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Developing efficient catalysts for direct CO2 hydrogenation to fuel hydrocar-

bons is of great significance for the effective utilization of CO2, and C5+ selec-

tivity is one critical indicator for the process economics. In this work, a series

of K-promoted Fe/CNT catalysts were prepared by the co-impregnation

method, and their catalytic performance for CO2 hydrogenation was studied in

a slurry-bed reactor. As a result, CO2 conversion and C5+ selectivity showed

positive correlation with the increase of K/Fe ratio from 0 to 0.3, but further

increase of K/Fe ratio above 0.3 slightly affected its. The catalyst with a K/Fe

molar ratio of 0.3 achieved the best performance with CO2 conversion of 23.7%

and C5+ selectivity of 56%. In addition, the structure–activity relationship of

the catalyst was discussed based on various characterization results.

K-modified catalysts presented a higher specific surface area and stronger CO2

chemisorption, which helped to improve CO2 conversion and C5+ selectivity.

However, excessive potassium loading caused a loss of specific surface area,

reduction degree, and graphitization degree of the catalyst, which inhibited

the CO2 chemisorption and the formation of C5+ hydrocarbons.
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1 | INTRODUCTION

The continuous increase of CO2 emissions caused by the
massive use of fossil fuels has led to a runaway green-
house effect.[1] It is urgent to find effective ways to reduce
CO2 emissions because the world's dependence on fossil
fuels will not decline for a long time. A valid method to
reduce CO2 emissions is carbon capture and storage
(CCS) technology, which has been well studied in recent
years.[2,3] Another technology is carbon capture and utili-
zation (CCU), which can convert CO2 into fuels and

other valuable chemicals, provides an efficient strategy to
cycle the carbon, and has economic benefits.[4–6] Among
them, the reaction of CO2 hydrogenation to long-chain
hydrocarbon has aroused widespread concern because
the broad market of these products would significantly
reduce CO2 emission and realize the effective utilization
of carbon resources.[7–9] Owing to the thermodynamic
stability of CO2, the development of high-efficiency cata-
lysts for this process is the pivotally technical bottleneck.
CO2 can be directly hydrogenated into hydrocarbons by
modified CO2 Fischer–Tropsch synthesis (CO2-FTS) pro-
cess. This process included two sequential reactions, in
which CO2 was first reduced to CO via the reverse water–Liya Dai and Yao Chen contribute equally to this work.
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gas shift (RWGS) reaction and then CO was hydroge-
nated to hydrocarbons through Fischer–Tropsch synthe-
sis (FTS) reaction.[10,11] Therefore, CO2 hydrogenation to
long-chain hydrocarbons by the CO2-FTS process
required resultful catalysts with active sites of both
RWGS and FTS reaction.

Relative to other metals in VIII group,[12–14] only
Fe-based catalysts presented excellent catalytic ability for
RWGS and FTS processes and had low CH4 selectivity at
high temperature,[15,16] so they were preferred for modi-
fied CO2-FTS reaction. Furthermore, it was reported that
Fe3O4 was very capable of activating CO2 and iron
carbide was effective for enhancing chain growth. How-
ever, to obtain better CO2 conversion and higher selectiv-
ity to desired hydrocarbons, the significant impact of
supports and additives on the performance of catalyst
should also be concerned.[17,18] Metal oxides were widely
used to support Fe-based catalysts for CO2 hydrogena-
tion. For example, Al2O3 had an excellent performance in
terms of CO2 conversion and light hydrocarbon selectiv-
ity.[19,20] Boreriboon et al.[21] compared the CO2 hydroge-
nation performance of monometallic and bimetallic
catalysts supported on TiO2, who found that Fe/TiO2

