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ABSTRACT: The iron−potassium catalysts supported on single- and
multiwalled carbon nanotubes, FeK/SWNTs and FeK/MWNTs, were
fabricated, characterized, and evaluated in CO2 hydrogenation. The
FeK/SWNTs catalyst outperforms the FeK/MWNTs catalyst in
selectivity during CO2 hydrogenation to oleﬁns with the selectivities
being 62.3% and 52.4%, respectively. Of particular interest is that the
FeK/SWNTs catalyst is more selective toward heavy oleﬁns (C5+=
selectivity, 39.8%), whereas the FeK/MWNTs catalyst is more selective
to light oleﬁns (C2−C4= selectivity, 30.7%). The FeK/SWNTs catalyst
also aﬀords much lower selectivities to undesired CO and CH4 in
addition to higher productivity of hydrocarbons, thus resulting in an
unprecedentedly high productivity of heavy oleﬁns of 27.6 μmolCO2 gFe−1 s−1. The more electron-enriched exterior of SWNTs with
large curvature, higher abundance of Hägg carbide, and stronger interaction with light oleﬁns may rationalize the superior catalytic
behavior of the FeK/SWNTs catalyst in CO2 hydrogenation to heavy oleﬁns. The FeK/SWNTs catalyst also exhibited a minor
change in catalytic performance in a 120 h stability test, highlighting SWNTs as a promising catalyst support for producing valueadded chemicals from greenhouse gas CO2.
KEYWORDS: CO2 hydrogenation, single-walled carbon nanotubes, heavy oleﬁns, iron, potassium, multiwalled carbon nanotubes
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INTRODUCTION
Catalytic hydrogenation of the greenhouse gas CO2 into
commodity chemicals is of great research interest due to its
potential to reduce CO2 emissions and alleviate our dependence on fossil resources.1 Despite the fact that CO2 is a
molecule that is fully oxidized and chemically inert, as far as H2
can be obtained renewably from biomass reforming2 and water
splitting by photocatalysis/electrolysis with solar, wind, tidal,
and wave energies,3,4 it is environmentally sustainable and
economically viable to transform CO2 by means of catalytic
hydrogenation into fuels and chemicals.
Among various CO2 hydrogenation products, oleﬁns are
high-valued feedstocks for the production of various important
commodities. Light oleﬁns (C2−C4=) act as the basic building
blocks in the chemical industry. For example, ethylene is
massively used for the production of thermoplastic polymers or
oligomers. Ethylene also serves as the precursor to vinyl
chloride, vinyl acetate, styrene, and ethylene glycol that have
monomer and/or nonpolymer applications.5 Heavy oleﬁns
(C5+=) are a source of high-octane gasoline, biodegradable
detergents, new polymers, synthetic lubricants, agricultural
chemicals, coatings, and corrosion inhibitors.6,7 However,
because CO2 is chemically inert, while oleﬁns are highly
reactive, it remains a great challenge to develop a catalyst that
is highly active in hydrogenating CO2 while inactive in
© 2020 American Chemical Society

saturating the CC bond. For the production of heavy oleﬁns,
the problem is further complicated by the dilemma that the
high temperature requested by CO2 activation is adverse to the
formation of long-chain hydrocarbons, as higher temperature
causes lower chain propagation probability (α).8 Therefore,
although producing light oleﬁns from CO2 hydrogenation is
very eﬃcient,9−11 there are only limited reports about the
production of a full spectrum of oleﬁns (inclusive of both light
and heavy oleﬁns).12−16 Moreover, in these limited cases,
heavy oleﬁns were produced in low rate and usually
accompanied by high CO selectivity, thus rendering this
important process low eﬃciency and low carbon atom
economy (Table S1).
Carbon nanotubes (CNTs) bearing a tubular morphology
can be viewed as constituted by rolled-up graphene sheet(s).17
SWNTs and MWNTs are deﬁned by the layer number of the
graphene sheet,. The former resembles fullerenes in size and
has a single-layer cylindrical structure that extends from end to
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end with uniform diameter (<2 nm).18,19 When fabricated in
the vapor phase approaches, attractive dispersive forces cause
the self-assembly of several tens to hundreds of SWNTs into
larger bundles.20 Aside from high mechanical strength that is
desired for a catalyst support, CNTs have excellent thermal
conductivity that is preferred in highly exothermic reactions.
The surfaces of CNTs are also readily functionalizable.
Therefore, CNTs have aroused enormous interest in catalytic
applications.21 However, only Wang and co-workers employed
MWNTs, but as a control for ZrO2, to support Fe for CO2
hydrogenation to light oleﬁns.12 As far as we know, the eﬀect
of SWNTs has not yet been studied in CO2 hydrogenation
either for light or for heavy oleﬁns. SWNTs bears much higher
surface area than MWNTs22 and excellent thermal conductivity (∼3000 W m−1 K−1) similar to that of MWNTs,23
which are beneﬁcial for the dispersion and stabilization of the
active sites at high reaction temperatures required by CO2
hydrogenation. Besides, theoretical studies have demonstrated
that when the graphene sheet deviates from planarity, pelectron density at the concave interior is shifted to the convex
exterior, which makes the exterior of CNTs electron
enriched.24 Because of the modiﬁcation of the surface
electronic structure, it is expected that the electron density
of the active sites supported thereon and hence the reaction
pathways will be altered.
Herein, the FeK/SWNTs and FeK/MWNTs catalysts were
comparatively studied in CO2 hydrogenation for the ﬁrst time.
It is interesting to ﬁnd that the FeK/SWNTs catalyst exhibits
higher activity, better selectivity toward heavy oleﬁns (>60% in
all oleﬁns), and lower selectivity to CO (<10%) than the FeK/
MWNTs catalyst, thus aﬀording an unprecedented productivity of heavy oleﬁns of 27.6 μmolCO2 gFe−1 s−1. The bulk and
surface properties of the catalysts were systematically
characterized, on the basis of which a rationale for the
excellent catalytic behavior of the FeK/SWNTs catalyst in CO2
hydrogenation to heavy oleﬁns is proposed.
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nominal potassium loading of 3 wt %. After 30 min of
ultrasonication followed by 4 h of stirring, the mixture was
heated at 338 K under mild stirring to evaporate excessive
water. The solid was further dried in an oven for 8 h at 333 K.
The resulting catalyst was termed as FeK/SWNTs. The FeK/
MWNTs catalyst was prepared in the same procedures except
for using MWNTs as the support.
Characterization Techniques. N2 physisorption of
SWNTs and the FeK/SWNTs catalyst was conducted at 77
K on an Autosorb-IQ gas adsorption analyzer from
Quantachrome. The N2 physisorption isotherms of MWNTs
and the FeK/MWNTs catalyst were acquired on a TriStar
3020 gas adsorption analyzer from Micromeritics. Prior to the
adsorption, the samples were purged with N2 for 8 h at 473 K.
Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES; Thermo Elemental IRIS Intrepid) was employed to
determine the Fe and K loadings. Powder X-ray diﬀraction
(XRD; Bruker D8 Advance) patterns were acquired using Niﬁltered Cu Kα radiation at 40 kV and 40 mA. The scanning
rate was 1° min−1, and the step size was 0.01°.
Transmission electron microscopic (TEM; JEOL JEM2011)
imaging was conducted at 200 kV. At least 300 nanoparticles
were measured to construct the particle size distribution
(PSD) histogram. High-resolution TEM (HRTEM; Tecnai G2
S-Twin F20) microsope was operated at 200 kV.
Raman spectrum (Horiba Jobin Yvon XploRA) was
recorded at room temperature with the spectral resolution of
1.8 cm−1. The power and excitation wavelength of the laser
source were 12.5 mW and 532 nm, respectively.
X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB
250XI) was employed to unveil the chemical states of the
catalysts. The excitation source was the Al Kα radiation with
the hν of 1486.6 eV. The pass energy was 40 eV.
A Micromeritics 2750 chemisorption system equipped with
a thermal conductivity detector (TCD) was used to acquire
the CO temperature-programmed reduction (CO-TPR)
curves. About 50 mg of catalyst loaded in a U-shaped quartz
tube was heated for 2 h in He atmosphere (30 mL min−1) at
473 K in order to remove water and impurities and then
cooled down to room temperature. The CO-TPR curve was
collected in the range of room temperature to 800 K at 10 K
min−1 with the CO ﬂow rate of 25 mL min−1. To eliminate the
inference of the CO2 produced during reduction, the eﬄuent
gas was passed through a liquid nitrogen trap before being
detected by TCD.
CO2-, H2-, and C2H4-temperature-programmed desorption
(TPD) curves were also recorded on the chemisorption system
mentioned above. During CO2- and C2H4-TPD, He was used
as the carrier gas, and during H2-TPD Ar was used. The
catalyst (∼100 mg for CO2- and H2-TPD and ∼50 mg for
C2H4-TPD) was activated at 623 K for 8 h in CO with the ﬂow
rate of 30 mL min−1. Gas pulses were injected after the catalyst
was cooled down to 298 K. When the intensity of the eluted
peak became constant, the catalyst was purged for at least 30
min with the carrier gas to remove the weakly adsorbed
adsorbate. After the baseline was restored, the desorption curve
was recorded in the range of room temperature to 673 K at 10
K min−1 with the ﬂow rate of the carrier gas of 25 mL min−1. A
100 μL-capacity loop was used to calibrate the amount of
desorption using the same adsorbate.
57
Fe Mö ssbauer absorption spectroscopy (57Fe MAS;
Wissenschaftliche Elektronik, Wissel 1550) was employed to
quantify the iron-containing species under the constant

