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ABSTRACT: The conversion of syngas to hydrocarbons via
Fischer−Tropsch synthesis (FTS) and to alcohols via higher
alcohols synthesis (HAS) are two important chemical reactions
that generate liquid fuels. Heterogeneous catalysts supported
on carbon have been used in both of these fields. In this
review, we first describe the features and surface properties of
several shaped carbon materials, including carbon black,
activated carbon, carbon nanotubes, carbon nanofibers, carbon
spheres, ordered mesoporous carbon, graphene, and diamond.
In particular, the microscopic structures of these shaped
carbons are compared to differentiate the specific character-
istics of different shaped carbons. Then we review the recent
advances in the study of heterogeneous catalysts supported on
these shaped carbon materials used for FTS and HAS from syngas in the past two decades. Various catalyst parameters, such as
promoters, stability, autoreduction, pore structure, carbon morphology, and metal particle size, etc., are discussed and
summarized.
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1. INTRODUCTION

The finite petroleum resources available in the world have led to
a re-evaluation of the production of alternative energy sources
and the development of new energy utilization pathways that do
not rely only on petroleum (even if oil prices have dropped in
early 2015 below $60 per barrel). One reliable and well-known
pathway for energy and fuel production is to combust biomass,
natural gas, or coal to synthesis gas (syngas, CO/H2), followed
by the direct catalytic conversion of syngas to fuels and
chemicals. Thus, the use of fuels that are produced from syngas
as an energy source provides an important alternative to at least
partly supplement energy demand from crude oil. In this process,
the syngas-to-hydrocarbons (i.e., Fischer−Tropsch synthesis,
FTS, eqs 1 and 2) or -to-alcohols (eq 3) routes are two important
chemical reactions that generate liquid fuels. It should be noted
that the FTS reaction generates mainly hydrocarbons, with
minor formation of alcohols.1 To generate high yields of long-
chain alcohols to be used as fuels requires a change in catalyst
formulation from that used in FTS; this process is referred to as
higher alcohols synthesis (HAS).

+ + → + ≥+n n n nCO (2 1)H C H H O ( 1)n n2 (2 2) 2
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The conversion of syngas to hydrocarbons or to alcohols can
be viewed, in principle, as a green process because it entails a
catalytic reaction in which all the carbon in CO is converted to
CHx/CHxOH species and the H is converted to water. The FTS
and HAS processes are surface-catalyzed reactions involving
chain growth and termination of carbon fragments, generated
from the hydrogenation of adsorbed CO over a catalyst.
Although commercial FTS catalysts (based on iron and cobalt)
are well-known, alcohol synthesis to make fuels directly from
syngas has not been well-established in industry.2 This, of course,
excludes the formation of MeOH from syngas, a well-known
industrial process; once made, the MeOH can be indirectly
converted into long chain hydrocarbon fuels.
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Control of the products in FTS and HAS is influenced by
many factors that include reactor design, process variables, and
the nature of the catalyst.3 Because most industrial catalysts are
typically supported on a porous material, the physical and
chemical properties of the support can impact FTS and HAS
selectivity and activity. Indeed, supports have been found to
significantly affect the catalyst performances in FTS and HAS.
Compared with conventional oxide supports, such as Al2O3,
SiO2, and TiO2, carbon supports are attractive because they
display a relatively weak interaction between the metal and the
carbon, and this allows for the easy tailoring of the catalyst
properties by modification of the chemical and physical
characteristics of the carbon. Carbon materials with different
morphologies, such as carbon black, activated carbon, glassy
carbon, and carbon nanofibers, have been successfully used in
FTS for decades.
More recently, a new generation of carbonmaterials have been

synthesized via carbonization of solids, liquids, or gases.4,5 These
newmaterials contain carbon atoms that have amix of sp2 and sp3

orbitals, and it is both the ratio of these orbitals and the curvature
associated with sp2−sp2 bonding patterns that give rise to myriad
new structures that have not been synthesized prior to 1992.
Early studies (pre-1992) on carbon supported catalysts for use

in FTS and HAS mainly focused on carbon black, glassy carbon,
and activated carbon as supports.6,7 In the past two decades,
there has been an ever-increasing interest in the use of new
carbon materials, with uniform structures, for use in syngas
conversion; however, a systematic approach to aid understanding
of the effect of the different carbon morphologies on the syngas
conversion reactions is still to be realized.
In this review, we have summarized recent advances in the

conversion of syngas to hydrocarbons and to alcohols using
heterogeneous catalysts supported on differently shaped carbon
materials, including carbon black, activated carbon, carbon
nanotubes, carbon nanofibers, graphene oxide, carbon spheres,
mesoporous carbon, diamond, and heteroatom-doped carbons.
The issue of hierarchical carbons mixed with other supports in
which the primary FT or HAS products are further converted
into fuels will be briefly described.8 It is also to be noted that a
number of important reviews have appeared on carbon supports
in the past few years that have included the issue of FT to varying
degrees.9−13 Our review has focused on the general relationship
of the carbon catalyst structure to performance in both the FTS
and HAS processes.
This Review is divided into six sections: Section 1 is the

Introduction. In section 2, the preparation and structure of the
shaped carbon materials is described. Due to the hydrophobic
nature of the surface of most carbon materials, it is necessary to
activate the carbon surface and make the surface hydrophilic. In
the third section, the physical and chemical surface properties of
these new and old shaped carbon materials are described. In the
fourth section, the catalyst performances in FTS of the catalysts
supported on shaped carbon materials is reviewed. The use of
carbon-supported catalysts in HAS from syngas is described in
the fifth section. The last section provides some conclusions and
perspectives on this active field. This paper thus provides an
overview of catalysts supported on shaped carbon materials for
the direct conversion of syngas into hydrocarbon and higher
alcohols based fuels.

2. PREPARATION AND STRUCTURAL FEATURES OF
SHAPED CARBON MATERIALS
2.1. Carbon Black. Carbon black (CB) has been produced

both intentionally and unintentionally for millennia. Nowadays,
in addition to its use in the tire industry (over 90%), CB has been
used in pigmentations, industrial rubber products, plastics and
printing inks, conductive agents and batteries, etc.14

CB is a carbonaceous material produced in industry by the
incomplete combustion of heavy petroleum products (such as
tar) or by the thermal decomposition of gaseous or liquid
hydrocarbons. It is a form of para-crystalline carbon that has a
high surface area to volume ratio and is composed of fine carbon
particles, which are usually found in a bead-like (accreted) cluster
arrangement (Figure 1). CBs are commercially available from

many companies, with a wide range of surface areas and
porosities, ranging from nonporous, highly ordered, and
homogeneous particles to highly porous aggregates with surface
areas up to 1500 m2 g−1. CB, based on annual tonnage, is one of
the top 50 industrial chemicals manufactured worldwide. The
detailed production and applications of carbon black can be
found in Donnet et al.15

2.2. Activated Carbon. Activated carbon (AC) is “porosity
enclosed by carbon atoms, which has the size of molecules and is
slit-shaped”.17 There are several hundred activated carbons
available commercially, all with different porosity for use in
specific applications and typically made from different source
materials. However, different activated carbons with different
properties can also be made from one source material. A
generally accepted model of AC can be represented in a cartoon
that shows a representative structure consisting of aromatic
sheets and strips (Figure 2 (a)). These are typically bent and the
overall picture corresponds to that of crumpled paper, with the
gaps between the sheets or parts of sheets representing
micropores (Figure 2(b)). All the ACs have a porous structure
but they also contain some chemically bonded heteroatoms
(mainly oxygen and hydrogen). Thermal decomposition of ACs
in air always leaves a residue (ca. 15% ash). This ash typically
contains silica and other oxides (the nature and amount is a
function of the precursor).
Activated carbons are used mainly for the purification of water

and air and the separation of gas mixtures. Only a few resources
are used for activated carbon production, including coals, peat,
and woods as well as some synthetic organic polymers. The key

Figure 1. Representative TEM images of carbon black: (a) low
magnification; (b) high magnification showing its graphitic structure.
Adapted from ref 16 (Xiong, H.; Wang, T.; Shanks, B.; Datye A. Tuning
the Location of Niobia/Carbon Composites in a Biphasic Reaction:
Dehydration of D-Glucose to 5-Hydroxymethylfurfural. Catal. Lett.
2013, 143, 509−516.) with kind permission from Springer.
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features are the reliability and consistency of the resource. Glassy
carbons are considered as a type of activated carbon with slit-
shaped pores and have also been referred to as carbon molecular
sieves.18 The detailed application and properties of ACs can be
found in a book by Marsh and Rodriguez-Reinoso.17

2.3. Carbon Nanofibers. Carbon nanofibers (CNFs) were
first prepared over a century ago.19,20 A key feature found in all
CNFs is that they are made of domains of sp2 carbon atoms
(graphene-like layers) bounded by sp3 carbons or other terminal
atoms or groups of atoms. Cartoon structures of some typical
CNFs are shown in Figure 3. Figures 3a−c show the platelet,

ribbonlike and herringbone (or fishbone) structure of fibers that
are made from graphene layers. The synthesis and application of
graphene-domained CNFs have been well described elsewhere.19

When CNFs are made in low-tempertaure processes, there is
much less graphitic carbon detected; that is, more sp3 bonding is
noted. The actual morphology of the CNFs is determined by the
carbon source (keeping the catalyst and reaction conditions the
same).4 This allows for the generation of so-called “coblock”
CNFs to be made by generating a CNF by sequentially using two
or more different carbon sources, as seen in the cartoon shown in
Figure 3d.4

2.4. Carbon Nanotubes.Carbon nanotubes (CNTs) have a
unique nanostructure that gives their remarkable electronic and
mechanical properties;11 however, only the multiwalled CNTs
(MWCNTs) have been studied in depth as catalyst supports.
MWCNTs do not have the perfect 1-D linear structures shown in
most cartoon representations of the material but typically have a
wavy structure (think of cooked spaghetti rather than raw
spaghetti) and have a rough surface (Figure 4).21 Of importance
in terms of CNT morphology is the parallel arrangement of the

graphene layers along the tube axis and the generation of the
cavity in the tube.22 As-produced MWCNTs typically have
surface areas ranging between 50 and 400 m2/g. They typically
have no micropores, and the mesopore volume (determined by
the diameter of the tube) ranges between 0.5 and 2 mL/g. They
are now commercially available from many suppliers.
It should be noted that it is easy to confuse MWCNTs with

CNFs. For example, they are both one-dimensional carbon
materials and can be prepared by similar procedures.5,23 Both
CNFs and MWCNTs are believed to grow by decomposition of
an organic reactant on a catalyst particle. The carbon atoms then
move over or through the catalyst, followed by crystallization of
the carbon on the catalyst surface.19 However, recent studies
have suggested that the synthesis of CNFs and CNTs, especially
at low temperatures, may occur by a surface diffusionmechanism.
The detailed differences and similarities in electronic, adsorption,
mechanical and thermal properties, and growth mechanisms
have been reviewed.19,20 Some physical features associated with
CNTs and CNFs used in syngas conversion are shown in Table
1.

2.5. Carbon Microcoils. Carbon microcoils (CMCs), or
helical carbon, are another member of the nanostructured carbon
materials.44 The CMCs are a polymer-like carbon that has a

Figure 2. Schematic representation of the structure of (a) activated
carbon and (b) an activated carbon granule. Reprinted from ref 18
(Rodriǵuez-Reinoso, F. The role of carbon materials in heterogeneous
catalysis. Carbon, 1998, 36, 159−175); copyright 2014, with permission
from Elsevier.

