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A B S T R A C T   

Fabrication of χ-Fe5C2 active phase is important for efficient iron-based Fischer-Tropsch synthesis but faces a 
challenge in the controllable synthesis of high purity phase. Herein, we report selective synthesis of χ-Fe5C2 
catalysts by interfering surface reactions during thermal treatment. In-situ analyses provided insight into the 
mechanism of the structure evolution of iron-based catalysts under varied thermal treatment atmospheres and 
conditions. The atmosphere of 64 %H2/32 %CO/4 %Ar yields a compromise among the competitive oxygen 
removal, carbon permeation, hydrogenation and carbon deposition reactions, thus selectively forming high- 
purity χ-Fe5C2. Such catalyst shows high CO conversion of 96 %, selectivity to C5+ hydrocarbons of 40 % and 
light olefins of 30 %, and good stability under mild conditions (250 ◦C, 2.0 MPa). A plausible catalyst structure- 
performance relation is finally established by combining kinetics analysis with multiple characterization tech-
niques. The simultaneously enhanced activity and selectivity are related to the more terrace sites of χ-Fe5C2, and 
the pre-formed carbon coating during pretreatment process improves catalyst stability.   

1. Introduction 

Syngas conversion via Fischer-Tropsch synthesis (FTS) has offered a 
viable way to produce clean and environmentally friendly hydrocarbon 
fuels and light olefins (C2

=-C4
=) essentially containing ultra-low sulfur 

and nitrogen concentrations from the alternative carbon-based sources 
such as coal, biomass, natural gas and CO2 [1,2]. Iron-based catalysts 
have been widely investigated owing to their low cost, low toxicity, and 
potential high activity [3,4]. In most studies, χ-Fe5C2 has been suggested 
as the dominant active phase [5–8]. There are mainly two types of 
synthetic methods to fabricate χ-Fe5C2 catalysts: one is wet-chemical 
synthetic method through the hot reaction of iron carbonyl with octa-
decylamine in the presence of Br− [5], the other is thermal reduction and 
carburization method of iron oxides and Fe-containing complexes 
[9–11]. Previously, Ma and coworkers [5] have mentioned that the 
latter method yields much more stable χ-Fe5C2 catalyst than the former 
method, because the χ-Fe5C2 nanoparticles prepared with the former 
method are easily oxidized during the FTS. Although the thermal 
reduction and carburization method has been widely employed to syn-
thesize iron-based FTS catalysts, controllable synthesis of high-purity 
χ-Fe5C2 for achieving simultaneously enhanced activity, selectivity 

and stability remains a huge challenge, calling for better understanding. 
The thermal treatment process of iron catalyst precursors to χ-Fe5C2 

FTS catalyst is known to be a complex yet dynamic evolution process. 
There are competitive reactions of oxygen removal, carbon permeation, 
hydrogenation and surface carbon deposition, which play crucial roles 
in determining the compositional and structural properties of the 
formed iron carbides catalysts [12,13]. An ab initio atomistic thermo-
dynamics approach has been applied to estimate the relatively stability 
of iron carbide phases at certain temperature and (partial) pressure [14]. 
In addition, in-situ characterization techniques, such as X-ray diffraction, 
Raman spectroscopy and Environmental transmission electron micro-
scopy, have also been employed to probe the structure evolution of iron 
catalyst precursors under the diluted CO/syngas atmospheres, e.g., 
CO/He (v/v = 2 %/98 %) and H2/CO/He (v/v/v = 8 %/2 %/90 %) 
[15–18]. Notably, significant differences have been observed in the 
composition and structural properties of the resultant iron carbides from 
the realistic gas mixtures against the diluted ones in the in-situ charac-
terization experiments [14,18]. Thus, there is a need to perform in-situ 
characterization under realistic gas mixtures of thermal treatments for 
monitoring the evolution of the structural properties of iron-based cat-
alysts and thus establishing the catalyst structure-performance relation 
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to guide the catalyst rational design and optimization. 
In this work, we have established a selective synthesis method of 