catalyst had low selectivity to higher hydrocarbons and
Co/TiO2 and Cu/TiO2 catalysts only produced CH4 and
CO. Further studies certificated that the strong interac-
tion between iron and metallic oxide support inhibited
the reduction and carbonization of iron,[8] thus
restraining the activation of CO2 and the generation of
long-chain hydrocarbons. Chew et al.[22] found that inter-
action between iron oxide and silica was much stronger,
thus inhibiting the reduction of iron species. As a result,
the activity of Fe/NCNT catalyst for CO2 hydrogenation
was almost twice than Fe/SiO2 catalyst. Zeolite was usu-
ally used in the synthesis of light olefins and hydrocrack-
ing reaction. In some modified zeolite, oligomerization
was inhibited due to the reduction of acid sites, which
promoted the production of light olefins at the expense of
long-chain hydrocarbons.[23–25] And the channel in
ZSM-5 and mordenite might hinder the diffusion of long-
chain hydrocarbons.[26] The carbon materials with weak
metal-carrier interaction endowed the iron-based cata-
lysts with the favorable ability to active iron species into
iron carbides, so it has been regarded as an excellent sup-
port for CO2 hydrogenation.[27–30] Compared with other
carbon materials, using carbon nanotubes (CNTs) as the
support promoted the iron–carbon interaction on the
curved surface of CNTs,[31] thereby avoiding the genera-
tion of irreducible iron species and showing remarkable
C5+ selectivity in FTS reaction.[27,32] And the long-range
ordered structure of CNTs is conducive to the aggregation
of the reaction intermediate.[33] CO2 hydrogenation reac-
tion using N-doped CNT support was beneficial to CO2

conversion due to the higher iron dispersion and better
reducibility,[22] but it also gave rise to high selectivity of
methane because of the high H2/CO ratio adsorbed by
some active sites on the Fe/NCNT catalyst surface.[34]

Therefore, it is necessary to change the surface adsorp-
tion capacity of the catalyst by adding promoters to adjust
the product distribution.

Alkali metal ions were acknowledged as common
electronic auxiliaries in Fe-based catalysts, which were
assumed to increase the surface alkalinity of the
catalysts and restrain the chemisorption of H2, thus
facilitating CO and CO2 chemisorption and chain-
growth probability.[35,36] Xiong et al.[37] proved that the
Fe/CNT catalysts promoted by potassium and sodium
not only suppressed the production of methane but
also increased the distribution of olefins and selectivity
of C5+ in FTS reaction. You et al.[38] found that adding
alkali metals to non-supported Fe-based catalysts could
significantly improve the CO2 conversion and C5+

selectivity. Specifically, the catalysts modified by K and
Rb achieved better performance. Besides, potassium
could promote the carbonization of iron species, which
was one of the key factors for the low methane selec-
tivity and high chain-growth probability in COx hydro-
genation reaction.[39,40]

Until now, few studies on the mechanism of
K-modified Fe-based catalyst for CO2 hydrogenation
reaction were reported, and the effect of K on the selec-
tivity of long-chain hydrocarbons remained unclear. In
this work, a series of Fe-xK/CNT catalysts with different
contents of potassium were prepared by co-impregnation
on both acid/alkali-treated CNTs, and their catalytic per-
formance for CO2 hydrogenation was tested in a slurry-
bed reactor. The influence of K-doping on the structure
and property of the catalysts was investigated through
various characterization techniques to clarify the role of
K and the structure–activity relationship.

2 | EXPERIMENTAL

2.1 | Catalyst preparation

To remove the amorphous carbon and obtain the oxygen-
functionalized CNTs, commercial CNTs were pretreated
with nitric acid (65 wt.%) at 120 �C for 6 h. After cooling
down to room temperature, the mixture was diluted with
water. The CNTs were filtered out and washed with
deionized water to neutrality and then dried it at 110 �C
for 12 h. Afterward, the acid-treated CNTs were mixed
evenly with the KOH solution (7.5 M). The mixture was
placed in a Teflon cup and heated at 190 �C for 10 h.
After cooling down, the sample was washed with water
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so to reach a pH value of 7 and then dried at 110 �C
overnight.