Figure 3. Illustration of different types of carbon nanofibers (CNFs):
(a) platelet fibers; (b) ribbonlike fibers; (c) herringbone fibers; and (d)
coblock carbon nanofibers; adapted from ref 4.

Figure 4. Representative TEM images of CNTs: (a) low magnification;
(b) high magnification. Adapted from ref 24.

Table 1. Typical Features of Carbon Nanofibers and
Nanotubes Used in Syngas Conversion

structure feature

carbon
materials

BET surface
area (m2/g)

pore volume
(cm3/g)a diameter (nm)b ref

CNFs 137−194 0.21−0.38 30 25−28
276 0.46 6.7 29
3.8 N.A. N.A. 30
123−164 0.29−0.51 5.5−10.9 31
93 0.19 9.2 32

CNTs 80 0.3 9 33, 34
109 N.A. N.A. 35
212; 218 0.58; 0.55 8−12; 20−50 36
29 0.086 40−80 37
N.A. N.A. 2−12 38, 39
N.A. 4 10−20 40
72−164 0.36−0.74 10−50 41
N.A. N.A. 3−5 42
198−285 0.44−0.7 N.A. 43

aN.A.= not available. bFor CNFs, the exterior diameter was measured,
and for CNTs, the interior diameter was measured.

ACS Catalysis Review

DOI: 10.1021/acscatal.5b00090
ACS Catal. 2015, 5, 2640−2658

2642

http://dx.doi.org/10.1021/acscatal.5b00090


corkskrew-like structure made up of carbon atoms containing
significant sp3 hybridization. The CMCs are poorly graphitic.
CMCs are different from conventional CNFs and can have
different thermal stability and carbon atom arrangements.45

Thus, these materials allow for the study of the impact of sp3

bonding on the catalytic activity of carbon supports. Carbon
microcoils are typically prepared using Cu or Ni catalysts by
CVD at low temperatures (<300 °C) (Figure 5).46 The detailed
applications and properties of CMCs can be found in a recent
review.47

Coiled carbon tubes are also known.48 These, as the name
implies, are like CNTs with graphitic walls parallel to the tube
axis. To date, they have not been explored as catalyst supports.
2.6. Carbon Spheres (CSs). Carbon spheres (CSs) is the

generic name given to carbons that have been made from a
carbon source in the absence of O2 and require no catalyst. They
have been given many other names, including carbon balls,
carbon nanospheres, carbon microbeads, onions, etc.49 There are
two major approaches used for the synthesis of carbon spheres.
One is the CVD method involving the high-temperature
decomposition of a carbon reactant, typically in the absence of
a catalyst. These CSs require no purification to remove residual
metal catalyst as found in CNTs and CNFs. The surface of these
CSs prepared by CVD is composed of random curling graphitic
flakes with sizes ranging from 1 to 10 nm. If these flakes are
tightly packed, they produce CSs with low surface areas (<10m2/
g). When very small CSs (called onions) are produced, their
surface consists of nearly complete graphite layers.
The second method used to make CSs is hydrothermal

synthesis (HTS).50,51 The CSs prepared by HTS are usually
derived from the carbonization of an organic carbon precursor,
such as glucose or sucrose, in an autoclave. The structure and
formation mechanism of these CSs is not well understood.52

Representative SEM/TEM images of CSs are shown in Figure
6. Methods to achieve synthesis, doping, functionalization, and
application of carbon spheres can be found in a chapter by
Titirici51 and reviews.53,54

2.7. Ordered Mesoporous Carbon. Ordered mesoporous
carbons (OMCs) are materials that have a repetitive porous
structure in the nanometer range (Figure 7). The OMCs are
made by covering a template with an appropriate carbon
reactant. Templates are classified as hard or soft.57 A hard

template is made from a presynthesized organic or inorganic
template,58 and the soft template method generates a nano-
structured carbon through co-condensation and carboniza-
tion.59,60 The corresponding pore structures are determined by
synthetic conditions, such as mixing ratios, solvents, and
temperatures. The detailed synthesis of mesoporous carbons
can be found in a review by Liang et al.57 OMCs are used as
supports in catalysis because they show improved mass transport
of molecules compared with microporous carbons.

2.8. Graphene, Graphite, and Diamond. Graphene is a
one-dimensional material with one or several layers of stacked
sheets of sp2-hybridized carbon in which the number of sheets
does not exceed 10 (Figure 8a).62 Oxidation of graphene leads to
a surface rich in O atoms. Reduction of this graphene oxide gives
reduced graphene oxide, which can be used as a catalyst support.
Beyond 10 layers, graphite occurs in a stacked hexagonal
structure with an interlayer spacing of 3.34 Å, the van der Waals
distance for sp2-bonded carbon (Figure 8b). There are several
types of graphite, and they have very similar physical properties,
except that the graphene layers stack slightly differently.

Figure 5. Representative TEM images of carbon microcoils: (a) low
magnification TEM image showing their spring-like structure; (b)
higher magnification TEM image of CMCs showing their amorphous
structure. Reprinted from ref 45 (Xiong, H.; Motchelaho, M. A. M.;
Moyo, M.; Jewell L. L.; Coville, N. J. Cobalt catalysts supported on a
microcoil carbon in Fischer−Tropsch synthesis: A comparison with
CNTs and CNFs. Catal. Today, 2013, 214, 50−60); copyright 2014,
with permission from Elsevier.

Figure 6. Representative SEM and TEM images of carbon spheres
(CSs): (a) SEM image of carbon spheres and cartoon illustration of a
carbon sphere prepared by CVD (insert), Reprinted from ref 55 (Xiong,
H.; Moyo, M.; Motchelaho, M. A. M.; Jewell, L. L.; Coville, N. J.
Fischer−Tropsch synthesis over model iron catalysts supported on
carbon spheres: The effect of iron precursor, support pretreatment,
catalyst preparation method and promoters. Appl. Catal., A 2010, 388,
168−178); copyright 2014, with permission from Elsevier; (b) HRTEM
image of a carbon sphere showing that the sphere is composed of
graphitic layers, with the c-axis approximately parallel to the radial
direction. The inset is a magnified region. Reprinted from ref 56 (Wang,
Z. L.; Kang, Z.C. Pairing of pentagonal and heptagonal carbon rings in
the growth of nanosize carbon spheres synthesized by a mixed-valent
oxide-catalytic carbonization process. J. Phys. Chem. 1996, 100, 17725−
17731); copyright 2014, American Chemical Society.

Figure 7. Representative SEM/TEM images of mesoporous carbon
materials (a) with pore size of 25 nm synthesized using colloidal silica
particles as templates and (b) synthesized using SBA-15 as the template.
Reprinted with permission from ref 61 (Chai,G. S.; Yoon, S. B.; Yu, J.-S.;
Choi, J.-H.; Sung, Y.-E. J. Phys. Chem. B 2004, 108, 7074−7079);
copyright 2014, American Chemical Society.
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Diamond is a crystalline carbon material composed of sp3

hybridized carbon atoms and is thus quite different from
graphene-based carbon materials, which have substantial sp2

hybridized carbon atoms. Diamond has long been considered a
surface inert material (Figure 8c); however, oxidized diamond
can be used to load active composites, which can be used in
catalysis because the surface is rich in OH groups.63,64

2.9. Carbons with Other Shapes. Figure 9a shows an
illustration of the structure of a fullerene. The fullerene molecule

has a hollow structure and is composed entirely of carbon, with a
spherical or ellipsoid shape. Fullerenes will need to be embedded
in a matrix if used in heterogeneous catalysis.
Carbon materials with other shapes, such as carbon buds and

horns (Figure 9b and c), have been made but rarely used in
catalysis because of the difficulties of either their large-scale
production or the purification of the carbons. A wide range of
other carbons based on variations of the shapes mentioned have
also been made. However, they have not been exploited in
catalytic reactions.

3. SURFACE FUNCTIONALIZATION AND PROPERTIES
OF THE SHAPED CARBONS

Raw carbon materials (i.e., the synthesized carbon prior to
purification/functionalization) prepared by most procedures
have hydrophobic surfaces, and it is difficult to prepare effective
catalysts using these raw materials. If the carbons are not surface-
activated, they cannot be properly dispersed in solvents. The
limited defect sites on the carbon surface can also preclude a
good metal−carbon support interaction. This can be overcome
by doping (replacement of carbon atoms by noncarbon atoms)
or by functionalization of the shaped carbon surface prior to the
loading of an active metal. There are numerous methods that
have been used to activate (i.e., functionalize) the shaped carbon
surface, such as acid (liquid and gas) treatment,65−67 base
treatment,65,68 oxidation and plasma treatment,69 vacuum−
ultraviolet photochemical reactions,70 and microwave proce-
dures.71 However, the most efficient and lowest cost process is
acid treatment.

3.1. Acid Treatment. Acid treatment of freshly synthesized
shaped carbons creates adsorption sites on the surface of the
shaped carbons needed for anchoring metal precursors. The
generation of CNTs as a support occurs in two steps:72 The first
step involves the removal of the catalyst required to make the
CNT,73−75 and in the second step, a strong oxidative medium is
used to remove amorphous carbon and roughen the CNT
surface.
There are different ways to purify and functionalize the carbon

materials using acidic solutions, such as by treatment with nitric
acid, concentrated sulfuric acid, aqua regia, HF−BF3, aqueous
OsO4, or KMnO4 (acid/alkali) solutions. Recently, a gas-phase
route has been developed for the functionalization of CNTs.66

The HNO3 vapor treatment proved more effective for
introducing oxygen-containing functional groups on CNT
surfaces than a conventional treatment with liquid HNO3, and
it is more advantageous because the method avoids the filtration,
washing, and drying steps.

3.2. Doping.Doping hybrid atoms into the nanostructures of
shaped carbon is an alternative to increase the surface
hydrophilicity and electrical conductivity of shaped carbon
materials. The most extensively used dopants are nitrogen (N)
and boron (B), which either add electrons to or subtract
electrons from the carbon systems. When these hybrid carbon
materials that have been doped with N or B are used in catalysis
or electrochemistry, the electron donor and acceptor character-
istic of the shaped carbon surface can be significantly affected
and, thus, influence the reactive performance of a catalyst.76 In
this regard, nitrogen-doped carbon nanotubes (N-CNTs) have
been found to be more metallic in behavior and exhibit strong
electron donor states near the Fermi level.77 Using tight-binding
and ab initio calculations, pyridine-like N structures have been
shown to be responsible for this metallic behavior.77

Two methods have been developed to dope shaped carbon
materials: in situ doping and post doping. In in situ doping, the
heteroatoms are introduced into the shaped carbon structure in
one step during the preparation of the shaped carbon, whereas in
the post doping method, the heteroatoms are introduced into the
carbon structure by post-treatment after the shaped carbons have
been prepared. A cartoon showing a comparison of the
morphology of the nitrogen-doped carbon nanotubes (N-
CNTs) prepared by either (a) in situ growth or (b) postdoping
is illustrated in Figure 10.78 N-CNTs prepared by the in situ
growth method generally produce bamboo-like structures with
the doped N atoms well dispersed both in the bulk and on the
surface of the N-CNTs. In post doping, the doped N atoms tend
to deposit only on the surface of the N-CNTs.78

3.3. Surface Properties. The surface properties of shaped
carbon materials have been characterized by numerous
techniques that include acid−base titration, zeta potential charge
analysis, and X-ray photoelectron spectroscopy (XPS). For
acid−base titration, selective neutralization at equilibrium with
different bases of increasing strength is used to determine
quantitatively the concentration of surface acidic groups.45 The
weakly acidic groups on the support surface are usually titrated
using a strong base (NaOH), and the strongly acidic groups, such
as carboxyls, are titrated using a very weak base (NaHCO3).
Zeta potential measurements of CNTs can be used to

determine the presence of oxygen-containing surface groups.
The presence of acidic groups causes the carbon surface to be
more hydrophilic, and this increases the negative surface charge
density and, hence, decreases the pH of the point of zero charge
(PZC). The PZC for a typical CNT occurs at pH = 4.9.79,80 The

Figure 8. Schematic structure of (a) graphene, (b) graphite, and (c) a
diamond crystal unit.