■

EXPERIMENTAL SECTION
Materials. SWNTs (94 wt % purity) with a diameter of
below 2 nm and a length of above 1 μm were obtained from
OCSiAl. MWNTs (>95 wt % purity) with a diameter of below
8 nm and a length of ∼30 μm were commercially available
from Chengdu Organic Chemicals. To remove possible
impurities, the CNTs were treated in diluted nitric acid (5
wt %) at 373 K for 1 h, washed to neutrality, then dried at 383
K overnight. Analytical grade Fe(NO3)3·9H2O, K2CO3, HNO3
(65−68%), as well as anhydrous ethanol were obtained from
Sinopharm Chemical Reagent. H2 was purchased from Pujiang
Gases. Other gases were purchased from Shanghai Youjiali.
Preparation Procedures. The FeK/SWNTs catalyst was
fabricated by successive loading of Fe and K on SWNTs. First,
deionized water (100 mL) was used to disperse the as-treated
SWNTs (0.39 g) by ultrasonication for 2 h. Fe(NO3)3·9H2O
(0.72 g) was dissolved in deionized water (15 mL), which was
added to the suspension dropwise and stirred for 6 h. Excessive
water was evaporated at 338 K under mild stirring. Then, the
solid was further dried in an oven at 383 K for 12 h and
calcined at 623 K in a tubular furnace with a ramping rate of 2
K min−1 in ﬂowing Ar for 4 h. The resulting sample was
termed as Fe/SWNTs. The nominal Fe loading was 20 wt %.
Second, the as-prepared Fe/SWNTs (0.20 g) was reslurried
in deionized water (100 mL) by ultrasonication. K2CO3
aqueous solution (10.6 mL, 1 mg mL−1) was added to give a
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selectivity of hydrocarbons, and WFe represents the mass
percentage of Fe in the FeK/SWNTs and FeK/MWNTs
catalysts.
The FTYs of C2−C4= and C5+= were calculated according to

acceleration transmission mode. The irradiation source was a
57
Co-in-Pd matrix. The isomer shift (IS) was referenced to a
25 μm thick α-Fe foil at room temperature. A least-squares
ﬁtting routine was used to ﬁt the spectrum using the
MossWinn 3.0i program. On the basis of the areas of the
absorption peaks, the contents of the iron-containing phases
were calculated with the assumption that all kinds of Fe nuclei
in these catalysts have the same recoil-free factor.
Catalytic Testing. After being pelletized, crushed, and
sieved, the catalyst (200 mg, 60−80 meshes) diluted with
powdered quartz (400 mg, 60−80 meshes) was loaded in a
ﬁxed-bed reactor with an i.d. of 1.0 cm. Prior to the reaction,
the catalyst was activated at 623 K for 8 h with a ramping rate
of 2 K min−1 in ﬂowing CO (30 mL min−1). If unspeciﬁed, the
catalyst was evaluated under the reaction temperature of 613 K
and reaction pressure of 2.0 MPa, which were carried over
from the reaction conditions for CO hydrogenation to light
oleﬁns.25 The H2/CO2/N2 volume ratio in the feed gas was
72/24/4, in which N2 acted as the internal standard. The gas
hourly space velocity (GHSV) was 9000 mL gcat−1 h−1.
Product Analysis. During the reaction, two online
GC9860 gas chromatographs were utilized to analyze the
products. To ensure that all the products were in the gaseous
form before entering the gas chromatographs, the lines after
the reactor and the Valco six-port sampling valves were kept at
553 K. H2, CO2, N2, CO, and CH4 were separated by a TDX01 packed stainless-steel column (length 2 m) and detected by
TCD. The hydrocarbons were separated by a PONA capillary
column (50 m × 0.25 mm × 0.50 μm) and detected by a ﬂame
ionization detector (FID). To better quantify the C2−C4
oleﬁns and paraﬃns, they were additionally separated by a
PoraPlot Q capillary column (12.5 m × 0.53 mm × 20 μm)
and detected by FID.
CO2 conversion was calculated according to
nCO2,in − nCO2,out
CO2 conversion (%) =
× 100
nCO2,in
(1)

