group [143,144] investigated the CuCo and

La-modified CuCo catalysts and found that Cu was unable
to adsorb CO associatively at the reaction temperature for
HAS by DRIFTS. They therefore believed that Cu could
not be involved in the CO insertion step and the effect of
Cu was to provide hydrogen via H2 spillover to hydrogenate
the intermediates. The Co2C formed on the Co0 site can
associatively adsorb CO and insert it into the adjacent CH2
species. Thus, the Co-Co2C constitutes the dual active sites.
Recently, Xiang et al. [145] found CoMn catalysts could

be tuned to produce long-chain n-aldehydes, 1-alcohols
and olefins, as well as n-paraffins, and the sum selectivity
of aldehydes and alcohols was usually 45 wt% where up
to 97% could be n-aldehydes. Besides, they advocated
a synergistic interaction between a Mn5O8 oxide and a
bulk Co2C phase (Figure 19), promoted by the presence of
potassium, to be responsible for the unique product spectra
in their studies. The physicochemical characterization of
potassium promoted CoMn catalysts revealed the occurrence
of a potassium-Mn2(II)Mn3(IV)O8 phase (both before and
after reaction). Both phases seemed to be in intimate contact
during the synthesis and were anticipated to act synergisti-
cally to produce straight-chain oxygenates (n-aldehydes and
terminal n-alcohols), α-olefins and n-paraffins with selec-
tivities depending strongly on the H2/CO partial pressure.
Summing C4+ oxygenates and hydrocarbons for each Cn, a
chain-lengthening probability independent of the H2 partial
pressure was obtained. This would appear to be in agreement
with a unique chain-lengthening mechanism for all product
classes. A definitive proof cannot yet be provided on the
basis of steady-state kinetic experiments, which would re-
quire extensive spectroscopic and microscopic in operando
investigations as performed in a number of laboratories.

3.3    Modified Fe-based catalysts

Besides modified Co-based catalysts, the modified Fe-based
catalyst systems, especially the Cu-Fe based catalysts with
or without promoters, are another kind of HAS catalysts that
have been studied widely [105]. The Cu-Fe based catalysts
exhibit higher WGS activity and thus making it very suit-
able for the CO-rich syngas (mainly derived from coal or
biomass) conversion. It is clear that Cu, well-known as the
major element for methanol synthesis, serves as the dissocia-
tive chemisorption of hydrogen and the  associative  adsorp-

Figure 19         Structural characterization of Co4Mn1K0.1 catalysts. (a) HRTEM
image of Co4Mn1K0.1 catalyst before reaction; (b) enlarged HRTEM image
(inset: the Fourier transform of the selected region of (a)); (c) XRD patterns
of Co4Mn1K0.1 catalyst: both before and after CO hydrogenation; (d–f)
HAADF-STEM images of Co4Mn1K0.1 catalyst after CO hydrogenation
[145] (color online).

tion of CO, while the FeCx acts as the dissociative CO ad-
sorption and hydrogenation. The synergy between Cu and
FeCx was required for the efficient production of higher al-
cohols. According to the published results [105], a Cu-Fe
catalyst with a homogeneous distribution of the dual sites at
an atomic distance would largely improve the HAS perfor-
mance, while the agglomeration of any site or the separation
of the dual sites would result in poor higher alcohol selectiv-
ity.
Our group [104,105,146–148] has studied an unsupported

