
Catalysis
Science &
Technology

PAPER

Cite this: DOI: 10.1039/d1cy02241e

Received 11th December 2021,
Accepted 1st February 2022

DOI: 10.1039/d1cy02241e

rsc.li/catalysis

Selective synthesis of the core–shell structured
catalyst χ-Fe5C2 surrounded by nanosized Fe3O4

for the conversion of syngas to liquid fuels†

Lei Tang,a Bai-Chuan Zhou,a Xi Liu,b Shuang Xu,a Jia Wang,a Wei Xu,a

XiaoHao Liu, c Liwei Chenb and An-Hui Lu *a

Enhancing liquid hydrocarbon selectivity and simultaneously suppressing CO2 formation are highly

desirable yet challenging in iron-based Fischer–Tropsch synthesis. Herein, we report an in situ oxidation

method for the fabrication of a functional configuration catalyst with a core–shell structure, namely, a

χ-Fe5C2 core surrounded by a nanosized Fe3O4 shell, which promotes the formation of long-chain

hydrocarbons on the inner χ-Fe5C2 as well as the depletion of primarily formed CO2 on the outer Fe3O4

via the reverse water-gas shift reaction. The key to its success is the pretreatment of Fe3O4 under a syngas

atmosphere with a H2/CO ratio of 2 at a high pressure of 20 bar and a high temperature of 400 °C. The

pretreatment leads to an in situ formed high oxidation chemical potential atmosphere, which promotes the

formation of the χ-Fe5C2@Fe3O4 core–shell structure. Moreover, the high-pressure pretreatment facilitates

the formation of surface-graphitized carbon layers, leading to enhanced selectivity for long-chain

hydrocarbons due to the electronic promotion effect of the graphitic structures. Such a functional

configuration catalyst achieves a high C5+ hydrocarbon selectivity of 45% and a simultaneously low CO2

selectivity of only 7% with a CO conversion of 19% at 230 °C. These results offer a valuable reference for

the rational fabrication of catalysts to suppress the usually high CO2 selectivity.

1 Introduction

Iron-based catalysts are competitive for Fischer–Tropsch
synthesis (FTS) because of their environmentally benign nature,
low cost, and relatively high activity over wide operating
conditions.1,2 To enhance the selectivity of iron-based catalysts
toward long-chain hydrocarbons, the introduction of electronic
promoters, graphitic carbon supports, or confinement
structures have been demonstrated as effective methods to
enhance the surface C–C coupling ability due to the improved
CO adsorption dissociation ability, intermediate coverage and
intermediate residence time on the catalyst surface.3–12

However, the main challenge is that these catalysts usually lead
to an increase in CO2 selectivity, which produces more than
30% CO2 as a by-product, causing low carbon atom economy

and additional energy consumption for heating, compression,
and separation.6,13,14

A few strategies have been applied to address the high
CO2 selectivity of Fe-based catalysts through the inhibition of
the primary or secondary formation of CO2.

13,15–19 For
example, phase-pure ε(′)-Fe2C catalyst was selectively
synthesized and was demonstrated to be free from the
primary formation of CO2.

13 The hydrophobic surface of a
methyl-modified FeMn@Si catalyst efficiently suppressed the
re-adsorption of H2O, thus inhibiting the secondary
formation of CO2.

18 Krishnamoorthy et al.15 reported that the
addition of CO2 to syngas feed increases the rate of the
reverse steps of the WGS reaction to approach WGS
equilibrium, thereby minimizing the formation of CO2

during FTS. These strategies, to a large extent, can suppress
the high CO2 selectivity. However, since H2O is the primary O
carrier over these catalysts, it is clear that a higher
hydrogenation ability on the catalyst surface is favoured. This
inevitably in turn suppresses the surface C–C coupling ability,
leading to the inability to simultaneously achieve high
selectivity for the production of long-chain hydrocarbons.
The competitive surface reactions lead to a dilemma in the
selective production of long-chain hydrocarbons or CO2.

Herein, we report an in situ oxidation method to fabricate
a core–shell structured χ-Fe5C2@Fe3O4 catalyst by pretreating
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Fe3O4 under a syngas atmosphere with an H2/CO ratio of 2 at
a high pressure of 20 bar and high temperature of 400 °C.
The unique catalyst structure synergistically optimized the
product distribution, achieving high selectivity for C5+

hydrocarbons of 45%, simultaneously decreased selectivity
for CO2 of only 7%, and a total selectivity of 66% toward the
more valuable products, i.e., light olefins and C5+

hydrocarbons, outperforming most of the Fe-based catalysts
in literature.