high-purity χ-Fe5C2 catalysts which exhibited significantly enhanced 
activity, selectivity and stability for syngas conversion to valuable 
chemicals. In-situ X-ray diffraction and temperature-programmed sur-
face reaction measurements were carried out under the realistic gas 
mixtures (i.e., H2, CO and H2/CO/Ar) of thermal treatments to monitor 
the structure evolution processes of catalyst precursor, i.e., well- 
designed Fe3O4 nanoparticles. During the catalyst synthesis, the key 
was to balance the competitive reactions, i.e., the oxygen removal, 
carbon permeation, hydrogenation and surface carbon deposition, that 
can be realized by regulating the H2/CO ratio. For example, when using 
a gas mixture of 64 %H2/32 %CO/4 %Ar, a compromise was achieved to 
yield high-purity χ-Fe5C2 catalyst. A plausible catalyst structure- 
performance relation was also figured out on the basis of various char-
acterization techniques, e.g., Mössbauer spectroscopy, Thermogravi-
metric analyses, kinetics analysis. 

2. Experimental section 

2.1. Fe3O4 preparation 

The Fe3O4 nanoparticles with the particle size of about 13 nm were 
prepared by a hydrothermal process. Briefly, 3.24 g FeCl3⋅6H2O was first 
dissolved in 50 ml deionized water to form a clear solution at 30 ◦C, and 
then 60 ml glycerol was added under vigorous stirring. After that, a 
solution of 10 ml of deionized water containing 3.2 g of sodium acetate 
was added. The mixed solution was stirred for 25 min and then heated at 
200 ◦C for 12 h in a Teflon-line stainless-steel autoclave. Finally, the 
black precipitates were washed with deionized water several times and 
dried overnight at 50 ◦C. The obtained Fe3O4 powder was pressed into 
pellets, crushed and sieved to 20–40 mesh particles. 

2.2. Catalyst preparation 

A facile strategy was used to prepare catalysts by pretreating Fe3O4 
in an atmosphere of varied H2/CO stoichiometry with a temperature- 
programmed pretreatment process in a stainless steel tubular fixed- 
bed reactor (inner diameter 8 mm). Typically, 100 mg Fe3O4 diluted 
with 100 mg of quartz granule was pretreated under atmospheric 
pressure at a flow rate of 35 ml min− 1. The pretreatment temperature 
was increased to 400 ◦C with a rate of 5 ◦C min-1 and kept for 4 h. After 
pretreatment process, the reactor was cooled to room temperature under 
an Ar atmosphere. Before removal from the reactor, the catalyst was 
passivated in 5 %O2/N2 at room temperature to prevent the direct 
exposure of the catalyst to air. After magnetic separation from quartz 
granule, the catalyst was stored in a plastic holder for characterization. 

2.3. Catalyst evaluation 

The FTS reaction was carried out in a tubular fixed-bed reactors 
(inner diameter 8 mm) with syngas (64 %H2/32 %CO/4 %Ar), at 2.0 
MPa and 250 ◦C. The 100 mg of Fe3O4 diluted with 100 mg of quartz 
granule was pretreated at 400 ◦C for 4 h under atmospheric pressure at a 
flow rate of 35 ml min− 1. Depending on the pretreatment gas used, these 
catalysts were denoted as PT-syngas (64 %H2/32 %CO/4 %Ar), PT− CO, 
and PT-H2. After pretreatment, the reactor temperature was cooled to 
180 ◦C and then syngas was introduced to the reactor at a flow rate of 35 
ml min− 1. Subsequently, the temperature was slowly increased to 250 ◦C 
at a rate of 2 ◦C min-1 when the total pressure was attained to 2.0 MPa. 
The tail gas was introduced in a gaseous state by keeping the pipeline 
with a temperature of 250 ◦C, and analyzed on-line by gas chromatog-
raphy (GC-9160) equipped with thermal conductivity detector (TCD) 
and flame-ionization detector (FID). Ar, CO, CH4 and CO2 were analyzed 
with a TDX-01 packed column connected to a TCD. A PONA capillary 
column connected to a FID was used to analyze hydrocarbons (C1–C20). 