CuFe bimetallic nanoparticle for high alcohol synthesis.
These catalysts were prepared by simultaneous reduction of
cupric and ferric nitrates with sodium borohydride (NaBH4)
in ethylene glycol (EG) under Ar atmosphere. The reaction
conditions were 200 °C, 60 bar, 6000 h−1, and a H2/CO of 2.
Under these conditions, a Cu/Fe catalyst with a molar ratio
of 1/3 exhibited the highest C2+OH and C6+OH selectivity
of 95.7 wt% and 74 wt%, respectively, in the total alcohol
distribution while maintaining a low methane selectivity at
high CO conversion (26%) [146]. In comparison with the
Fe nanoparticles and composite nanoparticles of the physical
mixture of Fe and Cu nanoparticles, the CuFe bimetallic
samples showed comparable CO conversion and similar
product distributions, but with much higher selectivity to
higher alcohols. The total alcohol selectivity appeared to be
more affected by the Cu-FeCx synergism, while the higher
alcohol selectivity depended more on the nature of the FeCx
site. By further investigation of the structural evolution
during the reaction process, we found that the Cu and Fe
components were homogeneously dispersed and contacted
with each other on the nanometer scale at the early stage
of the reaction, which contributed to the high total alcohol
selectivity due to the good synergism between the dual
sites. During the reaction, however, a separation of Cu
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and Fe phases was observed, weakening the synergism and
decreased the targeted alcohol selectivity (Scheme 3). Thus,
we found it very important to increase the concentration
of the dual sites on the catalyst surface and maintain the
synergism without any phase separation in order to obtain a
good HAS performance.
Moreover, the catalytic performance of CuFe, CuCo and

CuNi bimetallic catalysts prepared by the same method was
studied for comparison under the same reaction conditions
[104]. With the aiding of XRD, TEM and EDS characteri-
zation technologies, a severe phase separation of Cu and Fe
in the spent CuFe samples was observed, and the Cu@Co
core-shell structure was formed with the co-existence of the
Cu-Co alloy nanoparticles for spent CuCo catalysts, while
only Cu-Ni alloys could be observed on the spent CuNi sur-
face. These structural differences resulted in the difference
in the catalytic performance. The CuFe catalyst mainly kept
the original FT property of Fe, CuCo exhibited different per-
formance from Co, and CuNi acted as a methanol synthesis
catalyst rather than higher alcohol or FT synthesis catalyst.
In order to elucidate the reaction network of higher alco-

hol synthesis over the Cu-Fe based catalysts, the probe mole-
cule experiments (alkane, alcohol, aldehyde and olefin) over
the CuFe/ZrO2 catalyst under the typical HAS reaction con-
ditions was carried out [148]. According to the results, a re-
action network was summarized and depicted in Scheme 4.
The probe molecular experiments showed that the alkyl in-
termediates and acyl species formed during the reaction. The
alkyl species, formed by CH2 polymerization, can be hydro-
genated to alkanes or converted into acyl species by CO inser-
tion through the synergism of the dual sites. The acyl species
can also be terminated to form aldehydes or alcohols by hy-
drogenation. In  addition,  the  acyl  species  can  react  with

 

Scheme 3         Schematic depiction of structural evolution of CuFe dual site
through the whole reaction: from close contact at the early stage of reaction
to phase separation after reaction [147] (color online).

 
Scheme 4         Schematic illustration of the active site and reaction network
over a CuFe catalyst during high alcohol synthesis [148] (color online).

alcohols to form the corresponding esters. This study sug-
gests that the reaction network can be adjusted for high se-
lectivity to the target products by the precise control of both
the catalyst and engineering factors.
By optimizing the catalyst preparation method, catalyst

composition, pretreatment, and reaction conditions, Xu et
al. [149] developed an efficient Fe modified CuMnZrO2
HAS catalyst. The introduction of Fe into the CuMnZrO2
catalyst by impregnation increased the interaction between
the dispersed Cu and Fe compared to co-precipitation, which
favors the production of higher alcohols. To further improve
the selectivity to alcohols, the Zn promoter was added to the
original catalyst resulting in much higher activity and selec-
tivity to alcohols [99]. The corresponding catalyst showed
good stability during the 2400 h laboratory test (Figure 20)
and was also successfully scaled-up, and passed the single
tube reactor test.
Recently, Hou et al. [150] prepared the SiO2-coated CuFe

catalysts with different Cu/Fe molar ratios by the co-reduc-
tion method and the subsequent in situ coating method. The
prepared SiO2-CuFe catalysts were tested at 280 °C, 40 bar,
and GHSV of 5000 h−1 and a H2/CO ratio of 2. A Cu/Fe molar
ratio of 1 was found to give the highest total alcohol selectiv-
ity of 6.5% with a C2+ alcohol distribution of 73.9% in the
total alcohols, which was caused by a stronger Cu-Fe syner-
gistic effect due to the formation of CuFe2O4 during the reac-
tion.
Promoters such as Mn, Zr, Ce, and Zn were usually used to