Iron-based catalysts were prepared by an impregna-
tion method using ferric nitrate (Fe(NO3)3�9H2O) as the
iron precursor. The weight of solvent should be deter-
mined by measuring the saturated adsorption capacity of
the carrier before preparing the catalyst. The treated
CNTs were immersed in the aqueous solution of ferric
nitrate aiming at a theoretical Fe loading of 20 wt.%. The
mixture was placed in a rotary evaporator at 80�C for 2 h
and then placed in a vacuum drying oven at 110�C for
12 h. Finally, the solid product was calcined at 400 �C
with a heating rate of 2 �C/min for 5 h in Ar atmosphere,
and the obtained sample was labeled as Fe/CNT catalyst.
The preparation method of the K-modified catalysts is as
follows: Five kinds of aqueous solution with different
molar ratios of K and Fe (n(K)/n (Fe) = 0.05, 0.15, 0.3,
0.6, 1) were dropped in the processed CNTs, and the sub-
sequent treatment was the same as that of Fe/CNT cata-
lyst. The obtained catalysts were named as Fe-xK/CNTs,
where x was the molar ratio of n(K)/n (Fe), including
0.05, 0.15, 0.3, 0.6, and 1.

2.2 | Catalyst characterization

N2 adsorption–desorption was tested on a Micromeritics
TriStar 3000 physical adsorb instrument. A 200 mg sam-
ple was degassed at 300�C for 4 h, determining the
amount of adsorbed nitrogen under −196 �C. The calcu-
lations of surface area and pore size distribution were
dependent on the BET equation and BJH method,
respectively.

The calcined catalysts were subjected to phase analy-
sis and qualitative analysis by the Rigaku D/Max-2500v/
pc X-ray diffractometer with Cu/Kα source. The scanning
range of spectra was 2θ = 5–85�, and the accelerating
voltage was 40 kV. The crystallite phases were identified
by comparing the diffraction peaks with the JCPDS cards,
and the average size of the Fe2O3 crystallites in the
calcined catalysts was estimated using the Scherrer
equation.

The morphology of the catalyst was observed by
transmission electron microscope (JEM-2100F) at
200 kV, and the element mapping of the catalyst was
analyzed by JEM-F200.

Catalyst reducibility was measured on the AutoChem
2910 automatic chemical adsorption instrument. A 50 mg
sample was first purged with argon at 200 �C for 60 min
and then cooled to 50 �C. The flow was switched to 10%
H2–90% Ar gas, and the reactor was heated from 50 to
900 �C with a heating rate of 10 �C/min. The hydrogen

consumption signal was detected by the thermal conduc-
tivity detector (TCD).

The elemental surface analysis of the calcined cata-
lysts was measured on the PHI 1600 ESCA X-ray photo-
electron spectrometer (XPS) using Mg/Kα radiation
(1253.3 eV) as the X-ray source. The pressure of the sam-
ple chamber was 1.2 × 10−8 Torr, and calibrating the
binding energy (BE) of the adventitious carbon at
284.8 eV was used as a reference.

CO2 temperature-programmed desorption (CO2-TPD)
was conducted in the same equipment as the H2-TPR.
The catalyst was reduced with H2 at 300 �C, then
switched the gas to argon, and purged sample for 1 h.
After prereduction, the gas was switched to helium and
purged the sample until the baseline was stable. Pulsed
CO2 in multiple time and then purged He for 30 min to
remove the physically adsorbed CO2 on the catalyst sur-
face. Finally, the reactor was heated to 500 �C at a rate of
10�C/min, during which CO2 desorption signals were
recorded with TCD.

The thermal stability of the catalysts was subjected to
thermogravimetric analysis using STA 449 F3 and
NETZSCH system. The catalyst was heated in air
(50 mL/min) from ambient temperature to 800 �C at
10 �C/min.

The catalyst was first ground into a powder and then
investigated the structural stability by a DXR laser
Raman spectrometer with a laser wavelength of 532 nm
and a slit width of 25 μm under the laser discharged by
Spectra Physics 2020 argon ion.

2.3 | Catalytic activity test for CO2
hydrogenation

The activity for CO2 hydrogenation on the catalyst was
carried out using a slurry-bed reactor. Before active test,
8.3 g of calcined catalyst was activated ex situ in a plug
flow reactor using 25%H2/He at 350 �C for 10 h. Then,
the reduced catalyst mixed with melted Polywax 3000
was put into the slurry reactor. The catalyst was further
reduced in H2 at 300 �C for 24 h, and the other reaction
conditions were as follows: The reaction temperature was
controlled at a range of 300 �C, the reaction pressure was
2 MPa, and the reaction gas was the mixture of H2 and
CO2 (molar ratio: H2/CO2 = 3), and the space velocity
was 4.0 L/g (cat)�h. The gaseous products were reduced
to atmospheric pressure and then introduced into an
online gas chromatography (Agilent 6820) equipped
with a TCD and a flame ionization detector (FID) by
using He as the carrier gas. The collected hydrocarbon
(oil + wax) phases were analyzed offline by using a gas
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chromatograph SP-3420 equipped with FID detector
using a HP-5 capillary column.