Figure 9. Cartoon illustrations of several carbons with novel shapes: (a)
fullerene, (b) carbon buds, and (c) carbon horns.
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results of many studies using different experimental techniques
indicate that there may be several types of oxygen functional
groups formed on carbon surface, as shown in Figure 11.

3.4. Carbons as Catalyst Support. The use of carbons as
supports has numerous advantages: (i) many different carbon
materials can be purchased at reasonable prices; (ii) reclamation
of the catalysts postreaction is possible by simply oxidising the
carbon (surprisingly very few studies have been performed to
exploit this property); (iii) the carbon surfaces can be modified
by simple procedures (acidic, basic, oxidative). This makes the
surfaces hydrophilic and also helps in dispersing the carbons in
polar solvents during the catalyst loading process; (iv) doping of
carbons by N atoms provides a facile means of generating small
metal particles on a carbon surface; (v) although the above
methods to dope/functionalize the carbons will affect their
properties, the procedures appear to enhance their use as
catalysts (e.g., reduced sintering) (see section 4).
Disadvantages include (i) the carbons can be oxidized at high

temperatures, and this process can occur at lower temperatures in
the presence of catalysts; (ii) the carbons can also be reduced to
form CH4, especially in the presence of catalysts; (iii) the
mechanical robustness of many carbons has still to be tested; and
(iv) the low density of many porous carbons.

4. SHAPED CARBON MATERIALS USED AS
SUPPORTED FISCHER−TROPSCH SYNTHESIS
CATALYSTS

4.1. Catalysts Supported on Activated Carbon, Carbon
Black and Glassy Carbon. Early studies on carbon supported
FTS catalysts focused on the use of activated carbon (AC),
carbon black (CB), and glassy carbon as supports.6,7,82−85 The
focus in these studies was on the synthesis and use of small metal
particles supported on carbon. These particles are easier to
reduce than metal particles supported on metal oxides. The use
of carbon, including activated carbon, carbon black, and glassy
carbon, as a support was found to reduce the metal−support
interaction and enhance metal oxide reduction.18,83

4.1.1. The Thermal Stability, Reduction and Promotion of
Catalysts and Supports. AC; CB; and, to lesser extent, CNFs
were the most commonly used carbon supports in FTS before
1992. These early studies focused on catalyst stability andmetal−
support interactions.
The thermal stability of the carbon supports was investigated

under FTS conditions. When an Fe/activated carbon catalyst was
reduced at 450 °C in H2, the formation of ethane and propane in
addition tomethane and water was observed.86 Tau and Bennett7

reduced their Fe/CB catalyst in H2 at 450 °C and observed the
formation of H2O, CO2, CO, and CH4. The AC- and CB-
supported catalysts were not thermally stable under these
reduction conditions. Mass loss was also observed during
reduction in H2 (350−450 °C) of an iron/glassy carbon,
presumably because of support loss.84 Rodriǵuez-Reinoso et al.
have concluded that these carbon supports cannot be used in
hydrogenation reactions above 427 °C or in the presence of
oxygen above 227 °C because of gasification of the support.18,87

Catalyst reduction and, hence, the metal particle size were
affected by the interaction between the metal and support. For
CB-supported FT catalysts, Jung et al.82 found that small Fe
particles (1−2.7 nm) were more difficult to reduce than a catalyst
with larger Fe particles, suggesting the existence of a metal−
support interaction between iron and carbon. This interaction
resulted in the formation of unreduced Fe2+ ions at low reduction
temperatures in H2;

88 however, the degree of reduction of the
Fe/CB catalysts was higher than found for iron catalysts
supported on silica or alumina.6 Furthermore, it has been
reported that reduction of all of the Fe in a catalyst prepared from
Fe3(CO)12 on CB could be achieved at 200 °C in H2.

89 Likewise,
Fe−Co catalysts prepared frommetal carbonyls onCB have been
activated at 200 °C in H2.

90

The effect of the addition of several structural, reduction, and
electron promoters on the catalytic performance of Fe/AC
catalysts has been investigated. Ma et al. have found that
promoters (K, Cu, Mo, Zr, and Ce) and the type of AC
significantly affected the catalytic performance of Fe and Co
catalysts in FTS.91−93 They found that both FTS and WGS
activities increased after the addition of 0.9 wt % K to a Fe/AC
catalyst, whereas an opposite trend was observed with the
addition of 2 wt % K.91 The K promoter significantly shifted
carbon selectivities to higher-molecular-weight hydrocarbons
(C5

+). The addition of a Cu promoter to a Fe/AC catalyst
enhanced the reduction of iron significantly.92 However, both
FTS and WGS activities of the catalyst were lowered. The
addition of 6% Mo into a Fe−Cu−K/AC catalyst improved
catalyst stability without sacrificing activity, whereas the activity
was suppressed dramatically on a 12%Mo-loaded catalyst.93 The
addition of Mo resulted in the production of more CH4 and less

Figure 10. Cartoon illustrating the comparison of N doping by (a) in
situ growth and (b) post doping for the preparation of nitrogen-doped
carbon nanotubes.78

Figure 11. Surface containing oxygen groups on shaped carbon surface.
Reprinted and modified from ref 81 (Figueiredo, J. L.; Pereira, M. F. R.;
Freitas, M. M. A.; Órfaõ, J. J. M. Modification of the surface chemistry of
activated carbons. Carbon 1999, 9, 1379−1389); copyright 2014, with
permission from Elsevier.
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C5
+ hydrocarbons. Because of a strong interaction between Fe

and Mo oxides, the reduction of Fe was suppressed after the
addition of Mo.
K, Ce, and Zr promoters have also been reported to change the

catalytic performance of AC-supported Co catalysts.94 Addition
of K to the Co/AC catalyst significantly decreased the FTS
activity andCH4 selectivity. Addition of Ce improved the Co/AC
catalyst activity, accompanied by a high CH4 selectivity. Neither
CO2 nor CH4 selectivity changed greatly for a Zr-promoted Co/
AC catalyst, even though the Zr promoter increased the FTS
activity. K, Ce, and Zr promoters improved the Co dispersion
and interaction between Co oxide and the AC.
4.1.2. Metal Particle Size Effect, Catalyst Activity and

Selectivity. Iron particle size was found to affect the olefin/
paraffin (O/P) ratio in FTS. The comparison of small iron
particles (1−2 nm) on AC and glassy carbon and larger particles
(60−100 nm) onCB showed that the small iron particles in these
catalysts exhibited higher O/P ratios (1.2 to 1.8) than a bulk iron
catalyst,82 Fe/Al2O3 or Fe/SiO2 catalysts in FTS.18 The O/P
ratio was found to increase with increasing crystallite size (2.5 to
4.1 nm) for AC- andCB-supported catalysts.83,85 The decrease in
activity with decreasing crystallite size was attributed to structure
sensitivity, metal−support interactions in the catalysts, or both.
The olefin/paraffin ratios (O/P) were also affected by catalyst

precursors and support sources. Iron catalysts prepared from
Fe(CO)5 and the commercial AC showed high O/P ratios.86,87

CB-, AC-, and glassy-carbon-supported Co or Ru catalysts are
highly active and produced mainly paraffins in FTS, which is
different from iron/carbon catalysts.87,89,90

4.1.3. Microporosity and Deactivation (Sintering and
Carbon Deposition). The effect of the porosity of the ACs on
the crystallite size and catalytic behavior of Fe/AC catalysts has
been studied.83 The Fe/AC catalyst with the narrowest

micropores showed significant blockage of pores. The AC with
the widest micropores appears to have prevented metal sintering
under both the reduction and the reaction conditions in FTS.
Likewise, four ACs (derived from peat, generic wood, pecan, and
walnut) containing 75−94% micropores differed considerably in
their surface morphology and amounts of micro-, meso-, and
macropores.95 The surfaces of all four ACs were covered
primarily by neutral or basic oxygen-containing groups, along
with small amounts of acidic oxygen groups (5.6−7.5% oxygen).
Metal precursors tended to be present predominantly inside the
pores of the peat-, pecan-, and walnut-based ACs, which
contained greater amounts of wide pores.
AC-, CB-, and glassy-carbon-supported iron catalysts have

been reported to be stable in FTS at 235 °C, whereas Fe/Al2O3

catalysts deactivated.82 In contrast, deactivation was observed on
Fe−Mn/carbon catalysts.96 These catalysts lost approximately
∼50% of their initial activity during the first 24 h, after which they
were stable for the next 110 h on-stream. This initial loss is
thought to be due to carbon deposition rather than sintering.96

Likewise, Chen et al. compared the fresh and used catalysts and
attributed the deactivation of the carbon supported catalysts to
carbon deposition rather than sintering because the catalytic
activity could be restored by reduction at 400 °C in H2.

90 In
contrast, other workers were unable to regenerate their carbon-
supported catalysts by high-temperature reduction in H2.

7

The relation between particle size and sintering for Fe/AC
catalysts was studied by Chen et al.97 They suggested that when
there are fewer active sites on the carbon, more of the particles
are not bound to the surface, resulting in sintering and
deactivation. Thus, small iron particles appear to carburize
rather than sinter, and large iron particles, which are less strongly
bound to the support, tend to sinter.