Besides, the tail gas was flowed through the cold traps and analyzed the 
composition of light hydrocarbons by another GC (GC-7900) with FID 
using a Plot Al2O3/S column. The carbon balance calculated in each test 
was between 95 % and 105 %. The CO conversion was calculated by an 
internal normalization method that argon was used as internal standard 
gas. The catalytic activity was expressed as Fe-time-yield (FTY, mol of 
converted CO per time per weight of iron). After reaction, the reactor 
was cooled to room temperature and the passivated treatment as 
described above was carried out before removal of catalysts from the 
reactor. 

CO conversion was calculated on a molar carbon basis according to: 

CO conversion =
COInlet − COOutlet

COInlet
× 100%  

where COInlet and COOutlet correspond to molar of CO at the inlet and 
outlet, respectively. 

CO2 selectivity was calculated according to: 

CO2 selectivity =
CO2Outlet

COInlet − COOutlet
× 100%  

where CO2 Outlet is molar of CO at the outlet. 
The selectivity of hydrocarbon products (CnHm) is calculated on a 

molar carbon basis with exception of CO2 as following: 

CnHm selectivity =
CnHm Outlet

∑n

1
CnHmOutlet

× 100%  

where CnHm Outlet is molar of hydrocarbons at the outlet. 

2.4. Catalyst characterization 

Powder X-ray diffraction (XRD) measurements were recorded on a 
PANalytical X’Pert-3 Powder diffractometer operating with Cu Kα ra-
diation (λ = 0.15406 nm) at 40 kV and 40 mA. Scanning electron mi-
crographs (SEM) investigations were carried out with a Hitachi FESEM 
SU8220 instrument. Transmission electron microscopy (TEM) images 
were recorded with a Tecnai F30 instrument operating at 300 kV. 57Fe 
Mössbauer spectrum (MES) was recorded at room temperature on a 
Topologic 500A spectrometer using a 57Co/Rh irradiation source in the 
constant acceleration transmission mode. The isomer shifts (IS) were 
reported relative to the α-Fe foil at room temperature. Thermogravi-
metric (TG) analyses equipped with an on-line mass spectrometer (MS) 
were conducted on a STA 449 F3 (NETZSCH) TG analyzer with a heating 
rate of 10 ◦C min− 1 to the desirable temperature in flowing air (21 %O2/ 
N2). CO2 and H2O were monitored using mass-to-charge (m/z) signal of 
44 and 18. The carbon deposits are inactive carbonaceous compounds 
on the catalyst surfaces, e.g. graphitic carbon, amorphous carbon and 
coke. Regardless of the composition, iron carbides or iron oxides should 
be finally oxidized into Fe2O3 after combustion in air at above 800 ◦C. 
This assumption was used to estimate the molar Fe content of catalyst. 
Further, the iron phases and their content can be finely determined 
through the MES. Specifically, the superparamagnetic (spm) Fe3+ ions 
were speculated to be derived from α-Fe2O3. Based on the molar Fe 
content from TG results and iron phases composition from MES results, 
the corresponding proportion of iron-containing species in the catalysts 
(AFe species) can be calculated to be massFe species/masscatalyst, where 
massFe species is the mass of Fe species and masscatalyst is the mass of 
catalyst used in the TG measurement. The amount of carbon deposits can 
be calculated to be 1-AFe species [19]. Specifically, assuming that all of 
carbides in pretreated PT-syngas and PT− CO catalysts are completely 
oxidized into Fe2O3, the mass increase should be about 20 % and 17 % 
relative to the total mass, respectively. 

In-situ XRD experiments. The change of the crystalline structure of 
the samples in different pretreatment atmospheres was monitored by in- 
situ XRD on a PANalytical X’Pert-3 Powder diffractometer equipped 
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with a XRK 900 reaction chamber. It was worth mentioning that the 
pretreatment gases, such as CO and H2, were used without dilution. The 
sample was heated in flowing gas up to the desirable temperature at a 
rate of 5 ◦C min− 1. Diffraction patterns were recorded within a 2θ range 
of 20-50◦ with a scanning rate of 6◦ min− 1. 