The conversion of CO2 and selectivity of hydrocar-
bons are defined as follows:

CO2conversion rate %ð Þ= FCO2,in-FCO2,outð Þ=FCO2,in × 100

ð1Þ

Cnselectivity Sn,Cn%,n= 1,2,3,4ð Þ= nFAn

FCO2,in-FCO2,out-FCO,outð Þ × 100

ð2Þ

C5+ hydrocarbons selectivity S5+ ,C5+%ð Þ=100-
X4

n= 1
Sn

ð3Þ

where FCO2,in and FCO2,out are the molar flow rate of CO2

at inlet and outlet, FCO,out is the molar flow rate of outlet
CO, n is the carbon number, and FAn is the molar flow
rate of the hydrocarbon An.

3 | RESULTS AND DISCUSSION

3.1 | Phase structure of the catalysts

The amount of potassium also affects the textural proper-
ties of catalysts. The XRD patterns, shown in Figure 1,
point that α-Fe2O3 (JCPDS: PDF#33-0664) is the main
crystalline phase in all catalysts with several diffraction
peaks emerging at 2θ = 24.3�, 33.4�, 35.9�, 49.8�, 54.5�,

62.9�, and 64.5�. The sharper diffraction peaks of α-Fe2O3

in the unmodified catalyst mean that it has a larger grain
size than the K-modified catalysts. As listed in Table 1,
the average crystallite size calculated from the diffraction
peak at 35.9� by the Scherrer equation decreases from
25.6 to 19.1 nm with the increase of K content. In addi-
tion, some Fe3O4 (JCPDS: PDF#75-0449) was detected at
2θ = 30.4�, 35.8�, and 67.2�, and a few χ-Fe5C2 (JCPDS:
PDF#89-2544) was also discovered around 45�, which
were generated via a reduction reaction between CNTs
and α-Fe2O3 during the calcination process of the
catalysts.

TEM images shown in Figure 2 indicate that some
iron particles are located inside the CNT tubes. The aver-
age grain size obtained by TEM decreases with the K
adding, which is similar with the results in XRD. These
estimates correspond well with the finding that K
inhibited the growth of Fe particles. The STEM images
and the corresponding EDX mapping images in Figure 2
reveal the distribution of Fe and K over the CNT support.
It is clear that most of K is dispersed uniformly on the Fe
species with a small amount K being scattered on the
CNT support.

3.2 | Morphological properties of the
catalysts

N2 adsorption–desorption isotherms and pore size distri-
bution of the Fe-xK/CNT catalysts with different potas-
sium loadings are presented in Figure 3, and their

FIGURE 1 XRD patterns of calcined

catalysts and support
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morphological properties are listed in Table 1. It can be
seen from Figure 3a that the five catalysts and support all
represent typical IV-type N2 adsorption isotherm with
the H4-type hysteresis loop, which have no obvious satu-
rated adsorption platform. These results indicate that the
pore structure in catalysts was irregular and the catalysts
had a mixture of mesopores and micropores. The pore
distribution curves of all samples (Figure 3b) are similar
in a wide range of 1.9–40 nm with a maximum at about
2.7 nm. As shown in Table 1, the average pore diameter
and pore volume decrease with the loading of iron,
because iron particles clogged some pores during the cat-
alyst preparation. TEM image (Figure 2) also shows that
some metal particles entered the pipelines of CNTs. The
specific surface area of the catalysts exhibited a unique
trend with the increase of K content, which first
increased to 177.1 m2/g due to the improved dispersion
of microcrystalline particles and the reduced particle size,
following decrease to 156.2 m2/g owing to the K mono-
mer layer generated on the iron surface. This phenome-
non has been certified by You et al.[38]