Table 2. Carbon Properties, Reaction Conditions and Research Theme of Carbon Black and Activated Carbon Supported
Catalysts Used in Fischer−Tropsch Synthesis (FTS)

FTS conditions

catalyst
support type and

property reduction reaction reaction parameter performancea,b ref

Carbon Black

Fe/CB Columbia, T-10157 400 °C 0.1 MPa, 275 °C, H2: CO = 1−9 porosity, stability X = N.A., S5+ = 2−10% 83

Fe/CB SA = 763 m2/g 300 °C,
0.5 MPa

260−280 °C, 20 MPa, H2/CO = 1 support effect,
ozone treatment

X = 40−80%, S5+ = 60−80% 30

Fe/CB Vulcan 3
(SA = 56 m2/g)

400 °C 275 °C, 101 kPa, H2/CO = 3 dispersion effect X = 2.8−3.9%, S5+ = 5−12% 82

Ru/CB V3G (62 m2/g) 400 °C 190−250 °C 101 kPa H2/CO=3 selectivity,
interaction

X = 1.5−4.5%, S5+ < 1% 98

Activated Carbon

Fe/AC from olive pits 400 °C 0.1 MPa, 275 °C, H2/CO = 3 porosity, stability X = 2−27%, S5+ = 2−10% 83

Fe−K/AC, Fe−
Cu/AC,

Sigma-Aldrich 400 °C,
0.5 MPa

280 °C, 300 psig, H2/CO = 0.9 Cu promoter effect X = 28−85%, S5+ = 50−61% 92

Fe−Mo−Cu-K/
AC

from peat, generic
wood, pecan, walnut

400 °C,
0.5 MPa

290 °C, 300 psig, H2/CO = 0.9 K promoter, AC
nature effects

X = 29−97%, S5+ = 16−62% 91, 95

Fe/AC SA = 1170 m2/g 300 °C,
0.5 MPa

260−280 °C, 2.0 MPa, H2/CO = 1 support effect,
ozone treatment

X = 40−80%, S5+ = 60−80% 30

Co/AC N.A. 400 °C 220−250 °C, 2−4 MPa, H2/CO = 1.0−2.5 product
distribution,
kinetics

X = 10−54%, S5+ = N.A. 99,
100

Zr−Co/AC La−
Zr−Co/AC

SA=1068.7 m2/g
PV=0.65 cm3/g

400 °C 250 °C, 2.5 MPa, H2/CO = 2 lanthanum
promoter

X = 49−93%, S5+ = 63−75% 101,
102

ZSM-5-Fe/AC Norit SX Ultra (Sigma-
Aldrich)

1 atm,
400 °C

280−320 °C, 300 psig, H2/CO = 1 zeolite promoter X = 70−90%, S5+ = N.A. 103,
104

Fe−Cu−K/AC Sigma-Aldrich 0.5 MPa,
400 °C

310−320 °C, 2.2 MPa, H2/CO = 0.9 Mo promoter,
reducibility

X = N.A., S5+ = 39−52% 93

aX stands for the CO conversion and S5+ stands for the C5+ hydrocarbon selectivity. bN.A. = not available.
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4.1.4. Summary. Studies done by different researchers on
different carbons are difficult to compare because of differences
in the support used and the different FT reaction conditions used
(H2/CO ratio, temperature and space velocity). ACs represent a
unique class of supports in terms of the kind of metal support
interactions obtained. The interaction is generally strong enough
to prevent sintering, while not strong enough to inhibit
reduction, so that a low-temperature reduction (200 °C) of
metal carbonyl clusters is sufficient to activate the catalyst.
Several researchers have reduced their catalysts in hydrogen at
temperatures that are too high, resulting in gasification of the
support. The carbon properties, FTS conditions, and reaction
parameters reported in the literature for some CB and AC
supported catalyst are summarized in Table 2.
4.2. Catalysts Supported on Carbon Nanofibers (CNFs)

and Nanotubes (CNTs). The surface properties of CNTs and
CNFs can easily be tailored, and they have hence been
considered as model supports in catalysis. To date, the effect of
metal particle size,25,33,42,105−108 pore size,41,109 pore confine-
ment,36,38,39,110,111 and promoters26,35,112−114 on the FTS
performances of CNF and CNT-supported catalysts has been
extensively studied.
4.2.1. The Effect of Pretreatment and Preparation Methods

on the FTS Catalysts. Different pretreatment and catalyst
preparation methods affect the surface physical and chemical
properties of carbon materials and further affect the performance
of catalysts in FTS. The pretreatment methods include
purification or functionalization conditions and the use of
different calcination conditions.
Several studies have reported the effect of acid treatment on

the performance of FTS catalysts. For example, Abbaslou et al.115

found that acid treatment of CNTs at 25 and 110 °C (35 wt %
HNO3) increased the number of defects and decreased the Fe
metal particle sizes for a Fe/CNT catalyst. The Fe/CNT catalyst
prepared by pretreatment of CNTs at 110 °C was stable and
active, whereas the other acid-treated catalysts experienced rapid
deactivation. The Fe/CNT catalyst made on CNTs with a low
surface area (25 m2/g) and larger diameter showed much lower
CH4 and higher C5

+ selectivities. Likewise, it was found that the
surface roughness, together with the degree of surface
functionalization of CNTs correlated with the harshness (time
and concentration) of the acid treatment.34 FTS studies on the
Fe/CNT catalysts revealed that the more severe the acid
treatment of the CNT support, the higher the activity of the
catalysts.
Different acid treatments of CNTs were also found to affect

the properties of cobalt-based FTS catalysts. In this regard, when
CNTs pretreated in 30 wt % HNO3 were used to prepare Co/
CNT catalysts, more defects were formed on the CNT
surface.116 Compared with the fresh Co/CNT catalyst, the
cobalt catalysts pretreated in acid showed (Figure 12) (a)
increased BET surface area, (b) decreased cobalt particle size and
increased cobalt dispersion, (c) increased reducibility, and (d)
increased CO conversion. Furthermore, the product selectivity
showed a distinct shift to lower molecular weight hydrocarbons
after acid treatment.
Different calcination atmospheres (N2 and air) were found to

affect the activity of Co/CNT FTS catalysts.117 When calcined
below 550 °C, the FTS performance was found to be similar for
catalysts calcined in N2 or air. Above 550 °C, the Co/CNT was
able to keep its activity because no change in the CNT structure
occurred in N2. The Co/CNT calcined in air lost most of its

activity owing to the loss of the CNT structure and sintering of
cobalt oxide.
Different catalyst preparation methods (impregnation, homo-

geneous deposition precipitation, and microemulsion techni-
ques) have been investigated for CNF and CNT supported FTS
catalysts. For example, it was found that the different preparation
methods can significantly affect the FTS performance of the
resulting catalysts. Van Steen et al.118 found that the incipient
wetness method and the deposition/precipitation technique
using urea yielded highly dispersed Fe3+ on the CNTs and the
deposition/precipitation technique using K2CO3 yielded larger
Fe2O3 crystallites. The catalyst prepared by incipient wetness was
found to be the most active one. The difference in the
performance of the catalysts was attributed to the different
crystallite sizes.
For Co/CNF catalysts prepared by homogeneous deposition-

precipitation (DP) using ammonia evaporation and conventional
deposition using urea hydrolysis, the comparison showed that
samples prepared at high pH had a 2−4 times higher cobalt-
specific activity in FTS than their low-pH counterparts. Likewise,
Guczi et al. showed that Co and Fe samples prepared by
impregnation were easily reduced.72 The Fe catalyst prepared by
impregnation showed the highest catalytic activity and also a high
selectivity toward C2−C4 and C5

+ fractions as well as olefin
formation. Catalytic activity was lower for Co and Fe catalysts
prepared by the deposition of prepared metal oxide nanoparticles
onto a CNT support. Likewise, the comparison of Co/CNT
catalysts prepared by microemulsion and incipient wetness
impregnation showed that the Co/CNT catalysts synthesized by
the microemulsion technique increased the CO conversion by
15% when compared with those prepared by incipient wetness
impregnation.116

4.2.2. Pore Structure Effects. Catalyst pore structures have
been reported to affect the performance of catalysts in
FTS.119−131 This includes both pore size and pore confinement
(i.e., particles inside the pore) effects.

Pore Size Effects. For Fe/CNT catalysts, the iron oxide
particles prepared on wide pore CNTs (Fe/wp-CNT, 17 nm)
were larger than those prepared on narrow pore CNTs (Fe/np-
CNT, 11 nm).36 The extent of reduction of the Fe/np-CNT
catalyst was 17% higher when compared with that of the Fe/wp-
CNT catalyst. The activity of the Fe/np-CNT catalyst was 2.5
times higher than that of the Fe/wp-CNT catalyst because of the
higher degree of reduction and the higher metal dispersion. In
addition, the Fe/hp-CNT was more selective toward heavier
hydrocarbons compared with that of the Fe/wp-CNT catalyst.

Figure 12. Increase in BET surface area, reducibility and CO conversion
for Co/CNT catalysts pretreated using different methods in comparison
with a catalyst supported on unmodified CNTs. Data were adapted from
ref 34.
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The advantages of small-pore CNT supports were also found
for Co/CNT catalysts. Lv and co-workers found that by
increasing the CNT outer diameter, CO conversion de-
creased.117 The data support the conclusion of Xie et al. that a
smaller CNT pore size appeared to enhance the Co/CNT
catalyst reduction and FTS activity due to the reduced
interaction between cobalt oxide with carbon and the enhanced
electron shift on the nonplanar carbon tube surface.109 However,
a recent study showed that CNT diameter does not significantly
affect the FTS performances of Co/CNTs.41

Pore Confinement Effects. Introducing active metals into the
support pore can lead to mass transport limitations, which
decrease the CO/H2 ratio inside the pore because of the different
diffusion rates of H2 and CO. Low activity and light hydrocarbon
selectivity are observed in FTS products for metal-in-oxide pore
catalysts;121 however, the CNTs showed a completely different
pore confinement effect when compared with oxide supports due
to the unique electron structure of the convex/concave surfaces
of the CNTs.132

The effect of pore confinement on FTS has recently attracted
extensive attention.39,109,111,121 Several strategies have been
developed to prepare CNT pore-confined catalysts, including in
situ filling during surface modification, arc discharge, vapor
deposition, and wet chemistry methods.58,121,133137 Analysis
using TEM tilt series experiments (or electron tomography) has
been used to distinguish the actual positions of themetal particles
on either the external or the internal surface of the CNTs.73

The pore confinement effect is closely related to the enhanced
autoreduction within the CNT pore. For iron oxide encapsulated
within CNTs (Fe-in-CNT), Chen et al. reported a reduction
temperature that is 200 °C lower than that used to reduce Fe2O3
on the outer surface of the CNTs (Fe-out-CNT).110

Furthermore, reduction became easier as the CNT channel
diameter decreased.38 The pore confinement also affected the
catalytic reactivity of Fe/CNT catalysts in FTS.39 The Fe-in-
CNT was in a more reduced state, tending to form more iron
carbides under the reaction conditions. This results in a
remarkable modification of the catalytic performance (Figure
13). The yield of C5

+ hydrocarbons formed over the Fe-in-CNT
is twice that formed over Fe-out-CNT at 30 and 50 bar.
Furthermore, diffusion and aggregation of the iron species inside
CNTs was retarded as a result of the spatial restriction of the

channels. The effect of pore confinement on the reduction,
aggregation, and selectivity of Fe/CNT catalyst was confirmed
by Abbaslou et al.112

The enhanced reduction effect of pore confinement was also
found for Co/CNT catalysts, with Co particles inside CNTs
being easier to reduce than Co particles placed outside the
CNT.109 The activity of the catalyst with Co inside a CNT was
higher than that of catalysts with Co particles outside a CNT;
however, a recent study showed that for CNTs, with pore sizes of
5−20 nm, the C5

+ hydrocarbon selectivity showed no difference
between cobalt particles confined in a CNT pore (Co/CNT-in)
and for cobalt outside the CNT pore (Co/CNT-out), even
though the pore-confined Co/CNT-in catalyst was found to
reduce more easily in comparison to the Co/CNT-out catalyst.33

These data suggest that the pore-confinement effect for CNTs is
essentially related to the effect of the interaction that results from
the different surface electronic properties of CNTs inside and
outside the tubes.