FTYx (μmol CO2 g Fe−1 s−1) = FTYHCs × Sx

in which Sx is the selectivity of C2−C4 or

■

=

(5)

C5+=.

RESULTS AND DISCUSSION
Texture and Composition. The N2 physisorption results
of the FeK/SWNTs and FeK/MWNTs catalysts, as well as the
SWNTs and MWNTs supports, are presented in Figure 1. For

Figure 1. N2 physisorption isotherms and pore size distributions of
(a,b) SWNTs and the FeK/SWNTs catalyst and (c,d) MWNTs and
the FeK/MWNTs catalyst.

SWNTs and the FeK/SWNTs catalyst, the isotherms show a
distinct increase at relative pressure (P/P0) of 0−0.1 and a
hysteresis loop in a high P/P0 range of 0.85 to 1 (Figure 1a).
The former is ascribed to the ﬁlling of the microchannels in
SWNTs, while the latter is originated from the stacking pores
of SWNTs.26 As seen in Figure 1b, SWNTs and the FeK/
SWNTs catalyst display a bimodal pore size distribution
peaked at 0.47 and 0.72 nm with the former being
predominant. These micropore sizes are characteristic of
zigzagged SWNTs with C36 structure and (n,m) value of (6,0)
with the theoretical tube diameter of 0.47 nm (d = 0.246(n2 +
m2 + nm)1/2/π nm)27 and SWNTs with C60 structure with the
theoretical diameter of ∼0.7 nm,28 respectively. The invariance
of the micropore sizes before and after the loading of Fe and K
further substantiates that the micropores originated from the
tubular channels of SWNTs, and Fe and K were deposited on
the exterior of SWNTs, leaving the microchannels intact.
The isotherms of MWNTs and the FeK/MWNTs catalyst
are type IV with an H4 hysteresis loop beginning at P/P0 of
∼0.45 (Figure 1c), which manifests the irregular mesochannels with broad pore size distribution of MWNTs (Figure
1d). The pore size decreases slightly from 2.2 nm for MWNTs
to 2.0 nm for the FeK/MWNTs catalyst, signifying that some
Fe and K were incorporated into the meso-channels of
MWNTs.
The speciﬁc surface area (SBET), pore volume (Vpore), and
mean pore size (dpore) of the FeK/SWNTs and FeK/MWNTs
catalysts, as well as the SWNTs and MWNTs supports, are
summarized in Table 1. The SBET is 1405 m2 g−1, and the Vpore
is 1.82 cm3 g−1 for SWNTs. For FeK/SWNTs, they are
lowered to 681 m2 g−1 and 0.52 cm3 g−1. The SBET (308 m2

in which the amount of CO2 in the inlet gas is labeled as nCO2,in,
and that in the outlet gas is labeled as nCO2,out.
CO selectivity was given by
nCO,out
CO selectivity (%) =
× 100
nCO2,in − nCO2,out
(2)
in which the amount of CO in the outlet gas is labeled as
nCO2,out.
The selectivity of a speciﬁc hydrocarbon with respect to all
hydrocarbons was given by
nC × i
× 100
Ci selectivity (%) = n i
∑i = 1 nCi × i
(3)
in which nCi is the amount of hydrocarbon with carbon number
i at the outlet. The denominator in the equation represents the
total amount of carbon in all hydrocarbons.
The catalytic activity was expressed as Fe time yield to
hydrocarbons (FTYHCs), as depicted below
FTYHCs (μmol CO2 g Fe−1 s−1) =

Research Article

GHSV × m × Conv. × SHCs
× 106
WFe × 22.4

(4)

in which m is the molar fraction of CO2 in the inlet gas, Conv.
represents the CO2 conversion, SHCs represents the overall
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Table 1. Basic Physicochemical Properties of the FeK/SWNTs and FeK/MWNTs Catalysts and the SWNTs and MWNTs
Supports
sample
SWNTs
FeK/SWNTs
MWNTs
FeK/MWNTs

Fe loadinga (wt %)

K loadinga (wt %)

19.0

2.92

19.4

2.95

SBETb (m2 g−1)

Vporeb (cm3 g−1)

dporeb (nm)

1405
681
464
308

1.82
0.52
0.72
0.30

6.1
4.0
5.7
3.9

dFe2O3c (nm)
4.6
5.9

ID/IGd
0.02
0.03
0.32
0.57

a

Determined by ICP-AES. bDetermined by N2 physisorption. cCalculated by the Scherrer formula. dRaman intensity ratio between the D and G
bands.