2 Experimental
2.1 Catalyst preparation

As reported in previous work,20 the Fe3O4 precursor with an
average particle size of 13 nm was prepared by a
hydrothermal process. The catalysts were synthesized by
pretreating Fe3O4 in a syngas atmosphere (a volume ratio of
64%H2/32%CO/4%Ar) at 400 °C for 4 h with varied
pretreatment pressures in a stainless steel tubular fixed-bed
reactor (inner diameter 8 mm). These catalysts were denoted
as PT-x based on the pretreatment pressure used (i.e., x = 1,
10, 20 and 25). Typically, 50 mg Fe3O4 diluted with 100 mg
quartz granules was pretreated under varied pressure from 1
bar to 25 bar at a flow rate of 35 ml min−1 at 400 °C for 4 h.
After pretreatment, the temperature of the reactor was cooled
to room temperature under the Ar atmosphere. To prevent
direct exposure of the catalysts to air, all catalysts were
passivated under a dilute oxygen atmosphere (5%O2/N2) at
room temperature before removal from the reactor. After
magnetic separation from quartz granules, the catalysts were
sealed in a plastic holder for characterization. Especially, to
exclude the interference of the surface passivation, the
sample for scanning transmission electron microscope
(STEM) characterization was removed from the reactor in a
glovebox filled with Ar, i.e., without passivation treatment.

2.2 Catalyst evaluation

The FTS performance was evaluated with syngas feed
(64%H2/32%CO/4%Ar) at 230 °C and 20 bar in a tubular
fixed-bed reactor (inner diameter 8 mm). Briefly, after
different pretreatment processes at 400 °C for 4 h as
described above, the reactor was cooled to 180 °C under Ar
atmosphere and syngas was subsequently introduced to the
reactor at a flow rate of 20 ml min−1. The temperature was
then slowly increased to 230 °C with 2 °C min−1 when the
total pressure was attained to 20 bar. The products were kept
in a gaseous state by keeping the pipeline at 250 °C and were
analyzed online by gas chromatography (GC-9160). A TDX-01
packed column connected to a thermal conductivity detector
(TCD) was used to analyze Ar, CO, CH4 and CO2.
Hydrocarbons (C1–C20) were analyzed with a PONA capillary
column connected to a flame ionization detector (FID). Light
unsaturated hydrocarbons were further analyzed online using
another GC (GC-7900) equipped with an FID with a Plot
Al2O3/S column. An internal normalization method, that Ar
was used as internal standard gas, was used to calculate the

CO conversion and product distribution on a molar carbon
basis. The carbon balance was between 95% and 105% in
each test.

CO conversion was calculated according to:

CO conversion ¼ COInlet −COOutlet

COInlet
× 100%

where COInlet and COOutlet denote molars of CO at the inlet

and outlet, respectively.
The selectivity of CO2 in all products was calculated using

the equation:

CO2 selectivity ¼ CO2 Outlet

Pn

1
CnHm Outlet þ CO2 Outlet

× 100%

where CO2 Outlet is molar of CO, and CnHm Outlet is molar of

individual hydrocarbons at the outlet.
The selectivity of individual hydrocarbon products (CnHm)

in all products was calculated according to:

CnHm selectivity ¼ CnHm Outlet

Pn

1
CnHm Outlet þ CO2 Outlet

× 100%

2.3 Catalyst characterization

Powder X-ray diffraction (XRD) measurements were
performed using a PANalytical X'Pert-3 Powder diffractometer
equipped with Cu Kα radiation (λ = 0.15406 nm) at 40 kV and
40 mA. Transmission electron microscopy (TEM) images were
recorded on a Tecnai F30 instrument operating at 300 kV.
STEM-BF (STEM bright-field), STEM-ADF (STEM annual dark
field) and STEM-SE (STEM secondary electron) images were
recorded by using a probe-corrected scanning transmission
electron microscope (Hitachi HF5000 S/TEM), which was
equipped with an atomically resolved secondary electron
detector and operated at 200 keV.21 Raman spectra were
recorded on a DXR microscope Raman spectrometer. X-ray
photoelectron spectroscopy (XPS) analyses were carried out
using a Thermo ESCALAB XI+ instrument, and the binding
energy of the element was calibrated using the C 1s peak at
284.6 eV.