3.3 | Thermogravimetric analysis of the
catalysts

The results of TG/DTG in air were used to indicate the
thermal stability of the catalysts. The effect of potassium
on the thermal stability of the catalysts was revealed by
initial weight loss temperature and oxidation tempera-
ture. It can be seen from Figure 4 that with the increase
of K content, initial weight loss temperature and oxida-
tion temperature of the catalysts decrease from 337 and

454 �C to 306 and 423 �C, respectively, which indicates
that K has a certain catalytic effect on the oxidation of
the carrier because of the increased defect sites on CNT
surface. The iron loading of the catalysts could be calcu-
lated by the residual mass fraction from the ther-
mogravimetric analysis results. As shown in the picture,
the weight loss rates of all Fe-xK/CNT catalysts are
around 70 wt.%, whereas the support is nearly 100%. Iron
species would eventually convert to α-Fe2O3 when the
temperature was higher than 350 �C.[41] The final mass
fraction of these five catalysts is about 30 wt.%, so the
actual loading of iron is roughly equal to the theoretical
loading of about 20 wt.%.

3.4 | Raman analysis of the catalysts

Raman spectroscopy was used to investigate the defects
and the graphitization degree on carbon materials. As
shown in Figure 5, the relative intensity of the D-band
and the G-band (ID/IG) increases distinctly from 1.08 to
1.17 with the addition of K. The D-band at about
1345 cm−1 corresponded to the disordered graphitic lat-
tice, and another peak at 1575 cm−1 was the G-band rep-
resenting the graphitic carbon structure,[42] and a higher
ratio of ID/IG meant more defects on the sample.[43,44]

The increased value of ID/IG reveals that K promotes the
formation of defects among the CNT surface. This conse-
quence also explains that the addition of K reduced the
oxidation temperature of the catalyst in the TG character-
ization. Abbaslou[45] proved that the more defects on
CNT surface resulted in smaller metal particles and
stronger metal-carrier interaction. Besides, the carbon

TABLE 1 Morphological properties and amounts of CO2 chemisorption for fresh catalysts and support

Sample
Specific surface areaa

(m2/g)
Pore volumeb

(cm3/g)
Average pore
diameterc (nm)

Fe2O3 particle
sized (nm)

CO2 adsorption
e

(μmol/g)

CNTs 159.8 0.90 22.6 ----- -----

Fe/CNTs 152.4 0.63 17.1 25.6 250.3

Fe-0.05K/
CNTs

177.1 0.61 14.3 22.2 316.5

Fe-0.15K/
CNTs

156.1 0.62 16.3 20.8 267.0

Fe-0.3K/
CNTs

157.6 0.60 15.6 19.5 261.0

Fe-0.6K/
CNTs

156.2 0.58 15.2 19.1 205.4

aSpecific surface area was calculated by BET method.
bPore volume adsorbed at p/p0 = 0.99.
cAverage pore diameter was determined by the BJH method.
dEstimated from the Scherrer equation of corrected 2θ position.
eCO2 adsorption capacity was calculated from CO2-TPD profile.
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FIGURE 2 TEM images (a–e): STEM images and EDX-

mapping of Fe/CNTs (a), Fe-0.05K/CNTs (b), Fe-0.15K/

CNTs (c), Fe-0.3K/CNTs (d), Fe-0.6K/CNTs (e)
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support with a high graphitization degree had stronger
electron transfer capability, which could facilitate the CO
activation.[46] Therefore, adding excessive K promoter
may inhibit the transformation of intermediate CO.

3.5 | Reduction behavior of the catalysts

As shown in Figure 6, the H2-TPR profiles of all cata-
lysts have three major reduction peaks, which are

FIGURE 3 N2 adsorption–desorption isotherms (a) and pore size distribution (b) of Fe-xK/CNT catalysts and support