g−1) and Vpore (0.30 cm3 g−1) of FeK/MWNTs are also lower
than those of MWNTs. Referring to the ICP-AES results, the
practical Fe and K loadings on these catalysts are consistent
with their nominal loadings, as also compiled in Table 1.
Crystal Phase and Morphology. Figure 2 shows the
diﬀractograms of the FeK/SWNTs and FeK/MWNTs

of the nanoparticle is 2.51 Å, which is readily assigned to the
(110) planes of hematite, as also identiﬁed by XRD.
Surface Structure. According to the Raman spectra in
Figure 4a, the FeK/SWNTs and FeK/MWNTs catalysts
showed two bands at around 1341 cm−1 due to sp3-hybridized
carbon atoms and 1589 cm−1 due to sp2-hybridized carbon
atoms, which are termed as the D band and G band,
respectively.30 For carbon materials, the integrated intensity
ratio between the D and G bands (ID/IG) represents the degree
of disorder.31 The calculated ID/IG ratios were 0.03 and 0.57
for the FeK/SWNTs and FeK/MWNTs catalysts, respectively,
which signiﬁes the highly graphitic nature and orderly perfect
structure of SWNTs.32
Figure 4b presents the G band-region Raman spectra of the
FeK/SWNTs and FeK/MWNTs catalysts as well as the
SWNTs and MWNTs supports. The G bands of both catalysts
shifted upward relative to their supports. The G band of the
FeK/SWNTs catalyst is positively shifted by 12 cm−1 relative
to that of SWNTs, while the G band of the FeK/MWNTs
catalyst is 10 cm−1 higher than that of MWNTs. When the
carbon support donates electrons, the G band shifts up33 and
vice versa.34 The diﬀerence in the extents of the positive shift
of the G band implies that SWNTs is a better electron donor
than MWNTs.
Surface Chemical State. In Figure 5a, the C 1s peak of
the FeK/SWNTs catalyst is apparently much sharper than that
of the FeK/MWNTs catalyst, signifying that there are mainly
graphite-like carbon atoms and less edge carbon atoms on
SWNTs than on MWNTs.22 Moreover, the less pronounced
tail in the C 1s spectrum of the FeK/SWNTs catalyst directly
reﬂects that there are less oxygen-containing functional groups
on SWNTs. Deconvolution of the C 1s spectra reveals that
aside from the main peak with the binding energy (BE) of
about 284.6 eV due to C in ring CC (sp2 C), the oxygencontaining groups are CO and CO with the BEs of 285.8
and 287.2 eV, respectively.35
According to the Fe 2p spectra (Figure 5b), the occurrence
of hematite is unambiguously evidenced by the BEs of the Fe
2p3/2 and 2p1/2 peaks in addition to a satellite peak at ∼720
eV,36 which is in agreement with the assignment based on
XRD and HRTEM. It is noteworthy that whereas the Fe 2p3/2
and 2p1/2 BEs of FeK/MWNTs are 711.2 and 724.7 eV,
respectively, for FeK/SWNTs they were negatively shifted to
710.9 and 724.4 eV, which corroborates with the conclusion
from the Raman characterization that SWNTs are a better
electron donor than MWNTs.
For CNTs, it is acknowledged that the exterior is electronrich, whereas the interior is electron-deﬁcient.24,37−39 Moreover, Haddon demonstrated a direct correlation between the
electronic structure of fullerene-type carbon and the curvature
of the graphene sheet.37 For carbon atoms on a curved
graphene sheet, partial sp2 to sp3 rehybridization and

Figure 2. XRD patterns of the FeK/SWNTs and FeK/MWNTs
catalysts.

catalysts. Aside from the broad peak at 2θ of ∼44° assignable
to a superposition of the (100) and (101) reﬂections of the
hexagonal graphite structure,29 the peaks at 33.1, 35.6, 40.8,
49.5, 54.1, 62.5, and 64.0° are indexible to the (104), (110),
(113), (024), (116), (214), and (300) reﬂections of hematite
(α-Fe2O3, JCPDS 33-0664), respectively. According to the full
width at half-maximum (fwhm) of the (110) diﬀraction and
the Scherrer formula, the crystallite sizes of hematite are
calculated as 4.6 and 5.9 nm for the FeK/SWNTs and FeK/
MWNTs catalysts, respectively, demonstrating that SWNTs
with larger surface area is more eﬀective in dispersing iron
oxide.
Figure 3 shows the TEM results of the FeK/SWNTs and
FeK/MWNTs catalysts. The hematite particles were well
dispersed on SWNTs with a mean size of 5.1 nm (Figure 3a).
The mean size of the hematite particles on the FeK/MWNTs
catalyst is 6.1 nm, which is larger than that on the FeK/
SWNTs catalyst, and aggregation of the nanoparticles was
observed (Figure 3b). The insets in Figure 3a show the
HRTEM images of the SWNTs bundles and hematite
nanoparticle. The measured tube diameter of SWNTs, ∼0.5
nm, conforms to that of the major micropore determined by
N2 physisorption. The interplanar spacing of the lattice fringes
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Figure 3. TEM images and particle size distribution histograms with Gaussian analysis ﬁttings of the (a) FeK/SWNTs and (b) FeK/MWNTs
catalysts. Insets in (a) show the HRTEM images of the SWNTs bundle and α-Fe2O3 nanoparticle.

pyramidalization occur by deviation from planarity.37,38
Consequently, π-electron density is increased at the convex
exterior at the expense of that at the concave interior, which is
enhanced by the increase in the curvature of CNTs.37,38
According to Figure 1, it is clear that the curvature of SWNTs
with a diameter of 0.47 nm is much larger than that of
MWNTs with a diameter of 2.2 nm. Hence, it can be deduced
that SWNTs are more inclined to donate an electron to
hematite and thus lower Fe 2p3/2 and 2p1/2 BEs (Figure 5b).
Reducibility. To recognize the reduction and carburization
behaviors and the metal−support interaction, the FeK/
SWNTs and FeK/MWNTs catalysts were characterized by
CO-TPR. In Figure 6, except for the diﬀerences in the CO
consumption temperatures, the CO-TPR proﬁles are similar,
bearing two distinct reduction and carburization peaks. The
low-temperature peak can be assigned to the reduction of
hematite to magnetite (Fe3O4),40 whereas that at high
temperature can be assigned to the carburization of the
partially reduced iron oxide.41 For the FeK/SWNTs catalyst,
the reduction and carburization temperatures were 577 and
698 K, respectively. For comparison, they were increased to
603 and 723 K for the FeK/MWNTs catalyst. Li and coworkers reported that iron oxides with smaller crystallite size
were reduced and carburized more easily.42,43 According to
Figure 2, the crystallite size of hematite on FeK/SWNTs is
smaller, which may account for the lower reduction and
carburization temperatures for this catalyst.
The XRD patterns of the CO-activated catalysts are
presented in Figure S1. For both catalysts, the iron species
exist as a mixture of magnetite (Fe3O4, JCPDS 19-0629) and
Hägg carbide (χ-Fe5C2, JCPDS 36-1248). The diﬀraction
peaks of magnetite on the FeK/SWNTs catalyst are apparently
much weaker than those on the FeK/MWNTs catalyst, while