TPSR experiments. Temperature-programmed surface
reaction (TPSR) experiments were conducted using a fixed-
bed reactor under totally the same conditions as those of
pretreatment processes. In each experiment, the reactor
temperature was increased to 400 °C at 5 °C min−1 and then
kept for 4 h. The time was counted as soon as the reactor
temperature reached 400 °C. During the pretreatment
process, the following mass-to-charge (m/z) signals were
recorded using an online MS (mass spectrometer): 2 for H2,
15 for CH4, 18 for H2O, 28 for CO, 30 for C2H6, 41 for C3H6

and 44 for CO2, respectively.
Surface hydrogenation experiments. Surface

hydrogenation experiments were carried out on an intelligent
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gravimetric analyzer (IGA-100, Hiden Analytical) to provide
more accurate detection of changes in the weight of samples.
The hydrogenation removal of surface carbon species, such
as the adsorbed CO and surface carbide, will lead to the
weight loss of the sample. Therefore, the normalized weight
loss rate (−Δm/Δt) was used to express the surface
hydrogenation ability of carbon species as a function of
temperature. More specifically, before each measurement,
the sample was pretreated at 200 °C under Ar flow until no
further weight loss was observed. When the sample was
cooled to 25 °C, CO adsorption was achieved by flowing high-
purity CO until the weight was constant. Then, the gas was
switched to flowing high-purity H2 to flush the apparatus.
The sample was heated at a rate of 2 °C min−1 to 220 °C in
flowing H2 to record the weight loss of the sample.

Pulse experiments. Pulse experiments were carried out on
a fixed-bed reactor detected by an online MS. 50 mg Fe3O4

was pretreated under syngas (H2/CO = 2) at 400 °C for 4 h at
different pressures, and then the temperature of the reactor
was cooled to room temperature under Ar atmosphere. After
the temperature was cooled to 230 °C, an 800 μl gas mixture
(50% CO2, 50% H2) was pulsed into the reactor every 12 min
using Ar at a flow rate of 50 ml min−1 to investigate the
reactivity of the RWGS reaction. The following m/z signals
were recorded: 2 for H2, 18 for H2O, 44 for CO2, and 29 for
CO (avoiding the interference of CO2).

Kinetics analysis. Kinetic analysis was conducted over the
synthesized catalysts after the FTS reaction for 10 h, to avoid
the possible influences of the active phase and structure
evolution. Specifically, the reaction temperature was
modulated to measure the apparent activation energy of CO
hydrogenation based on the Arrhenius equation at 20 bar
with a constant flow rate of 100 ml min−1. To avoid the
influence of diffusion, CO conversion was controlled by less
than 10%.

3 Results and discussion
3.1 Textural properties of catalysts

As shown in Fig. 1a, the XRD patterns of the pretreated
catalysts coincided with the characteristic diffraction peaks
of χ-Fe5C2 (ICDD 03-065-6169), suggesting that χ-Fe5C2 was
the main phase in catalysts. A small peak at about 36°, which
can be assigned to the diffraction peak of Fe3O4 (COD 96-
901-0941), is observed in the PT-10, PT-20 and PT-25
catalysts. The existence of Fe3O4 has also been verified by
Mössbauer spectroscopy (MES). As shown in Fig. S1 and
Table S1,† in addition to χ-Fe5C2, 40% of Fe3O4 was observed
from the PT-20 catalyst. The relatively weak characteristic
diffraction peaks of Fe3O4 in the XRD pattern suggest that
Fe3O4 is poorly crystalline or made up of small nanoparticles.
XRD patterns (Fig. 1b) show that the diffraction peaks of the
reacted catalysts were well retained after the FTS reaction for
40 h, implying that catalysts were relatively stable during the
FTS reaction. From the TEM observation (Fig. S2†), it is clear
that the larger nanoparticles were formed and dispersed in

the carbon matrix after pretreatment under elevated pressure.
Interestingly, the magnified TEM images (Fig. S3†) show that
an obvious core–shell structure of nanoparticles was formed
in PT-10, PT-20 and PT-25 catalysts. The average shell
thickness increases from 1.5 nm for PT-10 catalyst to 3.8 nm
for PT-20 catalyst and 4.0 nm for PT-25 catalyst.