FIGURE 4 TG and DTG profiles of

Fe-xK/CNT catalysts and support
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located at 290–320 �C, 350–500, and 500–650 �C, respec-
tively. The first peak could be attributed to the
reduction of Fe2O3 to Fe3O4, and the last two peaks
accounted for the reduction process of magnetite, in
which Fe3O4 was reduced to FeO and then to metallic
Fe.[47–49] Upon increasing the potassium loading, peak
α and peak γ both have a progressive shift to higher
temperatures, indicating that the reducibility of these
five catalysts was retarded by the potassium. The tem-
perature of the peak β appeares non-monotonic change
with the increase of K content, which was caused by

the interaction between iron oxide and potassium oxide.
A small amount of K slightly inhibited the reduction of
Fe3O4, but excessive K facilitated the reduction process,
which was also discovered by Xiong et al.[37] It means
that K addition inhibited the reduction of Fe2O3 but
promoted the reduction process of Fe3O4 to metallic
Fe.[50] The area of the reduction peaks decreases signifi-
cantly with the addition of potassium because the
alkaline metals hindered the consumption of hydrogen,
which suggests that the K decreased the reduction
degree of the catalysts.

FIGURE 5 Raman spectra of Fe-xK/CNT

catalysts

FIGURE 6 H2-TPR profiles of Fe-xK/CNT

catalysts and support
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3.6 | XPS of the catalysts

The chemical state of the elements in calcined catalysts
was tested by X-ray photoelectron spectroscopy (XPS) as
shown in Figure 7; the scanned XPS spectra of all cata-
lysts present an analogous trend (Figure 7a). It can be
seen from Figure 7b that the ratio of sp2/sp3 on C 1 s
peak of the Fe-xK/CNT catalysts decreases with the addi-
tion of K, which represents that the addition of potassium
increases the defects on surface of CNTs.

Fe 2p occurs spin–orbit splitting and has the two
main peaks at the binding energies of 711.4 and 725.1 eV
in Figure 7c, in which they correspond to the Fe 2p3/2
and Fe 2p1/2 of Fe

3+, respectively. All catalysts exhibited
the typical spectra for Fe2O3 with a satellite peak at
718.5–719.3 eV, so the iron species in the catalysts mainly
existed as Fe2O3.

[51] In addition, Fe 2p3/2 can be divided
into three peaks with the binding energy of 710.3, 711.4,
and 713.1 eV, and the ratios of the Fe2+ and Fe3+ calcu-
lated by Fe 2p3/2 peak areas are listed in Table 2. The

FIGURE 7 Scanned XPS spectra (a) and high-resolution C 1 s (b), Fe 2p (c) of different catalysts
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value of Fe2+/Fe3+ in the octahedral structure decreased
with the addition of K, demonstrating that the reducibility
of catalysts was correspondingly reduced, which is
consistent with the increased reduction temperature in
H2-TPR.

3.7 | Catalytic activity

In order to understand the effects of potassium promoter
on the performance of Fe-xK/CNT catalysts, the activity
of Fe-1K/CNT catalyst with excessive potassium was also
tested. The catalytic activity and product selectivity of
these six catalysts are shown in Figure 8. Both CO2 con-
version and C2–4 selectivity are improved as K/Fe ratio
increases from 0 to 0.05. Further increase of K/Fe ratio
slightly reduces the CO2 conversion and drastically
decreases C2–4 selectivity. The potassium content signifi-
cantly affects the selectivity to CH4 and long-chain hydro-
carbons. CH4 selectivity decreases from 31% to about
12%, whereas there is little change when the molar ratio
was higher than 0.3. C5+ selectivity exhibits an opposite
tendency to that of CH4; it rises to 56% with ascending
K/Fe ratio to 0.3 and then maintains at about 55%.

Compared with the unpromoted Fe/CNT catalyst,
adding a small amount of potassium to the catalysts
resulted in higher CO2 conversion and C5+ selectivity,

but a large amount of K showed a negative effect on
activity. Furthermore, as the molar ratio of K/Fe was
greater than 0.3, both activity and C5+ selectivity changed
a little with the further increase of potassium content.
According to the CO2-TPD results in Table 1, the addition
of potassium enhanced the surface alkalinity of the cata-
lysts, which accelerated the CO2 chemisorption and led
to an increase of CO2 conversion. A high CO2 conversion
provided more CO species for subsequent FTS, thus pro-
moting the synthesis of hydrocarbons. And the increased
CO species promoted the carburization of iron, thereby
enhancing the activity of the catalysts for CO2 hydroge-
nation. This result is consistent with the findings of
Visconti.[52] According to the results of XRD and TEM,
the particle size of iron species reduced upon the addition
of K that facilitates the access of the reactants to the
active phase. However, excess K-doping reduced the
activity due to the decreased CO2 chemisorption.