the major diﬀraction peak of Hägg carbide at 44.2° is more
distinct on the FeK/SWNTs catalyst than on the FeK/
MWNTs catalyst. Figure S2 shows that after CO activation,
the average sizes of the iron species on the FeK/SWNTs and
FeK/MWNTs catalysts were increased to 8.0 and 8.9 nm,
respectively. Despite of the increase in the particle sizes, the
iron species remained homogeneously dispersed on the FeK/
SWNTs catalyst while agglomerated on the FeK/MWNTs
catalyst.
Adsorption of CO2 and H2. Prior to adsorption, the FeK/
SWNTs and FeK/MWNTs catalysts were subjected to CO
activation under the same conditions as before CO2 hydrogenation. In the CO2-TPD proﬁles (Figure 7a), there are broad
desorption peaks at 365 K for the FeK/MWNTs catalyst and
at 374 K for the FeK/SWNTs catalyst. The H2-TPD proﬁles in
Figure 7b reveal that the desorption temperature for the FeK/
SWNTs catalyst is 380 K, higher than that for FeK/MWNTs at
376 K. These results show that using SWNTs as the support
can noticeably improve the binding strength of both reactants.
Both experimental and theoretical studies have veriﬁed that
the CO2 molecule is physisorbed on SWNTs.44,45 In light of
Figure 7a,b and by assuming a pre-exponential factor of 1013
s−1 and ﬁrst-order desorption of CO2, the adsorption heats of
23.4 and 21.8 kcal mol−1 were derived for the FeK/SWNTs
and FeK/MWNTs catalysts, respectively, which apparently fall
in the category of chemisorption. In separate experiments, we
found that the Fe/SWNTs catalyst free of potassium also
chemisorbed CO2, while the amount of adsorbed CO2
increased steadily with potassium from 0 to 5 wt %. These
results manifest that both iron and potassium act as the
adsorption sites for CO2.46 Similarly, according to Mulder and
co-workers, the amount of H2 adsorbed on SWNTs is
negligible at room temperature and ambient pressure.47
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Figure 6. CO-TPR proﬁles of the FeK/SWNTs and FeK/MWNTs
catalysts.

Figure 4. (a) Raman spectra of the FeK/SWNTs and FeK/MWNTs
catalysts, and (b) comparison of the G band regions of the catalysts
and their corresponding supports.
Figure 7. (a) CO2- and (b) H2-TPD proﬁles, and (c) adsorption
capacities of CO2 and H2 of the FeK/SWNTs and FeK/MWNTs
catalysts.

ascribed to iron, as also reported by Choi et al. on their Fe−K/
alumina catalyst.46
By integrating the peak areas, we found that for CO2 and H2,
the adsorption capacities were aﬀected by the supports in
diﬀerent ways. As illustrated in Figure 7c, the amount of H2
was 250.4 μmol gcat−1 on the FeK/SWNTs catalyst and
decreased to 187.1 μmol gcat−1 on FeK/MWNTs. On the other
hand, the amount of CO2 was 484.7 μmol gcat−1 on FeK/
SWNTs, while on the FeK/MWNTs catalyst, it was increased
to 578.3 μmol gcat−1. This discrepancy may be rationalized by
the diﬀerence in the sizes of the CO2 and H2 molecules. CO2
adsorption inside CNTs with tube diameter <5.48 Å is not
allowed due to strong repulsive interaction.44 In contrast, there
is no such a size exclusion eﬀect on the adsorption of H2 with
kinetic diameter of only 2.9 Å49 inside SWNTs.
CO2 Hydrogenation Results. Table 2 and Figure 8
compares the CO2 hydrogenation results over the FeK/
SWNTs and FeK/MWNTs catalysts after 24 h on stream.
Over FeK/SWNTs, the CO2 conversion was 52.7%, with a low
CO selectivity of 9.6%. Over FeK/MWNTs, the CO2
conversion was lowered to 43.6%, while the CO selectivity

Figure 5. (a) C 1s and (b) Fe 2p spectra of the FeK/SWNTs and
FeK/MWNTs catalysts.

Furthermore, theoretical calculations showed that the
adsorption of H2 on potassium-doped SWNTs is still in the
region of physisorption.48 Hence, the adsorption sites for H2
on the FeK/SWNTs and FeK/MWNTs catalysts can be
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Table 2. CO2 Hydrogenation Results over the FeK/SWNTs and FeK/MWNTs Catalystsa
hydrocarbon selectivityc (wt %)
catalyst

CO2 conv. (%)

FTYHCsb

FeK/SWNTs
FeK/MWNTs

52.7
43.6

66.5
46.6

CO sel. (%)

CH4

C2−C4

C2−C4

C5+

9.6
23.4

13.5
27.1

22.5
30.7

8.6
7.8

39.8
21.8

=

0

=

FTYc
C5+

0

15.6
12.6

C2−C4

C5+=

15.0
14.3

26.5
10.2

=

Reaction conditions: 200 mg of catalyst, T = 613 K, P = 2.0 MPa, H2/CO2 = 3, GHSV = 9000 mL gcat−1 h−1, and TOS = 24 h. bUnit in μmolCO2
gFe−1 s−1. cThe hydrocarbon selectivities are normalized with the exception of CO.
a