To reveal the feature of the nanoparticles, the PT-20
catalyst was selected as a representative for further study. The
Fe 2p XP spectrum (Fig. S5†) shows two obvious peaks at
∼724.8 and ∼711.1 eV, assigned to Fe3O4.

22 It indicates that
Fe3O4 is the dominant iron phase on the external surface of
the PT-20 catalyst. The structure of the PT-20 catalyst was
also analyzed using an advanced scanning transmission
electron microscopy (STEM), which is a new technique
allowing direct collection of secondary electron information
to achieve a picture at nano or even sub Å resolutions.21,23

The high-magnification bright-field STEM image (Fig. 1c) and
the simultaneously acquired STEM annular dark-field (ADF)

Fig. 1 XRD patterns of (a) pretreated and (b) reacted catalysts. Electron
microscopy characterization of the pretreated PT-20 catalyst: (c) bright-
field (STEM-BF) image, and the corresponding (d) annular dark-field
(STEM-ADF) image, (e) secondary electron (STEM-SE) image taken from
the edge part of the nanoparticle, which was acquired simultaneously
with the BF and ADF images (c and d), and (f) STEM-SE image taken from
the central part of the nanoparticles. The inset in (c) is the FFT of region 1
(left) and region 2 (right), which are assigned to Fe3O4 and χ-Fe5C2,
respectively. The inset in (d) is a model of the nanoparticle.
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and secondary electron images (Fig. 1d and e) show that the
core of the PT-20 catalyst is χ-Fe5C2, and the shell is
composed of discrete and polycrystalline Fe3O4 nanoparticles,
i.e., a core–shell χ-Fe5C2@Fe3O4 structure (inset in Fig. 1d).
Phase segregation occurs due to density mismatch between
Fe3O4 and χ-Fe5C2,

14 as there is an obvious gap between the
small Fe3O4 nanoparticles and the χ-Fe5C2 core (Fig. S6†).
The porous shell structure consisting of aggregates of small
Fe3O4 nanoparticles is clearly demonstrated by the secondary
electron STEM images (Fig. 1e and f and S7†). The formation
of the porous shell structure enables the internal χ-Fe5C2

surface to expose to the reactants and proceed with
successive FTS reactions. This can be demonstrated by the
fact that the PT-20 catalyst can achieve a CO conversion of
50% at 250 °C and even a high CO conversion of 96% at 300
°C (Table S3†). This is quite distinct from the commonly
observed deactivated Fe-based catalysts, in which iron
carbide or metallic Fe nanoparticles were usually considered
to be fully covered by the oxide film.22,24,25

To investigate the origin of the unique structure, the
surface reactions during different pretreatment processes
were estimated by temperature-programmed surface reaction
(TPSR) experiments. As shown in Fig. S8a,† the product
signals of the pretreatment process under 1 bar coincide with
our previous observation, suggesting a similar reaction
process for the oxygen removal, carbon permeation,
hydrogenation and carbon deposition reactions, which are
responsible for the selective formation of χ-Fe5C2.

20 As
illustrated in Fig. S8b–d,† the product signal trend of
pretreatment processes under elevated pressure is similar to
the pretreatment process under 1 bar, except for the
difference in signal intensity, implying similar reactions
during different pretreatment processes. Therefore, after the
pretreatment of Fe3O4 under different pressures, the χ-Fe5C2

phase is selectively formed in all catalysts.
During the process of syngas pretreatment, the

atmosphere is mainly composed of CO, H2, CH4, CO2 and
H2O, where CO and H2 are beneficial for reduction/
carburization chemical potential, while CO2 and H2O are
beneficial for the oxidation chemical potential.26 The
thermodynamically stable iron phases formed during the
catalyst synthesis process are mainly governed by the
equilibrium gas composition of H2O/H2 and CO2/CO present
in the reactor.27,28 From the TPSR results (Fig. S8†), the H2O
signal is negligible compared with the dominant CO2 signal.
Thus, the CO2/CO ratio of gas effluents was investigated to
illustrate the mechanism for the presence of the Fe3O4 shell.