The activity results indicate that the Fe/CNT catalyst
with K-loading achieved higher C5+ selectivity, but exces-
sive potassium showed little effect on it. We deduce that
the effect of K on the selectivity of long-chain hydrocar-
bons is from the compromising effect of K on CO2 chemi-
sorption, reduction degree, and graphitization degree of
catalysts. CO2-TPD results show that the amount of CO2

chemisorption increased first and then decreased on the
Fe-xK/CNT catalysts. As reported, K as a promoter of
iron-based catalysts facilitated the adsorption of CO and
CO2 and inhibited H2 adsorption, which decreased the
H/C ratio on the catalysts surface, thus promoting the
carburization of the iron species and increasing the possi-
bility of chain growth.[53,54] Therefore, the product distri-
bution shifted to high molecular weight hydrocarbons. In

TABLE 2 XPS analysis results and parameters of the catalysts

for Fe 2P3/2 spectra

Sample

Fe 2P3/2

Fe2+/Fe3+
aBE (eV) A (area) A%

Fe/CNTs 711.6 5492.1 39.2 0.89

710.5 4892.7 35.0

713.1 3612.2 25.8

Fe-0.05K/CNTs 711.7 4081.6 35.9 0.88

710.6 3598.9 31.7

713.4 3684.7 32.4

Fe-0.15K/CNTs 711.5 5303.7 39.2 0.58

710.3 3068.6 22.7

713.6 5171.6 38.2

Fe-0.3K/CNTs 711.1 5310.9 45.6 0.59

709.7 39,571 34.0

712.9 2368.1 20.4

Fe-0.6K/CNTs 711.7 5291.2 39. 9 0.61

710.3 3224.2 24.3

713.3 4753.9 35.8

aThis value is obtained by the area of peak at BE = 710.5 divided by the area
at BE = 711.6.

FIGURE 8 Effect of K/Fe molar ratio on activity of the Fe-xK/

CNT catalysts for CO2 hydrogenation
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particular, K could promote the formation of vacancies
on the surface of iron oxides and iron carbides, which
were used as active sites for RWGS and FTS reactions,
respectively.[15] Besides, the long-range ordered structure
of CNTs contributed to the aggregation of the reaction
intermediate. The reaction intermediate trapped in the
channels of CNTs might get longer contact time with the
iron species, which is conducive to the growth of long-
chain hydrocarbons.[33] In another respect, the previous
morphological properties of catalysts (Table 1) and H2-
TPR results (Figure 6) evidence that excess K decreased
the specific surface area and reduction degree of the cata-
lyst, thus impeding the chemisorption and activation of
CO2. Furthermore, potassium increased the local defects
of CNTs, which reduced the graphitization degree and
impeded the transformation of CO intermediate because
the graphitization degree of carbon materials was posi-
tively related to CO conversion.[29,46] Due to the
compromising effects of K on the properties of the cata-
lyst, there is a suitable amount of K/Fe ratio that is found
to be 0.3. The Fe-0.3K/CNT catalyst exhibits the highest
C5+ selectivity and the lowest CH4 selectivity.

Furthermore, the long-term stability data of the K-
modified Fe/CNTs are essential; the variation in CO2

conversion and product selectivity versus time are shown
in Figure 9. The K-doped Fe/CNT catalyst remains
unchanged during 60 h, which proves that the stability of
Fe-xK/CNT catalysts is good.

4 | CONCLUSION

The effects of potassium on the specific surface area,
acid–base property, reduction behavior, and CO2 chemi-
sorption on the Fe-xK/CNT catalysts were investigated.
The addition of potassium enhanced the CO2 conversion
and C5+ selectivity because of the increased alkalinity
and decreased iron oxide particle size on the catalyst sur-
face. But over-doping K suppressed the chemisorption of
CO2 and the formation of C5+ hydrocarbons due to the
decreased reduction degree, specific surface area, and
graphitization degree of the catalyst. The catalyst with a
K/Fe molar ratio of 0.3 achieved the optimum perfor-
mance of CO2 hydrogenation.

FIGURE 9 CO2 conversion and product selectivity for CO2 hydrogenation reaction
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