the FeK/MWNTs catalyst prefers the production of light
oleﬁns with the C2−C4= selectivity of 30.7% and C5+=
selectivity of 21.7%. Accordingly, the α-values were 0.69 and
0.62 for the FeK/SWNTs and FeK/MWNTs catalysts,
respectively (Figure 8).
As demonstrated in Table S1, the C5+= selectivity over the
FeK/SWNTs catalyst is higher than the C5+= selectivities being
directly reported in works on CO2 hydrogenation under similar
conditions.12,16 Since in some works the C4+= selectivity was
presented,14,15 for a fair comparison we also calculated the
C4+= selectivity over the FeK/SWNTs catalyst and found that
the selectivity (47.5%) is slightly lower than that of 50.3% at a
lower CO2 conversion of 31% over the Fe/C-Bio catalyst
(Table S1, entry 1)14 but slightly higher than that of 45.9%
also at a lower CO2 conversion of 25.9% over the Fe/Co−YK
catalyst (Table S1, entry 3).15 The Fe/C-Bio catalyst was
prepared by physically mixing a Fe/C microspherical material50 with calcined corncob ash containing various alkaline
elements. Since the promotion eﬀect of the corncob ash
strongly relies on the origin of corncob, Sun and co-workers
also directly promoted Fe/C with potassium.14 However, over
the Fe/C−K catalyst, the C4+= selectivity was only 30.5% at a
CO2 conversion of 28% (Table S1, entry 2),14 which is inferior
to that over the FeK/SWNTs catalyst. In addition, the CO
selectivities over the Fe/C-Bio and Fe/C−K catalyst (Table
S1, entries 1 and 2) were more than 2 times that over the FeK/
SWNTs catalyst, while comparable to that over the FeK/
MWNTs catalyst.
Beneﬁtting from the high FTYHCs and C5+= selectivity, the
FTY of heavy oleﬁns over the FeK/SWNTs catalyst amounted
to 26.5 μmolCO2 gFe−1 s−1, that is, about 3.3-folds the highest
productivity of heavy oleﬁns from CO2 hydrogenation
reported in the literature (Table S1, entry 4). Hence, the
FeK/SWNTs catalyst exhibiting high activity, high selectivity
toward heavy oleﬁns, as well as low CO selectivity is a
promising candidate for eﬃcient and sustainable transformation of greenhouse gas CO2 to heavy oleﬁns.
Eﬀects of Reaction Conditions. The temperature- and
pressure-dependent CO2 conversion and product distribution
over the FeK/SWNTs catalyst were explored. Figure 9a
illustrates the results in the temperature range of 543−653 K
with other conditions being ﬁxed. The CO2 conversion
increased signiﬁcantly from 41.5 to 51.9% from 543 to 593
K, then leveled oﬀ at higher temperatures. The C5+= selectivity
was 21.2% at 543 K, which increased steadily to 39.8% at 613
K and then declined to 26.5% at 643 K. According to Figure
9a, at low temperature the formation of heavy oleﬁns is in
competition with paraﬃns and light oleﬁns, which may be
associated with the more facile desorption of the low-molecular
weight or saturated hydrocarbons from the catalyst surface. At
temperatures >613 K, the formation of heavy oleﬁns is mainly
in competition with paraﬃns, which may be due to the
enhanced hydrogenation of oleﬁns at high temperature.

Figure 8. Hydrocarbon distributions over the (a) FeK/SWNTs and
(b) FeK/MWNTs catalysts in CO2 hydrogenation. Reaction
conditions: 200 mg of catalyst, T = 613 K, P = 2.0 MPa, H2/CO2
= 3, GHSV = 9000 mL gcat−1 h−1, and TOS = 24 h. The Anderson−
Schulz−Flory (ASF) plots and α-values are also presented; Wn is the
weight fraction of a hydrocarbon with n carbon atoms.

was increased to 23.4%. Therefore, the FeK/SWNTs catalyst is
more eﬀective in improving the carbon atom utility and
process sustainability of CO2 hydrogenation to hydrocarbons.
Because of the higher CO2 conversion while lower CO
selectivity, on the FeK/SWNTs catalyst a higher FTYHCs from
CO2 of 66.5 μmolCO2 gFe−1 s−1 was obtained.
As to the distribution of the hydrocarbons, the selectivity
toward the undesired CH4 was only 13.5% over the FeK/
SWNTs catalyst, about one-half of that over the FeK/MWNTs
catalyst. Both catalysts are more selective to oleﬁns than to
paraﬃns. The selectivities to oleﬁns (C2+=) amounted to 62.3%
and 52.4% over the FeK/SWNTs and FeK/MWNTs catalysts,
respectively. Speciﬁcally, the production of heavy oleﬁns is
preferred on the FeK/SWNTs catalyst with the C2−C4=
selectivity of 22.5% and C5+= selectivity of 39.8%. In contrast,
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are far more intense than those of Hägg carbide. On the FeK/
SWNTs catalyst, in sharp contrast the diﬀractions of Hägg
carbide are predominant, demonstrating that the types of
CNTs can impose a signiﬁcant eﬀect on the phase composition
of the iron-based catalysts during CO2 hydrogenation.
Figure 11 shows the TEM results of the catalysts after 24 h
of CO2 hydrogenation. The mean particle sizes of the iron
species over the FeK/SWNTs and FeK/MWNTs catalysts
were 13.1 and 16.3 nm, respectively. In a separate experiment,
we found that while the mean particle size of hematite (6.0

Figure 9. (a) Temperature- and (b) pressure-dependent CO2
conversion, CO selectivity, and hydrocarbon distribution over the
FeK/SWNTs catalysts. Other reaction conditions for (a) are 200 mg
of catalyst, P = 2.0 MPa, H2/CO2 = 3, GHSV = 9000 mL gcat−1 h−1,
and TOS = 24 h; for (b) are 200 mg of catalyst, T = 613 K, H2/CO2 =
3, GHSV = 9000 mL gcat−1 h−1, and TOS = 24 h.

Figure 9b illustrates the results in the pressure range of 1.0−
3.0 MPa with other conditions being ﬁxed. Both CO2
conversion and C5+= selectivity increased pronouncedly from
1.0 to 2.0 MPa. When the pressure was further elevated to 3.0
MPa, the CO2 conversion and C5+= selectivity were further
improved to 53.6% and 40.4%, respectively, while the CO
selectivity favorably dropped to 8.6%. According to Figure 9b,
elevating the pressure improved the selectivity to heavy
hydrocarbons, which is common in both CO and CO2
hydrogenation. 7,51 On the other hand, high pressure
accelerates the saturation of oleﬁns, so there was only an
insigniﬁcant increase in the selectivity toward heavy oleﬁns
from 2.0 to 3.0 MPa.
Active Phase. Figure 10 presents the XRD patterns of the
FeK/SWNTs and FeK/MWNTs catalysts after 24 h of CO2
hydrogenation. Both catalysts are composed of magnetite and
Hägg carbide. However, on the FeK/MWNTs catalyst, the
peaks at 2θ of 30.1, 35.4, 56.9, 62.5, and 78.3° assignable to the
(220), (311), (511), (440), and (533) reﬂections of magnetite

Figure 11. TEM images and particle size distribution histograms with
Gaussian analysis ﬁttings of the (a) FeK/SWNTs and (b) FeK/
MWNTs catalysts after 24 h on stream in CO2 hydrogenation, and
(c) HRTEM image of the FeK/SWNTs catalyst after 24 h on stream
in CO2 hydrogenation.