4.2.3. Metal Particle Size Effects. As mentioned, CNFs and
CNTs have been studied as model catalyst supports to
investigate the role of the metal particle size on FTS as it relates
to the metal−carbon interaction.25,27,105−107,113,138,139 De Jong’s
group systematically investigated the metal particle size effect for
both Fe/CNF and Co/CNF catalysts.25,139 They found that the
surface-specific activity (apparent TOF) of unpromoted Fe/
CNF catalysts increased 6−8-fold when the average iron carbide
size decreased from 7 to 2 nm, while methane and lower olefin
selectivities were not affected.139 The turnover frequency (TOF)
was independent of cobalt particle size for catalysts with sizes
larger than 6 nm (1 bar) or 8 nm (35 bar), and both the selectivity
and the activity changed for catalysts with smaller particle sizes
(Figure 14).25 For small Co particles (<6 nm), the surface
residence times of reversibly bonded CHx and OHx inter-
mediates increased, whereas that of CO decreased.105 A higher
coverage of irreversibly bonded CO was found for small Co
particles that were ascribed to a larger fraction of low-
coordination surface sites. The higher methane selectivity of
small Co particles is mainly due to their higher hydrogen
coverage.
A comparison of the surface similarity of CNTs and carbon

spheres (CSs) has revealed that the TOF value for both Co/
CNTs and Co/CSs was constant for cobalt particles above 10 nm
and decreased sharply for the cobalt catalysts with smaller cobalt
particles.33 Thus, the TOF for cobalt catalysts on two different
carbon supports depends only on particle size.
Structure sensitivity was also found on Ru/CNT FTS

catalysts.42 Both the C10-C20 hydrocarbon selectivity and the
TOF for CO conversion was found to depend on the mean size
of the Ru particles, and a Ru/CNT catalyst with amean Ru size of
approximately 7 nm exhibited the best C10−C20 selectivity and a
relatively higher TOF.

4.2.4. Reduction and Promoter Effects. CNF- and CNT-
supported catalysts have been shown to exhibit a weak metal−
support interaction and a high extent of reduction.41 Several
promoters have been added to these catalysts to modify the FTS
performance, especially the product selectivity. Promoters for
iron catalysts are typically Mo, K, Cu, and Mn, whereas noble
metals such as Pt and Ru are usually added to Co/CNT and Co/
CNF catalysts.
A comparison of unpromoted Fe/CNT and catalysts

promoted with different Mo contents (0.5, 1, 5, and 12 wt %)
indicated that the addition of Mo resulted in the formation of
smaller Fe particles and an increased Fe reduction temperature

Figure 13. FTS activity of Fe-in-CNT and Fe-out-CNT at 270 °C as a
function of pressure. Square symbols represent CO conversion; circles,
the space−time yield of C5

+ hydrocarbons. Filled symbols denote Fe-in-
CNT; open ones denote Fe-out-CNT. Reprinted with permission from
ref 39 (Chen, W.; Fan, Z.; Pan, X.; Bao, X. J. Am. Chem. Soc. 2008, 130,
9414−9419); copyright 2014, American Chemical Society.

ACS Catalysis Review

DOI: 10.1021/acscatal.5b00090
ACS Catal. 2015, 5, 2640−2658

2648

http://dx.doi.org/10.1021/acscatal.5b00090


due to the decreased particle size of the iron oxides.140Moreover,
the addition of 0.5−1 wt %Mo resulted in a more stable catalyst,
whereas higher contents of Mo (5 and 12 wt %) decreased the
activity of the catalysts as a result of catalytic site coverage and a
lower extent of reduction. However, Mo promotion (0.5−12 wt
%) increased the selectivity of the catalysts toward lighter
hydrocarbons.
K-promoted Fe/CNT catalysts gave suppressed reduction,

decreased FT rate, higher yields of CO2, and a lower methane
selectivity when compared with unpromoted catalysts.114,141 The
addition of copper did not have an effect on the FT product
selectivity, but it enhanced catalyst activity. Likewise, for a
bimetallic Fe−Ru/CNT catalyst, the effect of the promoters K
and Cu on the small bimetallic particles (2.1 nm) followed trends
similar to what was observed on promoted Fe/CNT catalysts.37

This suggests that metal−support interactions do not strongly
affect the promoter properties of the metals.
Promotion withMn suppressed both hydrogen chemisorption

and cobalt reducibility.113 At 1 bar, large improvements in the
selectivity toward C5

+ products were found with MnO loadings
of ≥0.3 wt %. At 20 bar, the addition of only 0.03 wt % MnO
improved the C5

+ selectivity, but the C5
+ selectivity decreased to

52 wt % with 1.1 wt %MnO. The surface-specific activity (TOF)
first increased with a MnO loading of 0.3 wt %, whereas it
decreased at MnO loadings >0.3 wt %. STEM-EDX mapping
showed that MnO is associated with Co in both the dried and
reduced catalyst (Figure 15).
The addition of promoters Pt and Ru to a Co/CNT catalyst

significantly decreased the reduction temperature of the cobalt
species, but it had no significant effect on the cobalt particle
size.35 Promotion of Co/CNT catalysts with small amounts of Pt
and Ru resulted in a slight increase in FT cobalt time yield. The
Pt-promoted Co/CNT was more stable than the unpromoted
cobalt catalyst. Treṕanier and co-workers found that Ru
enhanced the reducibility of Co3O4 to CoO and that of CoO

to Co0 for Co/CNT catalysts, and this increased the FTS rate
and enhanced the selectivity of FTS toward the higher molecular
weight hydrocarbons.114 The Pt increased the dispersion and
decreased the average cobalt cluster size.

4.2.5. Stability of FTS Catalysts Supported on CNFs and
CNTs. Fe/CNT catalysts have been reported to deactivate with
time on stream.118 However, in a subsequent study, both
unpromoted Fe/CNT and the promoted catalysts with K or Cu
showed very stable activity.141 Likewise, bimetallic Fe−Ru/CNT
catalysts also showed stable activity in the FT reaction (∼120
h).37 Abbaslou and co-workers reported that Fe/CNTs pre-
treated at 110 °C in HNO3(aq) gave a very stable and active
catalyst during 120 h FTS on stream, but iron catalysts supported
on pristine CNTs and CNTs treated under mildly acidic
conditions deactivated within the same reaction period.115

Detailed microscopy characterization results revealed that the
mobility of surface-bound metallic nanoparticles (NPs) on
catalyst supports resulted in agglomeration, leading to a
consequent decrease in the catalytic activity of the metal NPs
over time.142 The enhanced effect of “docking stations” along the
exterior of the CNT can limit the surface mobility of ultrasmall
iron particles on CNT surfaces during FTS.
A recent study has investigated the effects of the electronic

properties of the inner and outer surfaces of CNTs on the
deactivation of Co/CNT catalysts during FTS.111 The
comparative characterization of the fresh and used Co/CNT
catalysts showed that cobalt reoxidation, cobalt−support
interactions, and sintering are the main sources of catalyst
deactivation. In contrast, using in situ Mössbauer spectroscopy,
oxidation of the Co nanoparticles for a Co/CNF catalyst by
water was shown not to occur when H2 is present.

143 Only in a
H2O/Ar atmosphere did oxidation take place. At a relative
humidity (RH) below 25%, sintering was absent, even after 4
weeks of reaction, whereas at a high RHof 62%, as much as half of
the small superparamagnetic cobalt particles (<5 nm) sintered

Figure 14. Influence of cobalt particle size on (a) the TOF (220 °C, H2/CO = 2, 1 bar) and (b) the C5
+ selectivity measured at 35 bar; data markers in

black at 210 °C and in gray at 250 °C. Reprinted from ref 25 (Bezemer, G. L.; Bitter, J. H.; Kuipers, H. P. C. E.; Oosterbeek, H.; Holewijn, J. E.; Xu, X.;
Kapteijn, F.; van Dillen, A. J.; de Jong, K. P. J. Am. Chem. Soc. 2006, 128, 3956−3964); copyright 2014, American Chemical Society.

Figure 15. Representative images of dried CoMn/CNF: (a) HAADF image and elemental mappings for (b) carbon, (c) cobalt, (d) manganese and (e)
oxygen. Reproduced from ref 26 with permission from The Royal Society of Chemistry.

ACS Catalysis Review

DOI: 10.1021/acscatal.5b00090
ACS Catal. 2015, 5, 2640−2658

2649

http://dx.doi.org/10.1021/acscatal.5b00090


into larger particles in 1 week. The cobalt particles in the inner
tube of the CNFmaterial sintered to a lesser extent (up to 8 nm),
which revealed the benefit of tube confinement against sintering.
4.3. Catalysts Supported on Ordered Mesoporous

Carbon (OMC). Ordered mesoporous carbons (OMCs) have a
3D pore structure, which enhances the transport of reactants and
products to and from catalytic metal sites on the OMCs.144,145

The OMCs have advantages as supports in that (i) the pores are
large and diffusion issues are not important, (ii) impregnation of
metals is influenced by carbon acid pretreatment, and (iii) the
OMC structure inhibits metal catalyst sintering. Because OMCs
are made with templates, template removal is an issue of
importance in their use.57,146 In addition, it is still difficult to
achieve uniformly dispersed crystalline nanoparticles at high
concentrations in the mesopores of a carbon support.147

To date, not many studies have been performed on FT
catalysts supported on OMCs. Fu et al. have reported a study in
which cobalt catalysts supported on an ordered mesoporous
carbon (CMK-3) was used in FTS.148 It was found that Co3O4
particles were mainly dispersed inside the pores of the Co/CMK-
3.
Ru catalysts supported on OMC have recently been

investigated in FTS.149,150 The catalysts were synthesized by
either an autoreduction reaction (Ru-OMC) or impregnation
(Ru/OMC) process.149 Both Ru OMC catalysts exhibited a
highly ordered mesoporous structure and a large surface area.
The Ru particles on Ru-OMCwere found to be embedded in the
OMC wall. Compared with Ru/OMC, Ru nanoparticles on Ru-
OMCwere in intimate contact with the carbon supports and had
a superior activity. This feature may create certain electron-
deficient sheets upon interfacial contact, which facilitates the
transfer of spilled-over hydrogen and improves hydrogen
dissociation on the catalyst surface.
4.4. Catalysts Supported on Graphene, Graphite,

Diamond and Carbon Spheres. Graphene. Small and stable
Fe2O3 nanoparticles have been homogeneously anchored onto
reduced graphene oxide through the simultaneous hydrolysis of
Fe(acac)3 and the reduction of graphene oxide.151 This
nanohybrid is highly resistant to sintering and retains its small
particle size upon reduction at 450 °C and is stable in the long
term for FTS at 270 °C.
Diamond. The FTS behavior of a Co-loaded oxidized

diamond (O−Dia) catalyst having a surface area of 24 m2/g
has been reported byHonsho et al.152 The Co/oxidized diamond

catalyst exhibited a high CO conversion of 44.5%. This
conversion was much higher than that of two Co/SiO2 catalysts
with surface areas of 190 and 12 m2/g.

Carbon Spheres (CSs). Because of their inert surface and
nonporous nature when prepared by CVD procedures, CSs have
been regarded as model catalyst supports to investigate the effect
of different reaction parameters (metal particle size, promoters,
and deactivation) in FTS.55,153,154 An investigation of the effect
of the preparation method, iron precursor, and promoters on Fe/
CS catalyst showed a good match of FT activity and selectivity
results when the data were compared with studies on noncarbon
supports. Furthermore, Co oxides can be autoreduced by the
carbon spheres. The autoreduced catalyst showed a better FTS
performance in comparison with a catalyst reduced in H2.