[1] TPSR experiments. Temperature-programmed surface reaction 
(TPSR) experiments were carried out on the fixed-bed reactor under the 
same conditions as those of the pretreatment process. The tail gas of the 
reactor was analyzed using an on-line MS. In each experiment, the 
temperature was raised from room temperature to 400 ◦C at 5 ◦C min− 1 

and then kept at 400 ◦C for 4 h. The time was counted as soon as the 
temperature reached 400 ◦C. During the process, the following m/z 
signals were monitored: 2 for H2, 15 for CH4, 18 for H2O, 28 for CO, 30 
for C2H6, 41 for C3H6 and 44 for CO2. The C2H6 and C3H6 were used to 
represent the chain growth products. 

Kinetics analysis. Kinetic analysis was carried out over the as- 
prepared catalysts after FTS reaction for 20 h, to avoid the influences 
of the evolution of phase composition and structure at the initial stage of 
FTS. The reaction temperature was varied with a constant flow rate of 
100 ml min− 1 at 2.0 MPa to measure the apparent activation energy of 
CO hydrogenation according to Arrhenius equation. The CO conversion 
levels for these experiments were less than 10 % to avoid the influence of 
diffusion. 

Stability analysis. Catalyst stability testing was performed by 
reducing the loading mass at a constant reaction conditions. In catalyst 
evaluation, the obtained mass of χ-Fe5C2 nanoparticles was about 112 
mg for the PT-syngas catalyst after pretreatment of 100 mg of Fe3O4 
under 64 %H2/32 %CO/4 %Ar. To verify the stability of χ-Fe5C2 cata-
lyst, the loading mass of the synthesized χ-Fe5C2 nanoparticles was 
reduced to 50 mg for the PT-syngas-1 catalyst and 10 mg for the PT- 
syngas-2 catalyst, respectively. The data of the PT-syngas-1 and PT- 
syngas-2 catalysts without diluted by quartz granule were collected in 
syngas (64 %H2/32 %CO/4 %Ar) with a constant gas flow of 35 ml 

min− 1 at 2.0 MPa and 250 ◦C. 

3. Results and discussion 

3.1. Structure and property of Fe3O4 precursor 

Given the complexity of the iron crystal phases and their strong de-
pendences on the promoters and supports [20–26], protocols for 
fundamentally understanding selective synthesis of χ-Fe5C2 catalysts 
were proposed on simplified iron oxide model catalyst precursors by 
excluding the interferences of the promoters and supports as schemati-
cally shown in Fig. 1a. Exemplified with well-designed Fe3O4 nano-
particles were used as a catalyst precursor. Fig. 1b shows that the Fe3O4 
nanoparticles mainly exist in spherical-like shape with an average size of 
~13 nm. The lattice spacing in the nanoparticles is 0.297 nm, corre-
sponding to the (220) facet of Fe3O4 (Fig. 1c). The XRD pattern in Fig. 1d 
shows characteristic diffraction peaks of Fe3O4 (ICDD 01-089-3854). 
The Fe3O4 nanoparticles were pretreated with the atmosphere of var-
ied H2/CO ratio under atmospheric pressure to search for a balance 
among the oxygen removal, carbon permeation, hydrogenation and 
surface carbon deposition reactions. Followed by in-situ characteriza-
tions were carried out under realistic gas mixtures of thermal treatments 
to investigate the correlation between the changes of these reactions and 
the structure evolution processes of the Fe3O4 precursor. 