Figure 10. XRD patterns of the FeK/SWNTs and FeK/MWNTs
catalysts after 24 h on stream in CO2 hydrogenation.
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and hyperﬁne magnetic ﬁeld (H) values of about 0.8 mm s−1
and 46 T and of 0.43 mm s−1 and 49 T are originated from the
tetrahedral (A site) and octahedral sites (B site) of magnetite,
respectively. The occurrence of Hägg carbide is evidenced by
the presence of three sextets with the H values of about 17, 21,
and 11 T.53 On the basis of the relative spectral areas, the
contents of magnetite and Hägg carbide were derived as 47.4
and 43.2% in the FeK/SWNTs catalyst and 63.7 and 32.7% in
the FeK/MWNTs catalyst, respectively.
Structure−Performance Correlation. CO2 hydrogenation to hydrocarbons is generally believed to proceed in a
tandem manner that involves reversed water−gas shift
(RWGS) to transform CO2 to CO over magnetite followed
by Fischer−Tropsch synthesis, that is, CO hydrogenation, over
Hägg carbide.54−57 The applicability of this mechanism to CO2
hydrogenation over the FeK/SWNTs catalyst was testiﬁed by
using syngas (CO/H2 = 1) with other reaction conditions
being kept unchanged. As listed in Table S2, the hydrocarbon
distribution resembles that of CO2 hydrogenation over this
catalyst (Table 2). Meanwhile, this result shows the prospect
of the FeK/SWNTs catalyst in converting syngas to heavy
oleﬁns. Therefore, for CO2 hydrogenation over the iron-based
catalysts, the contents of magnetite and Hägg carbide are
expected to aﬀect the activity and selectivity. In the present
case, XRD (Figure 10) and 57Fe MAS (Figure 12 and Table 3)
disclosed the presence of more magnetite on the FeK/
MWNTs catalyst than on the FeK/SWNTs catalyst, and CO2TPD (Figure 7a,c) revealed more CO2 on the FeK/MWNTs
catalyst than on the FeK/SWNTs catalyst. However, the CO2
conversion is much lower over the FeK/MWNTs catalyst than
over the FeK/SWNTs catalyst, and the CO selectivity is much
higher over the FeK/MWNTs catalyst than over the FeK/
SWNTs catalyst. These results indicate that RWGS or CO2
adsorption on magnetite is not the rate-determining step on
these catalysts. Instead, the reaction is mainly limited by CO
hydrogenation over Hägg carbide, which is consistent with the
conclusion of Willauer and co-workers.58
As a second step, CO hydrogenation is mostly accepted to
involve CO dissociative adsorption followed by carbon species
hydrogenation and polymerization.59 The enhancement of CO
dissociation by ﬁlling its antibonding 2π* orbitals by electron
back-donated from iron is essential for CO hydrogenation in
mechanisms of either direct or H2-aided indirect CO

nm) on the as-prepared FeK/Vulcan X72 carbon black catalyst
is similar to that on the as-prepared FeK/MWNTs catalyst, the
mean particle size became as large as 20.8 nm after the same
activation and reaction procedures, showing the eﬀectiveness
of the high thermal conductivity of CNTs in retarding the
sintering of the active phases in high-temperature reaction. In
the HRTEM image of the FeK/SWNTs catalyst (Figure 11c),
the lattice fringes with interplanar spacings of 0.242, 0.253, and
0.484 nm assignable to the (222), (311), and (111) planes of
magnetite, respectively, and 0.205 and 0.265 nm assignable to
the (510) and (311̅) planes of Hägg carbide, respectively, were
readily discerned which corroborates well with the XRD results
in Figure 10.
The iron phases in the FeK/SWNTs and FeK/MWNTs
catalysts after 24 h of CO2 hydrogenation were quantiﬁed by
57
Fe Mössbauer spectroscopy. The raw spectra and the
deconvoluted subspectra are presented in Figure 12.

Figure 12. 57Fe Mössbauer spectra of the FeK/SWNTs and FeK/
MWNTs catalysts after 24 h on stream in CO2 hydrogenation.

Deconvolution disclosed one doublet and ﬁve sextets for
both catalysts; Table 3 summarizes the ﬁtting results. The
superparamagnetic (spm) Fe(III) species is determined by the
doublet with IS of around 0.37 mm s−1 and quadrupole
splitting (QS) of about 1.0 mm s−1.52 Two sextets with the IS

Table 3. 57Fe Mössbauer Parameters of the FeK/SWNTs and FeK/MWNTs Catalysts after 24 h on Stream in CO2
Hydrogenationa
catalyst

IS (mm s−1)

QS (mm s−1)

FeK/SWNTs

0.36
0.79
0.43
0.37
0.42
0.88
0.38
0.78
0.43
0.31
0.41
0.35

1.01
0.06
−0.01
−0.13
−0.07
0.06
0.93
0.02
−0.03
−0.09
−0.07
−0.15

FeK/MWNTs

H (T)
45.8
48.8
17.2
21.3
10.8
45.9
48.9
17.0
21.7
10.9

Γ (mm s−1)

phase ascription

A (%)

0.84
0.56
0.38
0.42
0.50
0.34
0.58
0.48
0.36
0.50
0.40
0.28

Fe(III)
Fe3O4 (A)
Fe3O4 (B)
χ-Fe5C2 (A)
χ-Fe5C2 (B)
χ-Fe5C2 (C)
Fe(III)
Fe3O4 (A)
Fe3O4 (B)
χ-Fe5C2 (A)
χ-Fe5C2 (B)
χ-Fe5C2 (C)