33,153

A CS-supported Fe catalyst prepared by a hydrothermal
method has been tested in FTS.155 The iron oxide nanoparticles
were found to embed in the CSs and were highly dispersed in the
carbonaceous spheres, leading to a unique microstructure. The
reduced catalyst showed a remarkable stability and selectivity in
FTS.
Carbon spheres prepared using the hydrothermal method

were also used to support cobalt catalysts for FTS.156 Catalysts
were prepared by an evaporative method (Co/CS-IWI) and by a
chemical vapor deposition technique (Co/CS-CVD). The CVD
technique led to a higher CO conversion (26.5%) relative to the
conventional evaporative (IWI) method (7.4%). The difference
in the CO conversion between Co/CS-IWI and Co/CS-CVD
catalysts was due to the smaller average Co particle size and more
uniform distribution resulting from the CVD method.

4.5. Catalysts Supported on Heteroatom-Doped
Carbon Materials. Raw carbon materials must be treated in
acid or oxidized to produce functional groups on the carbon
surface to efficiently anchor metal or metal oxide species on the
carbon. The use of heteroatom-doped carbon materials as
supports can avoid this step because the heteroatom can act as an
anchoring site. These heteroatom-doped carbon materials have
been used as catalyst supports in FTS.78,157,158

For example, iron nanoparticles have been loaded onto N-
CNTs without surface premodification.43 The Fe/N-CNT
catalyst had superb catalytic performance in FTS, with high
selectivity for lower olefins (up to 46.7%) as well as high activity
and stability. The performance was well-correlated with
enhanced dissociative adsorption of CO, inhibition of secondary
hydrogenation of lower olefins, and promotion of the formation

Figure 16.N 1s XPS spectra of (a) N-CNT and (b) figure showing the types of nitrogen species on the nitrogen-doped carbon nanotubes prepared by
postdoping method. Reprinted from ref 78 (Xiong, H.; Motchelaho, M. A.;Moyo, M.; Jewell, L. L.; Coville, N. J. Fischer−Tropsch synthesis: Iron-based
catalysts supported on nitrogen-doped carbon nanotubes synthesized by postdoping. Appl. Catal., A 2014, 482, 377−386); copyright 2014, with
permission from Elsevier.
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of the active phase of χ-Fe5C2. All of these advantages have been
attributed to the participation of the nitrogen atoms. Likewise, an
approach has been recently developed to prepare N-CNTs by a
postdoping method (onto CNTs) at 700−900 °C.78 The
nitrogen atoms were found to homogeneously disperse on the
CNT surface (so that the resulting N-CNTs contained 1.75%
nitrogen). The N was in the form of pyridinic N atoms,
quaternary N atoms, and N atoms from pyridinic oxide (Figure
16). Because of the incorporation of nitrogen atoms, the Fe/N-
CNT catalyst was harder to reduce than the corresponding Fe/
CNT catalyst. The interactions between iron oxides and carbon
supports significantly affected the FTS performance: the Fe/N-
CNT catalysts had superior FTS activity when compared with
Fe/CNT catalysts.
Nitrogen-doped carbon spheres were also used to load iron

particles without a functionalization step.158 The FTS perform-
ance of three Fe/NCS catalysts was found to correlate with the
Fe particle size, which was influenced by the N content, the N
type, and the defect sites. It was suggested that pyrollic and
pyridinic N atoms played a key role in binding the Fe atoms and
that quaternary N atoms played a minor role. The Fe/NCSver
(NCSs prepared in a vertical tube furnace) contained well-
dispersed Fe oxide particles on CSs that had the highest N
content (made of pyrollic/pyridinic N atoms), and this led to the
highest FT activity. The Fe/NCShor catalyst (NCSs prepared in a
horizontal tube furnace) showed the lowest FT activity as a result
of the presence of the largest Fe oxide particles (50% quaternary
N atoms).
Likewise, for nitrogen-doped ordered mesoporous carbon

(OMC)-supported cobalt particles, the doped nitrogen atoms,
especially the pyridine-like nitrogen, served as the anchoring sites
for cobalt species.159 Furthermore, a more uniform cobalt
particle size was observed for the catalysts supported on
nitrogen-doped OMC in comparison with the catalysts
supported on pristine OMC. In contrast, the autoreduction
temperature of cobalt oxide in the catalysts was considerably
lower after nitrogen doping, and the cobalt specific activity on the
nitrogen-doped OMC was 1.5 times higher than its analogue on
the pristine OMC.
The origin of the role of the nitrogen embedded in the carbon

matrix on the activity of the supported metal has been extensively
studied. It has been proposed that an electronic modification of a
metal occurs when a metal interacts with a carbon surface via a
π−d (carbon−metal) interaction.160 The presence of the N
further distorts this interaction, hence leading to modified
metal−carbon interactions. However, N also introduces more
defects into a structure (at edges/in the carbon plane etc.), and
this could also impact the carbon−metal interaction.
4.6. Catalysts Supported on Hierarchical Carbons. The

FT reaction is exothermic, and this can lead to hotspots and
thermal runaway if the heat of the reaction is not dissipated. In
the past, this was achieved via reactor design or reactor choice. An
alternative is to remove the heat generated via the support. In the
past, FT supports were typically metal oxides (Al2O3, SiO2, TiO2,
etc.), and thus, insulators. Carbons, by contrast, are thermally
conductive.161,162 The thermal conductivity of CNTs is ∼3000
W/m-K (compare with diamond, between 900 and 2300 W/m-
K, and copper at 400 W/m-K).163 Not only are they conductive,
but their lack of microporosity has aided in alleviating the thermal
dissipation issue. However, because the carbons are nanosized,
there are still problems associated with pressure drop in a reactor
when carbons are to be used as supports. The carbons are also
prone to oxidation, a reaction catalyzed by the FT catalyst, and

this can also lead to hotspots. To overcome these issues, a
number of alternative approaches have been used, including the
generation of hierarchical structures (see below) and the use of
alternative supports, such as SiC.164

Important characteristics of an industrial catalyst are the
chemical composition, surface area, stability, and mechanical
properties. Furthermore, for an industrial FT reaction carried out
in a packed bed reactor, the catalyst requires an appropriate
diameter to achieve a tolerable pressure drop. Thus, attempts
have been made to grow/attach CNTs onto a secondary support
to overcome this problem. A simple approach has been to grow
CNTs onto a carbon nanofiber (CNF) or CNFs onto a carbon
felt to maintain an all-carbon support.165,166 A compact, fixed-
bed reactor made of disks of the composite material showed
improved heat and mass transfer, a relatively low pressure drop,
and safe handling of the immobilized CNFs. An efficient 3-D
thermal conductive network in the composite provided a
relatively uniform temperature profile, and the open structure
of the CNF-felt composites afforded very good accessibility to
the Co nanoparticles during FT synthesis in the fixed bed reactor.
Hierarchical structures in which carbons have been grown/

attached to metal oxides has also been explored. A hierarchical
composite consisting of a CNT layer anchored on a macroscopic
α-Al2O3 host matrix has been developed as a support for this
purpose in FTS.167 The composite, consisting of a thin shell of a
homogeneous, highly entangled and structure-opened CNT
network, exhibited a relatively high and fully accessible specific
surface area of 76 m2·g−1, compared with a surface area of 5 m2·
g−1 for the original α-Al2O3 support. This hierarchically
supported cobalt catalyst exhibited a high FTS activity along
with a high selectivity toward liquid hydrocarbons compared
with a cobalt-based catalyst supported on pristine α-Al2O3 or on
CNTs. This improvement can be attributed to improved mass
transfer for the composite surface compared with the macro-
scopic host structure (pore diffusion) or the CNTs alone (film
mass transfer). Cobalt supported on the CNT decorated α-Al2O3
catalyst was also stable over more than 200 h on-stream under
relatively severe conditions. Finally, the macroscopic shape of
such composites allowed its use as a catalyst support in a fixed-
bed configuration without the problems of transport and
pressure drop as encountered with CNTs. Recently, the FT
activity and C5

+ selectivity of a hierarchical Co/CNT-Al2O3
catalyst was found to be further improved by adding TiO2
nanoparticles into the catalyst.8 The addition of TiO2 (added
as Ti(OiPr)4) affected the support surface area, pore volume, Co
particle size, etc., but importantly, the macroporosity was
enhanced, and this led to good catalyst stability and a good
C5

+ selectivity of >85%.
There is a further issue that relates to making fuels via FTS and

HAS routesthe possibility of converting the primary FTS (or
HAS) products using a second catalyst into upgraded fuels in the
same reactor. In this instance, the second catalyst requires an
acidic function to bring about isomerization reactions. This area
of FTS study has been investigated with the more classical oxide
supports for decades, and more recently, some studies have been
reported using carbon supports.12 Results to date have been
modest.

4.7. Comparison of Catalysts Supported on Shaped
Carbons and Metal Oxides. A recent study revealed that Fe/
CNF is an excellent catalyst system for the conversion of
synthesis gas to C2−C4 olefins with selectivity up to 60 wt %
compared with oxide-supported catalysts.168 Likewise, the
comparison of Co catalysts supported on CNFs, α-Al2O3 and
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γ-Al2O3, showed that the CNF-supported catalyst has a high
activity and high selectivity to C5

+ hydrocarbons in FTS when
compared with Co/γ-Al2O3 and Co/α-Al2O3.

169 The activity was
directly correlated to the dispersion of the cobalt particles on
carbon-supported catalysts. Possible explanations for the high
selectivity to C5

+ hydrocarbons for carbon-supported catalysts
are that the CNFs are free of micropores and exert less transport
limitations for the reactants and products or that the adsorption
ratio of CO/H2 is always higher on carbon-supported cobalt
catalysts than on alumina-supported cobalt.
In another study, Co catalysts supported on unpurified CNTs

grown on MgO and Al2O3 were compared with activated carbon
as well as Al2O3 in FTS.

170 The results revealed that the activity of
the Co/CNT catalyst improved as a result of a higher degree of
reduction, as compared with the Co/Al2O3 catalyst. In addition,
the Co/CNTs grown on MgO (Co/CNT−MgO) showed the
highest C5

+ selectivity and olefin/paraffin ratio, which were
ascribed to a synergetic effect between the CNTs and MgO.
A comparative study of cobalt catalysts supported on CNTs,

CNFs and CMCs in FTS revealed that the different supports
affected the appearance, size, and dispersion of cobalt particles as
well as their reducibility (Figure 17).45 The Co reducibility and

dispersion on the differently shaped carbon supports was
influenced (and tuned) by modifying the functionalization on
the support surface, that is, by changing the metal−support
interactions.
A study that compared cobalt catalysts supported on ordered

mesoporous carbon (CMK-3), CNTs and AC showed that
Co3O4 particles were dispersed mainly inside the pores of the
Co/CNTs and Co/CMK-3 but outside the pores of Co/AC.148

Cobalt particles on Co/CNT maintained their original size
because of their confinement in the central pore of the CNTs, but

the ordered structure of CMK-3 was partially destroyed in the
process of catalyst preparation. CNTs were more stable at high
temperature in an H2 atmosphere than either CMK-3 or AC, and
the reduction degree of Co/CNTs was found to be higher than
the other two catalysts. The Co/CNT showed a better
performance for FTS than the Co/CMK-3 and Co/AC catalysts.

5. SHAPED CARBONS USED AS SUPPORTS FOR THE
CONVERSION OF SYNGAS TO ALCOHOLS

An alternative to converting syngas to hydrocarbons is to convert
syngas to alcohols. These alcohols can then be used in fuels
(directly) or as an additive to hydrocarbon fuels. As with FTS,
most catalysts used for the conversion process are supported
catalysts, and the supported catalysts showed high activity and
selectivity for alcohols in higher alcohols synthesis (HAS) from
syngas. These supports include shaped carbon materials.171 As
shown in Table 3, the metals Mo, Rh, Cu, and Co have all been
shown to be active components, and the metal ionsMn and K are
promoters in this reaction. In particular, shaped carbon-
supported Mo and Rh catalysts have been extensively studied
because they have shown high activity and selectivity for HAS
from syngas.