3.2. In-situ XRD and TPSR experiments 

In-situ XRD measurements were first carried out to investigate the 
phase evolution processes of the well-designed Fe3O4 nanoparticles 
under the realistic atmosphere with varied H2/CO ratio. As shown in 
Fig. 2, the different pretreatment atmosphere induces considerable dif-
ferences in the evolution of Fe3O4 and compositional properties. In the 
CO atmosphere (Fig. 2a), the diffraction peaks corresponding to FeO 

Fig. 1. (a) Schematic diagram of structure evolution of Fe3O4 during both pretreatment and reaction treatment process, (b, c) TEM images, (d) XRD pattern of the 
Fe3O4 nanoparticles. Note that AP is the atmospheric pressure, HP is the high pressure. The composition of syngas is 64 %H2/32 %CO/4 %Ar. The inset in (b) and (c) 
are particle size distribution (PSD) of the Fe3O4 and FFT pattern of the HRTEM image, respectively. 
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phase appear at around 260 ◦C, while disappear at above 300 ◦C. A 
broad peak swell at 42-46◦ is assigned to the formation of a mixture of 
carbides containing mainly ε-Fe2C and χ-Fe5C2 at 280 ◦C, and then the 
characteristic peaks of θ-Fe3C are formed as the temperature reaching 
400 ◦C. In the 48 %H2/48 %CO/4 %Ar atmosphere (Fig. 2b), the for-
mation of χ-Fe5C2 is observed with the absence of ε-Fe2C. With the 
further increase in the H2/CO stoichiometry, the diffraction peaks of 
FeO cannot be observed. Interestingly, the direct transformation of 
Fe3O4 to χ-Fe5C2 is observed without detectable intermediate phases 
(such as FeO or ε-Fe2C) in the 64 %H2/32 %CO/4 %Ar atmosphere 
(Fig. 2c). While in the H2-rich atmosphere (95 %H2/5 %CO), the 
diffraction peaks of θ-Fe3C and α-Fe are observed at 400 ◦C and 

coexisted even at 480 ◦C (Fig. 2d). As expected, Fe3O4 is directly 
transformed into α-Fe in the H2 atmosphere (Fig. 2e). Therefore, 
modulating the pretreatment atmosphere composition offers an alter-
native way to selectively form χ-Fe5C2. In this work, by pretreating the 
Fe3O4 nanoparticles in the 64 %H2/32 %CO/4 %Ar atmosphere at 400 
◦C for 4 h at a rate of 5 ◦C min− 1, the χ-Fe5C2 nanoparticles were 
selectively achieved (Fig. S2). 

Temperature-programmed surface reaction (TPSR) experiments 
were further performed to estimate the difference and correlation of the 
oxygen removal, carbon permeation, hydrogenation, and surface carbon 
deposition reactions under different pretreatment atmospheres, by 
monitoring the changes of effluent gas flow. Considering that CO is the 

Fig. 2. Temperature-programmed process of Fe3O4 in the (a) CO, (b) 48 %H2/48 %CO/4 %Ar, (c) 64 %H2/32 %CO/4 %Ar, (d) 95 %H2/5 %CO, (e) H2 and (f) 5 % 
CO/95 %Ar atmospheres monitored by in-situ XRD measurements. Note that all of the pretreatment gases were used without dilution. 
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only agent involved in the oxygen removal, carbon permeation and 
carbon deposition reactions, the TPSR (Fig. 3a) performed in the CO 
atmosphere can provide information about the pretreatment process, 
and the possible reactions are listed in Table S1. The mass signal of CO2 
indicates the dominant reduction process of Fe3O4 below 275 ◦C, which 
is in accordance with the appearance of diffraction peaks representing 
FeO at 260 ◦C in the XRD patterns (Fig. 2a). The signal intensity of CO2 
decreases when the temperatures reaches 251 ◦C, implying the low rate 
in further removing lattice oxygen atoms. Simultaneously, the surface 
carbon atoms formed owing to the Boudouard reaction are gradually 
consumed by the carbon permeation into the formed surface “naked” 
iron sites or polymerization at the surface [18,27]. A significant amount 
of CO2 can be detected with increasing the temperature to 275 ◦C 
(Fig. 3a), indicating that the Boudouard reaction becomes more domi-
nant than the oxygen removal reaction to yield abundant CO2. This is 
mainly attributed to the enhanced carbon permeation promoting the 
formation of iron carbides, as demonstrated by the in-situ diffraction 
peaks of iron carbides at 280 ◦C (Fig. 2a). Moreover, remarkable CO2 
generation is observed during the duration of pretreatment process at 
400 ◦C (Fig. 3a), likely assigned to the continuous deposition of inactive 
carbon [14]. 