modify the Cu-Fe catalyst [151–153]. Han et al. [153] stud-
ied the Cu-Mg-Fe-M-O (M=Mn,Zr and Ce) catalysts derived
from LDH precursors using the co-precipitation method for
HAS. The amount of tetrahedrally coordinated Cu species
was found to have a liner relationship with the alcohol se-
lectivity. Different promoters have different interaction with
the active component leading to varied catalytic performance
(Scheme 5). The Mn additive facilitated a stronger interac-
tion between Cu and Fe, and promoted the total alcohol and
higher alcohol formation, while the Zr and Ce weakened its
interaction with the active component but promoted the inter-
action of Cu and Fe, and thus resulted in the increased total
alcohol selectivity but decreased the C2+OH selectivity.
K has also been used as a chemical promoter to improve

the oxygenate selectivity [154]. Many reviews and articles
discussed the effect of K addition on the CO hydrogenation
activity. K was usually considered to enhance the chemisorp-
tion of CO, suppress the chemisorption of H2, and decrease
the reduction degree of the active metal. The excess K would
block the active sites and reduce the activity and selectivity
of the catalyst, thus a suitable amount of K is advantageous
to HAS. Ding et al. [154] found a Cu-Fe catalysts with 0.5
wt% K loading to display the highest activity of 27.3% and
C2+OH/C1OH of 1.7 at 260 °C, 40 bar,  6000 h−1  of  GHSV,
and a H2/CO ratio of 2. Also, K is an  effective  promoter  to
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Figure 20         The catalytic performance of Zn promoted FeCu-based cat-
alyst with TOS. Reaction conditions: T=260 °C; P=60 bar; H2/CO=2.0;
GHSV=6000h−1 [99] (color online).

Scheme 5         Schematic depiction of the promoting effects of Mn, Zr and Ce
on CuFe catalyst [153] (color online).

suppress CH4 formation, and shift the product distribution to
heavier hydrocarbons.
In addition, a recently published work from Lu et al.

[155] introduced a three-dimensionally ordered macroporous
Cu-Fe catalyst prepared using a glyoxylate route colloidal
crystal template method. They tested its HAS performance
and observed a very high selectivity to 1-alcohls up to ap-
proximately 48% with the distribution of the C2+ and C6+
slates in total alcohols up to 95% and 63%, respectively.
They ascribed this significant breakthrough to unique the
macroporous structure of the catalyst and the synergetic
effect between the Cu0 and Fe5C2 dual sites.
Other supported iron-based catalyst such as atta-

pulgite [156] and activated palygorskite [157] supported
CuFeCo-based catalysts have also been reported. These sup-
porters are added to the Cu-Fe catalyst systems to promote
the interaction of the dual sites and stablize the corresponding
species.

4    Conclusions and outlook

Production of fuels and chemicals, especially the high value
compounds such as lower olefins and higher alcohols, from
syngas, will become increasingly important in a world with
rising energy consumption and expected depletion of non-re-
newable petroleum reserves. The direct and highly efficient
conversion of syngas into valued-added chemicals is one of
the major fields of green carbon science and will become one

of the most attracting routes in the near future for lowering
the petroleum dependence and realizing the clean utilization
of carbon resources. In addition, the growing market demand
for the lower olefins and higher alcohols will further drive the
research and development in the production processes includ-
ing the development of catalysts, reactor and related process
technology from non-petroleum feedstocks.
As for the direct production of lower olefins via syngas

over the dual functional site catalyst systems (for example,
OX-ZEO), the reactivity and stability under the industrial
conditions should be further improved. Due to the high reac-
tion temperature (~400 °C), coke deposition over zeolite and
sintering of the active phase would be the most challenging
issues. The selection of supports and proper promoters for the
CO-activated component and the tuning of the pore structure
and acid properties for the second zeolite component would
be future research directions.
Although the FTO process for the lower olefin production