5.1. Activated Carbon (AC)-Supported Catalysts.
5.1.1. Active Phase, Reduction and Promoters. Cu/AC
catalysts have been studied in HAS from syngas.172 It has been
shown that metallic copper is the active phase in the reaction. In
contrast, the active sites are Co and Co2C for a Co−Zr−La/AC
catalyst.173 The total alcohol selectivity was in the range of 40.5−
62.3%, and the selectivity for C6

+ alcohols was between 12.6 and
40.3%.
Analysis of Mo/AC catalysts revealed a new phase related to

the interaction between Mo species and the AC support.174 Mo
species with intermediate valence values (on average, around
+3.5) were likely to be the active phase(s) for HAS from syngas.
In contrast, for AC-supported K2CO3/Co-MoS2 catalysts, the
active ingredients were molysulfide and cobalt sulfide.175 The
main active phases for AC-supportedMo catalysts are dependent
on the catalyst composition and whether they are oxidic or
sulfided Mo-based catalysts.200 In the oxidized state, the Mo on a
Mo−K/AC sample with low Mo loading is mainly present as
MoO2. As the Mo loading increases, the interaction between K
and Mo is enhanced. Mo exists mainly in the form of K−Mo−O
species. After sulfidation, the Mo sulfide phase was highly
dispersed as tiny three-dimensional particles at high loading, and
MoS2 was the major phase present in Mo−K/AC.
The addition of a K promoter was observed to increase the

higher alcohol selectivity.171,176 This is because the addition of K
greatly promotes the formation of Mo species, which are
reducible at relatively low temperatures, while it retards the
generation of Mo species that are reducible only at high
temperatures.174

Other promoters, such as Rh, Co, Ni, Cr, and Cl, have also
been found to affect the performance of AC-supported MoS2
catalysts in HAS from syngas.177,201 The addition of Rh resulted
in an enhanced dispersion of smaller-sized Mo particles. The
addition of promoters (Ni, Co and Rh) improved the reducibility
of the catalyst and shifted the reduction of Mo6+ to lower
temperature. Furthermore, Ni−Mo−S and Co−Mo−S phases
were formed in the Ni- and Co-promoted MoS2 catalysts. The
addition of Co, Cr and Cl to K−Mo/AC led to an increase in
either the alcohol activity or selectivity.

5.1.2. The Effect of Preparation Procedures and Activated
Carbon Texture. The effects of catalyst preparation parameters

Figure 17. TEM images of (a) Co/CNFs, (b) Co/CNTs, (c) Co/
CMCs, and (d) the titration curves of CMCs, CNFs, and CNTs.
Reprinted from ref 45 (Xiong, H.; Motchelaho, M. A. M.; Moyo, M.;
Jewell, L. L.; Coville, N. J. Cobalt catalysts supported on a microcoil
carbon in Fischer−Tropsch synthesis: A comparison with CNTs and
CNFs. Catal. Today 2013, 214, 50−60); copyright 2014, with
permission from Elsevier.
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(Mo precursor, Mo loading, and pretreatment) and the reaction
conditions (temperature and space velocity) on Mo−K/AC
catalysts have been studied for the HAS from syngas.176,201,202

TheMo loading was found to influence the reducibility of the K−
Mo/AC catalysts.202 An increase in reaction temperature gave a
monotonic decrease in the selectivity toward alcohols, and a
maximum in the space time yield (STY) of alcohols. Increasing
the space velocity increased the STY and selectivity to alcohols.
Likewise, for K2CO3/Co-MoS2/AC catalysts, total alcohol
productivity also increased with an increase in space velocity.175

The AC characteristics were found to affect the performances
of AC-supported catalysts in HAS from syngas. For example, for
sulfided Co−Rh−Mo catalysts supported on microporous and
mesoporous ACs, the formation of large particles took place as a
result of the agglomeration of metal species on the microporous
AC.179 For Co catalysts supported on two ACs with similar
porous texture, the selectivity for C1−C18 alcohols over Co/AC1
(the AC was made from coconut shell) and Co/AC2 (the AC
was made from almond shell) were 20.6% and 9.6%,
respectively.178 This difference in alcohol selectivity arose from
the different types and amounts of surface oxygen-containing
groups on the ACs, which influenced the Co phases and led to
different performances for the catalysts. Likewise, for a Co−Zr−
La/AC catalyst, nitric acid pretreatment led to a significant
increase in surface oxygen groups on the AC.173

5.2. Carbon Nanotube (CNT)-Supported Catalysts.
5.2.1. The Effect of Preparation Parameters and Reaction
Conditions. Similar to the behavior of the pretreated AC
supported catalysts, HNO3-pretreatment of CNTs was found to
promote the performance of CNT-supported catalysts in HAS
from syngas.189 The CO conversion and alcohol yield of an
HNO3-pretreated Cu−Co/CNT catalyst increased by∼21% and

69%, respectively, compared with those for the unpretreated
Cu−Co/CNT catalyst.
The catalyst preparation method affected the activity and

selectivity of CNT-supported Mo catalysts in HAS from syngas.
In this regard, CNT-supportedMoS2−K catalysts prepared using
impregnation and microemulsion techniques have been
compared.187 A narrow particle size distribution was produced
by the microemulsion technique, and the dispersion increased to
60.8% and the reduction increased by 43%. The CNT-supported
MoO3−K2O catalyst synthesized by the microemulsion
technique increased the alcohol selectivity to 65.2%.
The effects of operating conditions on the HAS were studied

using a CNT-supported sulfided K−Co−Rh−Mo catalyst.188

The CO conversion increased monotonically with increasing
reaction temperature and pressure, and it decreased monotoni-
cally with increasing space velocity. Likewise, for a Mn-promoted
Rh/CNT catalyst, an increase in pressure gave an increase in
alcohol selectivity.180 Finally, the presence of CO2 in the feed
syngas over a CNT-supported catalyst was beneficial to CO
conversion and the selective formation of alcohols.181,182

5.2.2. The Effect of Promoters on the Catalyst Perform-
ances. Similar to the behavior of AC-supported Mo catalysts, the
addition of K into a Mo/CNT catalyst improved the alcohol
selectivity.171,186 The increased selectivity to higher alcohols
(45.3 wt %) was due to the presence of the K−Mo−Ophases. An
enhancement of the formation of higher alcohols by K−Mo−O
phases was also found for Co- and Rh-promoted Mo−K/CNT
catalysts.194,195,203

CNT-promoted Co−Cu and Ni−Mo−K catalysts displayed
excellent performance for the selective formation of C2−4
oxygenates from syngas.181−185,204 The mass percent of BuOH
and DME reached 83%. The addition of a minor amount of the

Table 3. Catalyst Composition, Reaction Conditions and Alcohols Selectivity in HAS from Syngas over Shaped Carbon-Materials-
Supported Catalystsa

shaped carbon materials catalyst reaction conditions alcohol selectivity reference

activated carbon Cu/AC 30 bar, 300 °C 75% 172
Co−Zr−La/AC 30 bar, 220 °C 40.5−62.3% 173
Mo−K/AC 5.1 MPa, 200−400 °C N.A. 174
K2CO3/CoS/MoS2/AC 13.8−16.5 MPa, 270−330 °C 79−89% 175
MoC2−K/AC 100 bar, 260−280 °C 1.6−70.2% 171
Mo−K−Co/AC 0−1500 psi, 200−400 °C N.A. 176
Co-, Ni-, Rh-MoS2−K/AC 8.3 MPa, 320 °C 21−49% 177
Co−K−Zr/AC 3.0 MPa, 222 °C 9.6−60.9% 178
Co−Rh−MoS2/AC 8.3 MPa, 330 °C 24−28% 179

carbon nanotubes Mn−Rh/CNT 2.0−5.0 MPa, 280−320 °C 23.8−31.9% 180
Co−Cu/CNT 5.0 MPa, 250−310 °C 50−70% 181, 182
Ni1Mo1K0.05/CNT 5.0 MPa, 265 °C 59.0% 183
Ni−K−MoS2/CNT 8.0 MPa, 320 °C 33.1−64.1% 184
Co−K−MoS2/CNT 2.0−5.0 MPa, 300−350 °C 40−70% 185
Mo−K/CNT, K-MoS2/CNT 70 bar, 320 °C 45.3−65.2% 186, 187
K−Co−Rh-MoS2/CNT 800−1400 psi, 270−350 °C 35.6% 179, 188
Cu−Co/CNT 4.0 MPa, 290 °C 69% 189
MoS2−Co−Rh-K/CNT 8.3 MPa, 330 °C 28.7−85.7% 190
Co-, Ni-doped Mo−K/CNT 2.0−8.0 MPa, 215−330 °C 19.5−85% 191−193
Rh−Mo−K/CNT 5.51−9.65 MPa, 300−340 °C 17.8−33.2% 194
Co−K−MoS2/CNT 5.51−9.65 MPa, 300−340 °C 20.3−34.1% 195
Mn/Rh/CNT 20 bar, 290 °C 20−60% 40
Rh−Mn−Li-Fe/CNT 3.0 MPa, 320 °C 38−64.6% 196

mesoporous carbon MoC2/OMC 3.0 MPa, 300 °C 56.1−84.1% 197
Rh/OMC 3.0 MPa, 320 °C 32.4−56.4% 198, 199

aN.A. = not available.
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CNTs to the hosts led to an increase in the surface concentration
of catalytically active CoO(OH), NiO(OH), and Mo4+/Mo5+,
which are closely related to the selective formation of higher
alcohols. The promotion of alcohols and surface species was also
found for the Ni- or Co-decorated CNT-promoted Ni−Mo−K
or Co−Mo−K catalysts.191−193 The enhanced alcohol selectivity
was ascribed to the CNTs that provided the sp2-C surface sites
for adsorption−activation of H2.
A study of Mn promotion on the performance of Rh/CNTs

revealed that after the addition of Mn, CO conversion and
ethanol yield increased significantly in HAS from syngas.40,180

The high activity of the Mn−Rh/CNT catalyst and the
corresponding high ethanol yield were attributed to the small
active components. Because of the presence of CNTs, the Mn−
Rh interactions were observed at atomic resolution during
STEM-EELS, and ∼1 nm Rh particles were found in the
promoted and unpromoted catalysts. The STEM and EELS
results verified the enhanced metal−promoter interaction when
the amount of Mn promoter increased from 1 to 2 wt % (Figure
18). The enhancement in the degree of metal-promoter
interaction led to an increase in the ethanol selectivity.