Similar processes have been observed in these syngas atmospheres. 
The dominant CO2 signal in these syngas atmospheres in an early state of 
pretreatment (Fig. 3b, c and d) implies a favorable reduction of Fe3O4 by 
CO instead of H2. As mentioned earlier, the decrease in the CO partial 
pressure leads to the weak oxygen removal ability [28,29]. With an 
increase in the H2/CO ratio, the low CO partial pressure atmosphere 
leads to the insufficient reduction of Fe3O4, as the diffraction peaks of 
FeO cannot be observed (Fig. 2c, d and e). The weak oxygen removal 
ability is also proved by that the complete reduction of Fe3O4 in nearly 
pure H2 atmosphere occurred only at high temperatures (Fig. 2d). With 

the addition of H2, the intensity of CH4 signal increases almost simul-
taneously as that of CO2 in these syngas atmospheres (Fig. 3b, c and d). 
This is attributed to the competition among the surface hydrogenation, 
carbon permeation and carbon deposition, as the equivalent ability for 
surface carbon atoms to form iron carbides and CH4 due to the corre-
sponding similar activation barriers of carbon permeation into the 
metallic Fe body centered cubic (bcc) structure, surface hydrogenation 
and polymerization [14,27]. The hydrogenation reaction promotes the 
removal of surface carbon species leading to the low surface carbon 
chemical potential (μC), which therefore regulates the rates and ability 
of carbon permeation and carbon deposition processes [15]. The CO2 
intensity in these syngas atmosphere significantly decreases comparing 
with that in the CO atmosphere during the duration of pretreatment 
process at 400 ◦C, suggesting the inhibition of surface carbon deposition. 
This is further demonstrated by TG analysis (Fig. 5e and Table S2) that 
the amount of surface carbon deposits is obviously alleviated after the 
pretreatment in 64 %H2/32 %CO/4 %Ar atmosphere (~35.8 wt%), 
comparing with that in CO atmosphere (~50.0 wt%). 

The changes of these surface reactions induce the differences in the 
evolution of Fe3O4. Generally, the transformation of iron oxide into iron 
carbide is a concurrent process to remove oxygen atoms and permeate 
carbon atoms. At the beginning of pretreatment, the surface O atoms are 
gradually removed to form a naked iron site, and then the C atoms 
permeate to form carbide C atoms [18]. Along with the O removal and C 
permeation, the iron carbide phase forms. As observed from XRD results, 
higher CO partial pressure favors a relative stronger oxygen removal 
ability at relatively low temperature, which in turn facilitates a stronger 
carbon permeation ability. This can be further verified by the Mössbauer 
spectroscopy results. As shown in Fig. S5 and Table S4, the carbide 
content of sample pretreated under CO atmosphere at 300 ◦C is higher 
than that under 64 %H2/32 %CO/4 %Ar atmosphere. 