As shown in Fig. 2a, when the temperature reaches 400
°C, the pretreatment of Fe3O4 under a higher pretreatment
pressure gives a higher CO conversion, which in turn
produces a higher CO2/CO ratio in effluents (Fig. 2b). In
detail, the CO2/CO ratio of the PT-1 catalyst is observed to be
approaching zero during the pretreatment process at 400 °C,
while the CO2/CO ratio exhibits a significant increase with
the increase of pretreatment pressure, indicating an
increasing oxidation chemical potential of the atmosphere.

Liu et al.29 observed that during exposure to syngas, in the
presence of an oxygen source (H2O or CO2), the Fe atoms can
migrate out of carbide composite to form new Fe3O4

nanoparticles on the top of carbide nanoparticle. The in situ
high atmosphere oxidation chemical potential under elevated
pretreatment pressure and high temperature of 400 °C, which
makes Fe3O4 more thermodynamically stable,27 is responsible
for the formation of small Fe3O4 nanoparticles. To further
verify this speculation, the PT-1 catalyst was specially treated
under an oxidation atmosphere of 21%O2/N2 at 250 °C for 1
h (the catalyst was named as PT-1-Ox). Clearly, as shown in
Fig. S9,† the treatment in the oxidation atmosphere leads to
the oxidation of χ-Fe5C2, and the occurrence of phase
segregation to form the core–shell χ-Fe5C2@Fe3O4 structure.

Our results are significantly distinct from the most
reported high pressure pretreated iron catalysts, which were
usually pretreated under a relatively low temperature in the
range of 250–350 °C, while the χ-Fe5C2@Fe3O4 structure was
rarely observed.30–34 In order to verify this difference, another
experiment was carried out to pretreat the Fe3O4 precursor
under syngas atmosphere (H2/CO = 2) at 20 bar and 300 °C
for 4 h (the catalyst was named as PT-20-300). As shown in
Fig. S10,† distinct from the PT-20 catalyst, typical Fe3O4

diffraction peaks are observed in the XRD pattern of the
pretreated PT-20-300 catalyst, which are indicative of
insufficient carburization of the Fe3O4 precursor during the
pretreatment process at a low temperature of 300 °C. The PT-
20-300 catalyst exhibits a CO conversion of only 3% at 230 °C
and 20 bar. As shown in Fig. S11,† when the temperature
rises further above 300 °C, a sharp peak of weight loss rate
verifies the faster lattice oxygen removal kinetics under
higher temperatures. The faster oxygen removal kinetics at
high pretreatment temperature of 400 °C in our work
probably promote the diffusion of bulk lattice oxygen into
the surface and thus the subsequent carbon atoms into the
core of nanoparticle,35,36 thus allowing the formation of the
distinct χ-Fe5C2@Fe3O4 structure.

3.2 FTS performance evaluation

The FTS performance of these catalysts was especially
evaluated at 230 °C and 20 bar (Table 1). All of these catalysts

Fig. 2 (a) CO conversion and (b) CO2/CO ratio of the reactor effluents
as a function of time on stream during the pretreatment processes.
Note that the time was counted as 0 when the temperature reached
400 °C.
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show a similar CO conversion of about 19% (Fig. 3a), but
their product selectivities are significantly sensitive to the
pretreated pressure (Fig. 3b). It is clear that the selectivity of
more useful C2–C4 olefins and C5+ hydrocarbons over these
catalysts shows an increased tendency with the increase in
the pretreatment pressure, while an opposite trend is
observed for undesirable CH4 and CO2. The CO2 selectivity as
a function of the CO conversion is shown in Fig. S12,† which
was varied by changing the flow rate of syngas at a constant
temperature and pressure (230 °C and 20 bar). The results
demonstrate that the synthesized catalyst with a higher
pressure exhibits a lower propensity of CO2 formation. The
PT-20 catalyst exhibits high selectivity to C5+ hydrocarbons of
45%, while low selectivity to CH4 of 10% and only 7% to CO2.
The simultaneously decreased CH4 and CO2 selectivity
enables the highly selective production of more desirable
products, i.e., light olefins and C5+ hydrocarbons,
outperforming most Fe-based catalysts (Table S2†).

3.3 Discussion: the origin of the catalyst activity

In general, the surface oxygen atoms (O*) as the oxygen
carriers, formed during the speculated CO dissociation steps
during the formation of CH*x monomer in FTS, are likely to
be removed via the reaction of H2-derived intermediates to
form H2O or CO-derived intermediates to CO2.