5.3. Ordered Mesoporous Carbon Supported Cata-
lysts. 5.3.1. The Effect of Particle Size and Morphology.
Molybdenum carbide (β-Mo2C) nanoparticles have been loaded
onto a graphitic mesoporous carbon (GMC).197 GMC appears
to be a good support to disperse β-Mo2C with smaller carbide
particles, resulting in higher catalytic activity in HAS from syngas.
An ordered mesoporous carbon nanoparticle (MCN) having a

two-dimensional hexagonal structure has been used for HAS
from syngas.198 A Rh/CMK-5-MCN catalyst with a hollow

framework configuration exhibited a superior space−time yield
for total C2

+ alcohols when compared with a Rh/CMK-3-MCN
with a rod carbon framework. This indicates that the Rh/MCN
catalysts exhibited different catalytic activities and selectivities to
higher alcohols, which is attributed to the Rh particle size and the
accessibility of the reactants to active sites through the
morphological effects of the MCNs. Likewise, OMCs with
different pore structures (2-D hexagonal and 3-D cubic
structures) and different framework configurations (rod-type
and hollow-type carbon frameworks) were used to prepare Rh-
based catalysts for the catalytic conversion of syngas to
alcohols.199 It was found that these Rh-OMC catalysts exhibited
different catalytic activities and selectivities to alcohols, which
could be attributed to the size of the metal nanoparticles being
confined by the different OMC mesostructures.

5.3.2. The Effect of Promoters. Addition of a minor amount of
K2CO3 into β-Mo2C/GMC promoted the formation of higher
alcohols (C2+−OH), leading to amaximum STY for C2+−OHat
a K/Mo ratio of 0.1.197 Compared with a typical Rh/GMC
catalyst promoted three times with Mn, Li, and Fe oxides, the
K2CO3-promoted β-Mo2C/GMC catalyst showed higher C2+−
OH selectivity and STY.

5.4. Comparison of Different Shaped Carbon Sup-
ported Catalysts. Shaped carbon-supported catalysts have
shown higher catalytic activity and alcohol selectivity when
compared with oxide-supported catalyst in HAS from
syngas,177,200 which is explained by the difference in the structure
of the active phase and in the interaction between these phases
and the respective supports. Differently shaped carbons also
showed different surface properties and morphology and thus
presented different performances for HAS from syngas. For
example, the CNT-supported Co−Rh−Mo catalyst showed
lower metal dispersion than a similar catalyst supported on
commercial ACs.179 Little or no sintering of metal species was
observed on the spent catalyst supported on CNTs, whereas the
agglomeration of catalytic species is high on themicroporous AC.
Likewise, the comparison of β-Mo2C supported on GMC and
commercial carbon materials (AC and CB) showed that the
specific rates for CO conversion increased with decreasing
carbide particle size, independent of the supports.197 GMC
appears to be a preferable support for β-Mo2C because of its
ability to form smaller carbide particles, resulting in a higher
catalytic activity.
In summary, the studies have shown that the properties and

morphology of these shaped carbons significantly affected the
performance of the catalysts in HAS from syngas. Similar to the
discussion in Section 4, novel properties of shaped carbons such
as pore-confinement and weak metal−support interaction have
been found for shaped carbon-supported catalysts in HAS.196,199

The effects of promoters, particle size, and pore size are now well
documented.

6. CONCLUSIONS, CHALLENGES, AND PERSPECTIVES
The processes that convert syngas to hydrocarbons (FTS) and to
alcohols (HAS) have been recognized as important alternative
methodologies to produce clean fuels. Both of these reactions
require catalysts, preferably supported, and carbon has been
found to be useful as a support for both FTS and HAS catalysts.
In this Review, we have described the use of various carbon
materials that include carbon black (CB), activated carbon (AC),
carbon nanotubes (CNTs), carbon nanofibers (CNFs), ordered
mesoporous carbon (OMC), carbon spheres (CSs), graphene,
and diamond in FTS/HAS studies.

Figure 18. High-resolution STEM imaging and the EELS mapping of
representative areas on (a, b) 1%Mn−3% Rh/CNT and (c, d) 2%Mn−
3% Rh/CNT catalysts. The Rh signal is shown in red, and the Mn signal
is shown in green. The orange and yellow are caused by the overlap of Rh
and Mn. Reprinted from ref 40 (Liu, J. J.; Guo, Z.; Childers, D.;
Schweitzer, N.; Marshall, C. L.; Klie, R. F.; Miller, J. T.; Meyer, R. J.
Correlating the degree of metal-promoter interaction to ethanol
selectivity over MnRh/CNTs CO hydrogenation catalysts. J. Catal.
2014, 313, 149−158); copyright 2014, with permission from Elsevier.
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In general HAS and FTS catalysts that are placed on any
support will experience varying metal−support interactions that
depend on the support type; however, modifying the shape of the
support can also modify this behavior, and indeed, this has been
observed; for example, pore confinement effects in CNTs.
Carbons have the advantage that they are easily modified, so
these sorts of studies should lead to novel activity/selectivity
patterns of products from FTS/HAS that could be related to the
support shape.
Some conclusions can be drawn from these studies: (i) Many

different carbons have been made, characterized, and used in
FTS and HAS studies, especially over the past two decades. The
most commonly used carbons studied are those that are readily
available, mostly provided by commercial suppliers (ACs, CBs,
CSs, CNTs, and CNFs). (ii) All of the above contain small to
large amounts of graphene layers/domains, but these sp2 carbons
do not limit sintering in FTS andHAS. (iii) The surfaces of all the
carbons are terminated by non-carbon atoms. The number of
these atoms will be determined by the carbon domain size. (iv)
Further, modification (doping, functionalization) of ALL carbon
surfaces is facile, and it is the “defect” sites that are key to
contolling catalyst size/sintering/activity and, hence, selectivity.
(v) Many FTS studies suggest that because the catalyst particles
do not form strong interactions with the carbon support that
their activities are higher than found on oxide supports. This
relates to the degree of reducibility and the stability of small
particles; (vi) Unique features have been found that relate to the
use of CNTs in FT and HAS studies. These studies have
indicated that there is a difference between the activity/selectivity
of metal particles that are placed inside or outside a CNT. This
provides a means of adjusting the FT product selectivity. (vii)
The role of pores in the carbon supports has been explored;
however, in general, carbons with macroscopic pores have been
little studied. (viii) There are problems associated with carbons
due to their low density and, in some instances, their mechanical
strength. Currently, most FT reactors used in industry are packed
bed reactors, although various slurry bed and recirculating
fluidized beds are also used.When used in a packed bed reactor, a
catalyst (of an appropriate size and shape) will need to be
pelletized to facilitate mass transfer without too large a pressure
drop. This area of study has been little explored and will require
further investigation. Thus, the issue of the mechanical strength
of pelletized carbon is an issue that could limit the successful
industrial application of carbon in FTS (and HAS).
Another issue that will need to be addressed is that many of the

pure carbon materials have a low density. Thus, on a volume
basis, the number of active sites on a carbon support will be less
than on an oxide support, leading to a lower catalytic activity
(although on a mass basis, carbon-supported catalysts are
competitive). For slurry bed reactors and recirculating fluidized
bed catalysts, filtration and abrasion of the catalyst are classical
problems associated with metal catalysts. To our knowledge,
carbon-supported catalysts have not been tested in a non-fixed-
bed-type reactor for FTS to evaluate this issue. Because of the
strong mechanical strength of most carbons (e.g., carbon
nanotubes), it is unlikely that abrasion will be a problem,
provided the metal is strongly anchored to the support. Filtration
of the CNTs may be problematic, but this must yet be
determined by experiment.
A current limitation on the use of shaped carbons on an

industrial scale relates to access and the cost of the carbon
support. At present, the carbon supports are expensive, but
demand and technology innovation could reduce these costs.

However, although the industrial production of CNTs (and CSs
and CNFs) is not an issue, access to doped carbons, which will
almost certainly be the carbon type of choice, is currently not
available on a large scale. Thus, there are a number of challenges
that will need to be overcome before carbon supported catalysts
can be used in the FTS (and HAS) industry.
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Castilla, C.; Guerrero-Ruiz, A.; Rodriguez-Ramos, I. Fuel 1984, 63,
1089−1094.
(88) Niemantsverdriet, J. W.; Van der Kraan, A. M.; Delgass, W. N.;
Vannice, M. A. J. Phys. Chem. 1985, 89, 67−72.
(89) Kaminsky, M.; Yoon, K. J.; Geoffroy, G. L.; Vannice, M. A. J. Catal.
1985, 91, 338−351.
(90) Chen, A.; Kaminsky, M.; Geoffroy, G. L.; Vannice, M. A. J. Phys.
Chem. 1986, 90, 4810−4819.
(91) Ma, W.; Kugler, E. L.; Dadyburjor, D. B. Energy Fuel 2007, 21,
1832−1842.
(92) Ma, W.; Kugler, E. L.; Dadyburjor, D. B. Energy Fuel 2011, 25,
1931−1938.
(93) Ma, W.; Kugler, E. L.; Wright, J.; Dadyburjor, D. B. Energy Fuels
2006, 20, 2299−2307.

ACS Catalysis Review

DOI: 10.1021/acscatal.5b00090
ACS Catal. 2015, 5, 2640−2658

2656

http://dx.doi.org/10.1021/acscatal.5b00090


(94) Ma, W.-P.; Ding, Y.-J.; Lin, L.-W. Ind. Eng. Chem. Res. 2004, 43,
2391−2398.
(95) Ma, W.; Kugler, E. L.; Dadyburjor, D. B. Energy Fuel 2010, 24,
4099−4110.
(96) Venter, J.; Kaminsky, M.; Geoffroy, G. L.; Vannice, M. A. J. Catal.
1987, 105, 155−162.
(97) Chen, A. A.; Vannice, M. A.; Phillips, J. J. Phys. Chem. 1987, 91,
6257−6269.
(98) Ruiz, A. G.; Gonzalez, J. D. L.; Ramos, R. J. Chem. Soc. Chem.
Commun. 1984, 1681−1682.
(99) Qian, W.; Zhang, H.; Ying, W.; Fang, D. J. Nat. Gas Chem. 2011,
20, 389−396.
(100) Qian, W.; Zhang, H.; Ying, W.; Fang, D. Chem. Eng. J. 2013, 228,
526−534.
(101) Wang, T.; Ding, Y. J.; Xiong, J. M.; Chen, W. M.; Pan, Z. D.; Lu,
Y.; Lin, L. W. Fischer−Tropsch reaction over cobalt catalysts supported
on zirconia-modified activated carbon. In Stud. Surf. Sci. Catal., Xinhe,
B.; Yide, X., Eds.; Elsevier: Amsterdam, 2004; pp 349−354.
(102) Wang, T.; Ding, Y.; Lü, Y.; Zhu, H.; Lin, L. J. Nat. Gas Chem.
2008, 17, 153−158.
(103) Karre, A. V.; Kababji, A.; Kugler, E. L.; Dadyburjor, D. B. Catal.
Today 2012, 198, 280−288.
(104) Karre, A. V.; Kababji, A.; Kugler, E. L.; Dadyburjor, D. B. Catal.
Today 2013, 214, 82−89.
(105) Den Breejen, J. P.; Radstake, P. B.; Bezemer, G. L.; Bitter, J. H.;
Frøseth, V.; Holmen, A.; Jong, K. P. d. J. Am. Chem. Soc. 2009, 131,
7197−7203.
(106) Den Breejen, J. P.; Sietsma, J. R. A.; Friedrich, H.; Bitter, J. H.; de
Jong, K. P. J. Catal. 2010, 270, 146−152.
(107) Radstake, P. B.; Den Breejen, J. P.; Bezemer, G. L.; Bitter, J. H.;
de Jong, K. P.; Frøseth, V.; Holmen, A. On the origin of the cobalt
particle size effect in the fischer-tropsch synthesis. In Stud. Surf. Sci.
Catal.; Fab́io Bellot Noronha, M. S.; Eduardo Falabella, S.-A., Eds.;
Elsevier: Amsterdam, 2007; pp 85−90.
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