Fig. 3. Time and temperature dependent TPSR diagrams of main products during pretreatment processes in (a) CO, (b) 48 %H2/48 %CO/4 %Ar, (c) 64 %H2/32 % 
CO/4 %Ar and (d) 95 %H2/5 %CO by on-line MS. Note that the time was counted 0 when the temperature reached 400 ◦C. 
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In the CO atmosphere, the phase evolution process is attributed to 
iron carbides forming at relatively low temperature range (Fig. 2a), 
which endows a high μC and thus promotes the favorable formation of 
more carbon-rich carbide ε-Fe2C [14,30]. The ε-Fe2C is thermodynam-
ically unstable above 350 ◦C and transformed subsequently into θ-Fe3C 
[31,32]. The increase in the H2/CO ratio of pretreatment atmosphere 
leads to a decrease in the ability of oxygen removal and carbon 
permeation due to the decreased CO partial pressure and the hydroge-
nation of removing the surface carbon species. Strong carbon perme-
ation prefers the formation of carbon-rich phase, i.e. ε-Fe2C, and weak 
carbon permeation prefers the formation of χ-Fe5C2 [14]. At even 
weaker carbon permeation leads to the preferential formation of 
carbon-deficient θ-Fe3C. In the 48 %H2/48 %CO/4 %Ar atmosphere, the 
weaker oxygen removal ability leads to insufficient reduction of Fe3O4 at 
low temperature comparing with that in the CO atmosphere. The pres-
ence of lattice oxygen atoms has been reported to mitigate the carbon 
permeation thus promoting the formation of χ-Fe5C2 rather than ε-Fe2C 
[33,34]. Furthermore, in the 64 %H2/32 %CO/4 %Ar atmosphere, the 
weaker oxygen removal ability leads to the main reduction of Fe3O4 at 
higher temperature. At the same time of oxygen removal, the enhanced 
carbon permeation kinetics yet low μC at relatively high temperature 
leads to the fast carburization of iron species and the preferential for-
mation of χ-Fe5C2 [14]. A compromise among the oxygen removal, 
carbon permeation and hydrogenation was achieved promoting the se-
lective formation of χ-Fe5C2 without detectable other phases (such as 
FeO or ε-Fe2C). While in the 95 %H2/5 %CO atmosphere, the diffraction 
peaks of θ-Fe3C and α-Fe are coexisted even at 480 ◦C (Fig. 2d), implying 
that the much lower CO partial pressure and excessive hydrogenation 
for removing surface carbon species have an inhibitory effect on the 
carbon permeation kinetics [14]. This leads to inefficient carbon 
permeation and thus the formation of a mixture of α-Fe and 
carbon-deficient θ-Fe3C [15]. Specifically, the pretreatment process was 
also carried out in the 5 %CO/95 %Ar atmosphere to further investigate 
the influence of pretreatment atmosphere. As seen in Fig. 2f, g, the 5 % 
CO/95 %Ar atmosphere triggers an enhanced carbon permeation ability 
comparing with the 95 %H2/5 %CO atmosphere, due to the absence of 
surface hydrogenation, thus favoring the selective formation of χ-Fe5C2 
rather than θ-Fe3C. Note that a significant deviation between composi-
tion evolution of Fe3O4 in 5 %CO/95 %Ar and that in CO atmosphere is 
observed, further demonstrating the necessity to carried out in-situ 
characterization experiments under realistic gas mixtures conditions. 

Our results are significant different from the most reported works that 
the iron catalysts were always supported or contained promoters and the 
catalysts were activated mainly at a relative low temperature in the range 
of 250~350 ◦C, thus resulting a mixture formation of iron oxides and iron 
carbides [18,20–24]. The relative lower temperature leads to the low 
reduction and carburization kinetics [18,21]. In these works, CO pre-
treatment was suggested to be more effective route for the formation of 
higher iron carbides content, due to the higher reduction and carburi-
zation potential of CO. With increase of the pretreatment temperature to 
450 ◦C, Herranz et al. observed that θ-Fe3C was formed after CO treat-
ment, while χ-Fe5C2 was formed after H2/CO (ratio 2:1) treatment, 
consistent with our work [25]. The increase of temperature leads to 
higher reduction and carburization kinetics. However, the CO pretreat-
ment is unfavorable for the formation of χ-Fe5C2. In our work, the relative 
high pretreatment temperature of 400 ◦C facilitates the complete 
carburization of Fe3O4, and a compromise among the surface reactions 
promote the sole formation of χ-Fe5C2. In short, the reactions of oxygen 
removal, carbon permeation, hydrogenation and surface carbon depo-
sition are efficiently modulated by tuning the pretreatment atmosphere, 
which therefore can be used to selectively synthesize χ-Fe5C2. 