9.3
30.5
16.9
12.4
22.9
7.9
3.6
41.3
22.4
15.7
12.9
4.1

IS, isomer shift (relative to α-Fe); QS, quadrupole splitting for doublet and quadrupole shift for sextet; H, hyperﬁne magnetic ﬁeld; Γ, fwhm; A,
relative spectral area.
a
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reaction conditions, the C2−C4= selectivity signiﬁcantly
increased to 50.3% and the C5+= selectivity dramatically
dropped to 8.5% (Table S3), suggesting that the curvature of
the graphene sheet really functions as an important factor in
determining the distribution of light and heavy oleﬁns.
Stability. Since the FeK/SWNTs catalyst exhibited
superior catalytic behavior in producing heavy oleﬁns by
means of CO2 hydrogenation, a 120 h test was carried out to
have an insight into the stability of this catalyst. As shown in
Figure 14, after an incubation time of about 20 h, the CO2

dissociation.59,60 Raman (Figure 4b), XPS (Figure 5b), and
CO-TPR (Figure 6) corroborate that SWNTs with large
curvature is a better electron donor than MWNTs with small
curvature, which is expected to endow Hägg carbide on
SWNTs with greater electron density. Therefore, the
interaction of CO with the electron-enriched Hägg carbide
strengthens the FeC bond while it weakens the CO bond.
As a consequence, CO dissociation and the formation of
carbon monomers are accelerated, which enables a signiﬁcant
increase in the production of hydrocarbons. The presence of
more Hägg carbide (Figures 10 and 12, and Table 3), along
with the smaller particle size as revealed by TEM (Figure 11a)
that aﬀords more active sites, can add up to the activity and
productivity of hydrocarbons of the FeK/SWNTs catalyst in
CO2 hydrogenation (Table 2). Meanwhile, the enhanced CO
dissociation allows for a high carbon/hydrogen ratio surface,
which boosts the production of oleﬁns while suppressing
secondary hydrogenation of oleﬁns over the FeK/SWNTs
catalyst.60
On the other hand, from the diﬀerence in the distributions
of light and heavy oleﬁns over the FeK/SWNTs and FeK/
MWNTs catalysts, one can deduce that the residence time of
light oleﬁns is longer on the FeK/SWNTs catalyst than on the
FeK/MWNTs catalyst, which increases the possibility for light
oleﬁns to undergo further chain propagation and hence the
formation of more heavy oleﬁns. To substantiate this
deduction, we conducted C2H4-TPD characterization by
employing C2H4 as a representative of light oleﬁns on the
FeK/SWNTs and FeK/MWNTs catalysts. As shown in Figure
13, C2H4 desorbed from the FeK/SWNTs catalyst at 385 K,

Figure 14. Stability of the FeK/SWNTs catalyst in CO2 hydrogenation to oleﬁns. Reaction conditions: 200 mg of catalyst, T = 613
K, P = 2.0 MPa, H2/CO2 = 3, GHSV = 9000 mL gcat−1 h−1, and TOS
= 120 h.

conversion increased to 54.0%. Then, the CO2 conversion
decreased reluctantly and retained at 51.3% after 120 h of
stability test. For the selectivities of oleﬁns, the C5+= selectivity
descended mildly from 39.8 to 34.9%, whereas the C2−C4=
selectivity remained virtually constant at ∼22%. Nevertheless,
the FTY of heavy oleﬁns after 120 h of stability test was still 2.9
times the highest value in the literature (Table S1, entry 4).
The decline in the C5+= selectivity as well as the FTY of heavy
oleﬁns can be caused by the increase in the CH4 selectivity.
Analogously, Tsubaki and co-workers reported that the C4+=
selectivity decreased continuously while the CH4 selectivity
changed in an opposite trend during a 100 h stability test over
the bimetallic Fe/Co−YK catalyst.15 Furthermore, Figure S3
demonstrates that the diﬀraction peaks of both magnetite and
Hägg carbide were sharpened after 120 h of stability test
relative to those after 24 h of reaction (Figure 10), which is
consistent with the TEM image after the stability test (Figure
S4a) that the mean particle size was increased to 16.4 nm. A
close inspection of Figure S4a also revealed that some Hägg
carbide nanoparticles were decorated with a carbon layer,
which can also be found on the catalyst after 24 h of reaction
(Figure 11a). As illustrated in Figure S4b, the thickness of the
carbon layer was ∼2.0 nm after 120 h of stability test, while
after 24 h of reaction it was ∼1.5 nm. The enlarged particle size
and thickened carbon layer after 120 h of stability test may
account for the slight deactivation of the FeK/SWNTs catalyst.
Attractively, Sun and co-workers found that the Fe/C-Bio
catalyst remained stable and selective toward heavy oleﬁns in
100 h of stability test,14 possibly due to the unique Fe@C
microstructure that restricts the sintering of the active phase by

Figure 13. C2H4-TPD proﬁles of the FeK/SWNTs and FeK/
MWNTs catalysts.

while the desorption temperature on the FeK/MWNTs
catalyst was decreased to 368 K, manifesting that light oleﬁns
on the FeK/SWNTs catalyst are more tightly bound. It was
reported by Cruz and Müller that C2H4 physisorbs on
SWNTs.61 Furthermore, as a nucleophile, C2H4 is unlikely to
be adsorbed by the basic potassium promoter. Hence, it is
reasonable to deduce that C2H4 is adsorbed on Hägg carbide.
We also prepared the FeK/rGO (reduced graphene oxide)
catalyst with the support being more ﬂat than MWNTs and
SWNTs. Interestingly, over FeK/rGO and under identical
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the surrounding carbonaceous matter.50 Alternatively, multiple
alkaline elements in the biopromoter of the Fe/C-Bio
catalyst14 may synergistically stabilize the catalyst, a topic
which deserves further exploration.

■

CONCLUSIONS
Both the FeK/SWNTs and FeK/MWNTs catalysts are
selective in CO2 hydrogenation to oleﬁns. Whereas the FeK/
MWNTs catalyst favors more the production of light oleﬁns,
the FeK/SWNTs catalyst prefers the production of heavy
oleﬁns. With the selectivity toward heavy oleﬁns over the FeK/
SWNTs catalyst being among the best values documented so
far, the FeK/SWNTs catalyst also displays the highest activity
while the lowest CO selectivity, leading to an unprecedentedly
high productivity of heavy oleﬁns. Its excellent catalytic
performance is tentatively explained by the high inclination
of SWNTs with large curvature to donate electron that
facilitates the dissociation of the CO bond, which not only
promotes the formation of carbon monomers but also
improves the carbon/hydrogen surface ratio that is conducive
to the formation of oleﬁns. The higher binding strength of light
oleﬁns may also contribute to the higher selectivity toward
heavy oleﬁns over the FeK/SWNTs catalyst than over the
FeK/MWNTs catalyst. This work not only highlights the
importance of the structure of CNTs in the product
distribution in CO2 hydrogenation but also shows promise
for the design of high-performance catalysts for the CO2-toheavy oleﬁns process that is industrially and environmentally
very appealing. Further work may be focused on the promotion
eﬀects of multiple alkaline elements to further improve the
SWNTs-supported iron catalyst in terms of selectivity and
stability.
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