15,37,38 The
experiment and DFT calculation results39 showed that,
compared with the hydrogenation removal of O* species to
form H2O, formation of CO2 on χ-Fe5C2 surface is more
favorable due to the lower energy barrier. Moreover, Fe3O4 is
considered an active phase for converting CO2 to CO via the

RWGS reaction.40 Although the RWGS and WGS reactions are
highly reversible and the RWGS reaction is more
thermodynamically unfavourable at 230 °C, a high H2 partial
pressure of syngas (H2/CO = 2) in our work can lead to the
attainment of WGS equilibrium and the preferential
occurrence of the RWGS reaction over Fe3O4.

15,19 Thus, under
this consideration, we speculate that the core–shell
structured χ-Fe5C2@Fe3O4 catalyst facilitates the tandem

Table 1 The representative catalytic performance with a time on stream of about 30 ha

Catalysts
CO
conversion (%)

Product selectivity (%)

O/PbCH4 C2
0–C4

0 C2
=–C4

= C5+ CO2

PT-1 18 16 20 19 31 14 0.95
PT-10 19 13 18 19 39 11 1.05
PT-20 19 10 17 21 45 7 1.24
PT-25 19 10 17 23 44 6 1.35

a Reaction conditions: syngas (H2/CO = 2), 20 ml min−1, 20 bar and 230 °C. b The ratio of olefin to paraffin.

Fig. 3 (a) FTS performance as a function of time on stream and (b)
product selectivity of the catalysts. Pretreatment conditions: syngas
(H2/CO = 2), 400 °C, and 4 h. Reaction conditions: syngas (H2/CO = 2),
20 bar and 230 °C.

Fig. 4 (a) Schematic diagram of the simplified reaction network of
syngas over the χ-Fe5C2@Fe3O4 catalyst, (b) Raman spectra of the
pretreated catalysts, transient response curves of pulse experiments over
(c) PT-1 and (d) PT-20, and (e) influence of the integration manner of
χ-Fe5C2 and Fe3O4 on catalytic behaviour: (A) single χ-Fe5C2

nanoparticles (PT-1), (B) χ-Fe5C2 (PT-1) and Fe3O4 mixed with an agate
mortar, and (C) the core–shell χ-Fe5C2@Fe3O4 structure (PT-20). The
mass ratio of χ-Fe5C2 and Fe3O4 (about 13 nm) was 2 : 1 in a mixed
particle manner. The performance was investigated at 230 °C and 20 bar.
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conversion of primarily formed CO2 over the outer Fe3O4, as
illustrated in Fig. 4a.

To verify this hypothesis, the pulse experiments were
carried out to explore the reactivity of CO2 into CO over the
PT-1 and PT-20 catalysts, i.e., without and with the Fe3O4

shell (Fig. 4c and d). Clearly, a much higher ion intensity of
CO is observed over the PT-20 catalyst than that over the PT-1
at 230 °C, demonstrating the promotion effects of the Fe3O4

shell on the CO2 selective conversion in a high H2 partial
pressure atmosphere (H2/CO = 2). Further, extra Fe3O4

nanoparticles with an average size of 13 nm were introduced
into the pretreated PT-1 catalyst through mortar mixing. As
shown in Fig. 4e, the PT-1 catalyst configured with Fe3O4

nanoparticles via a physical mixture manner exhibits a
decrease in CO2 selectivity from 14% to 11%, in comparison
to the PT-1 catalyst. This suggests the validity of the tandem
conversion of CO2 over Fe3O4. Moreover, we regulate the
reaction temperature to modify the CO2 selectivity of the PT-
20 catalyst. As shown in Table S3,† about a 42% reduction in
CO2 emission for the PT-20 catalyst in comparison with PT-1
catalyst was achieved at a medium CO conversion level
(∼50%). Upon increasing the reaction temperature to 300 °C,
the PT-20 catalyst achieves a CO conversion of 96%,
accompanied by a high CO2 selectivity of 29%.