does not display higher selectivity towards C2–4 olefins than
that of MTO, DMTO or OX-ZEO, the chemicals obtained
from the FTO process were more flexible and higher value-
added. Current progress in the design of active sites, es-
pecially the development of Co2C nanoprisms with exposed
facets of (101) and (020), would break the traditional ASF
distribution. Lower methane selectivity, higher C2–4 olefins
selectivity and more stable catalytic performance make it at-
tractive for both the academic and industrial communities.
The progress in the FTO process will add fresh momentum
to the traditional FTS field. The CO-rich syngas without
any H2/CO adjustment by the water-gas-shift reaction, which
has significant energy consumption, can be directly used to
synthesize clean targeted products. The FTO process with
process simplicity and energy saving will hopefully be in-
dustrialized in these coal- or biomass-abundant districts if
the following issues are solved: (1) Iron is inexpensive, and
the reactivity and selectivity to lower olefins with Fe-based
FTO catalysts are rather promising. However, Fe-based FTO
catalysts are easy to deactivate due to the coke deposition
and particle size growth. In addition, the product distribu-
tion of Fe-based FTO catalysts generally follows the ASF
model and methane selectivity is still rather high. The cat-
alyst lifetime involving the stability and regeneration prop-
erty under industrial conditions are the key problems. Thus,
the catalytic performance should be further improved by op-
timization of the catalyst surface structure. (2) The latest
reported Co2C-based FTO catalyst system seems to possess
outstanding catalytic performance with product distribution
deviates markedly from the classical ASF distribution. How-
ever, cobalt is more expensive than iron, and more attention
should be paid to the catalyst stability. The following scien-
tific problems need to be further investigated for Co2C-based
FTO catalyst system, i.e, nanoeffects including size effect and
facet effect for the Co2C phase; the stability of this kind of



An et al.   Sci China Chem   July (2017)  Vol.60  No.7 901

Co2C nanoprisms under industrial reaction conditions; regen-
eration of the Co2C-based FTO catalyst. In-situ studies are
also needed to further reveal the structure-performance rela-
tionship. In addition, due to the strong exothermicity of the
FTO reaction, the reactor engineering should also be further
considered. (3) Long-chain olefins are of higher values than
lower olefins. For both Fe-based and Co-based FTO cata-
lysts, long chain olefins are also produced. One of the ad-
vantages of the FTO process is the tunable property of the
product selectivity. It may be more economical to shift the
products toward long-chain olefins by optimization of cata-
lyst components and reaction conditions. In the near future,
the long-chain olefins will drawmore attention due to the cur-
rent low price of crude oil and flat chemical market.
As for the high alcohols synthesis from syngas, modified

FT catalyst systems afford high C2+OH selectivity. How-
ever, the activity and stability need to be further improved.
Although a consensus has been reached on the bifunctional
catalysis for HAS over modified FT catalyst, the information
about the detailed dual active sites is still limited. The com-
plexity of the reaction network and the toughness of the re-
action conditions in HAS makes the research on the dual ac-
tive site of actual structure become thorny. The conventional
surface characterization methods could not reveal the struc-
tural evolution of the HAS catalysts under rigorous reaction
conditions. Therefore, researchers need to develop in-situ
characterization methods and combine the catalytic perfor-
mance studywith in-depth investigation on the structural evo-
lution of HAS catalysts under working conditions. An alter-
native way might be the design of more elegant experiments
to study the structure of the catalysts by existing characteriza-
tion methods. In addition, strategies to construct and stabilize
the dual sites are also very important for HAS studies. More
efforts are needed to develop controlled preparation methods
to obtain dual active sites with a specific nanostructure. And
close attention should be paid to the preparation process since
the effect of each step in the preparation might have a sig-
nificant influence on the performance of the obtained cata-
lyst. Another aspect for the development of the HAS catalysts
should be the stabilization of the dual active sites by adding
promoters and optimizing the reaction conditions. Moreover,
the elucidation of the underlyingmechanism and the structure
evolution of the dual sites during the reaction are also highly
important.
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