According to the XRD pattern of Fig. S13,† an obvious
diffraction peak of Fe3O4 is formed after the reaction of 300
°C. This is mainly due to the increased oxidability of the
atmosphere under the conditions of a high CO conversion of
96%, leading to the oxidation of χ-Fe5C2 and the formation
of a physical mixture of χ-Fe5C2 and large Fe3O4 particles.
Thus, the inhibition effect on CO2 selectivity via RWGS is no
longer significant. This result suggests that the unique
porous core–shell structure, i.e., nanosized Fe3O4 surrounded
χ-Fe5C2, is the key to low CO2 selectivity.

In addition, it has been reported that the hydrophobic
shell can shorten the retention of water on the catalyst
surface and restrain the side reactions related to water, thus
hindering the formation of CO2.

18,19 As shown in Fig. 4b, a
comparison of the ratio of ID1/IG in Raman spectra suggests
the formation of high graphitization degree of surface carbon
layers for the catalyst synthesized under higher pretreatment
pressure.41,42 This demonstrates that the obtained PT-20
catalyst is rendered hydrophobic by the formation of high
graphitization surface carbon layers, which may further
suppress the formation of CO2. In short, a unique catalyst
structure of the PT-20 catalyst synergistically optimizes the
surface oxygen removal pathway, achieving low selectivity of
only 7% for CO2.

The pz orbitals of graphitic carbon (π-bonded states) can be
hybridized with the d orbitals of Fe.43,44 The higher
graphitization degree of carbon species can bring about better
electron conductivity, which improves dissociation and CO
adsorption and suppresses H2 adsorption, thus promoting the
chain propagation reaction and alkene formation.12,45 We,
therefore, conducted kinetics analysis and surface
hydrogenation experiments to verify the effects of carbon layers

on the CO activation and surface hydrogenation ability,
respectively. As shown in Fig. 5a, the kinetic analysis results
show that the apparent activation energy of CO hydrogenation
is 76.9 kJ mol−1 for the PT-20 catalyst, which is lower than that
for the PT-1 catalyst (85.3 kJ mol−1), suggesting easier activation
of CO over the PT-20 catalyst. The surface hydrogenation
experiments were carried out on an intelligent gravimetric
analyzer (IGA), as described in the experimental section. The
hydrogenation removal of surface adsorbed carbon species will
lead to the weight loss of the sample. The rate of weight loss
with the temperature-programmed process was used to express
the ability of surface hydrogenation as a function of
temperature. As shown in Fig. 5b, in comparison to the PT-1
catalyst, the weight loss for the PT-20 catalyst occurs at higher
temperatures, implying a suppression effect on the
hydrogenation removal of surface carbon species. Experimental
and theoretical results46,47 suggest that the direct CO
dissociation is the preferred activation pathway on the surface
of χ-Fe5C2 (Fig. 4a). After the C–O bond cleavage, the surface
carbon species is hydrogenated into CHx species (x = 1–3), and
even further into CH4. The weaker surface hydrogenation ability
implies the unfavorable occurrence of CH4 formation (Table 1).
Therefore, due to the easier activation of CO and weaker surface
hydrogenation ability, one can envisage that more surface CHx

species (x = 0–3) on the PT-20 catalyst might participate in the
C–C coupling reaction,19,48 and thus efficiently promote the
chain propagation reaction and alkene formation.

4 Conclusions

In summary, we report an efficient strategy to suppress CO2

selectivity in Fischer–Tropsch synthesis of liquid fuels, which
is realized through the fabrication of a core–shell structured
χ-Fe5C2@Fe3O4 catalyst. The introduction of tandem Fe3O4

sites around the core χ-Fe5C2 catalyst can facilitate the
depletion of primarily formed CO2 via the RWGS reaction to
lower CO2 selectivity. The fabricated χ-Fe5C2@Fe3O4 structure
catalyst promotes the production of desirable C5+

hydrocarbons and light olefins, while simultaneously
suppressing the formation of CH4 and CO2. The improved
hydrocarbon distribution is related to the enhanced surface
C–C coupling and suppressed hydrogenation ability due to

Fig. 5 (a) Apparent activation energy (CO conversion rate as a function
of reaction temperature) and (b) normalized weight loss rate as a function
of temperature under H2 atmosphere of the pretreated catalysts.
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the electronic promotion effects derived from the formed
carbon layers with a higher graphitization degree. These
results provide a reference for suppressing the high CO2

selectivity of iron-based FTS catalysts and the rational design
and manipulation of catalysts.
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