3.3. Structure and property of catalyst 

The chosen three catalysts from three typical pretreatment atmo-
spheres, i.e., 64 %H2/32 %CO/4 %Ar (PT-syngas), CO (PT-CO), and H2 

(PT-H2), were further investigated to figure out the structure properties. 
XRD patterns of the catalysts after pretreatments are shown in Fig. 4a. 
The distinct χ-Fe5C2 phase (ICDD 03-065-6191) is formed in the PT- 
syngas catalyst. The PT-CO catalyst exhibits typical θ-Fe3C diffraction 
peaks (ICDD 03-065-0393), while the PT-H2 catalyst shows α-Fe 
diffraction peaks (ICDD 03-065-4899). As shown in Fig. 4b, c and Table 
S5, Mössbauer spectroscopy (MES) results demonstrate that the PT- 
syngas catalyst contains 98 % χ-Fe5C2 and 2 % superparamagnetic 
(spm) Fe3+ ions, suggesting the successful synthesis of high-purity 
χ-Fe5C2 nanoparticles [9,35,36]. The PT-CO catalyst consists of 50.3 % 
θ-Fe3C and 46.7 % χ-Fe5C2. The absence of characteristic diffraction 
peaks of χ-Fe5C2 (Fig. 4a) suggests the existence of poorly crystalline or 
small χ-Fe5C2 nanoparticles [37]. The PT-H2 catalyst contains near 100 
% α-Fe, ascribed to the full degree of reduction of Fe3O4. The 
morphology of the pretreated catalyst was characterized by transmission 
electron microscopy (TEM). The χ-Fe5C2 nanoparticles with much large 
average particle size of 38.4 nm are observed in the PT-syngas catalyst 
(Fig. 4d), which coincides with the estimated crystallite size from XRD 
based on the Scherrer equation (Table S3). High-resolution TEM 
(HRTEM) image (Fig. 4g) shows that the lattice spacing in the nano-
particles is 0.205 nm, consistent with the (510) facet of χ-Fe5C2. The 
irregular nanoparticles are observed from the PT-CO catalyst (Fig. 4e). 
This can be assigned to the formation of small FeO particles cleavage 
from the Fe3O4 crystallites due to the strong oxygen removal ability of 
the CO atmosphere and subsequently complicated transformation pro-
cess of iron carbides, resulting in the wide distribution of particles [15]. 
Most of crystallized nanoparticles are identified as θ-Fe3C from HRTEM 
observation (Fig. 4h), corresponding to the results of XRD (Fig. 4a). In 
the PT-H2 catalyst, the α-Fe nanoparticles with an average of 21.3 nm 
are presented (Fig. 4f, i). The high temperature pretreatment is mainly 
responsible for the obvious increase of the particle size of all of three 
catalysts. The much larger of particle size of χ-Fe5C2 for the pretreated 
PT-syngas catalyst can be attributed to the different atmosphere, which 
leads to the formation of different iron phases with different sintering 
behavior. 

3.4. Fischer-Tropsch synthesis 

We then evaluated the FTS performance of the synthesized catalysts 
under the conditions of 250 ◦C, 2.0 MPa. As shown in Fig. 5 a, the CO 
conversion over the PT-H2 catalyst continuously drops from 25 % to 11 
% within 20 h. The PT-CO catalyst exhibits an initial CO conversion of 
10 %, and then increases slightly to 17 %. Compared with the PT-CO and 
PT-H2 catalysts, the PT-syngas catalyst exhibits a remarkably high CO 
conversion of 96 %. The FTY activity of the PT-syngas catalyst is 111 
μmolCO gFe

− 1 s− 1, which is about eight times higher than that of the PT-H2 
or PT-CO catalysts (Table 1). As shown in Fig. 5b and Table 1, the PT- 
syngas catalyst exhibits a high C5+ hydrocarbon selectivity of about 
40 % even at a high CO conversion of 96 %. In the C2-C4 composition 
range, more valuable light olefins (C2

=-C4
=) are observed as ~70 % in the 

whole C2-C4 products and 30 % in all hydrocarbon products. The PT- 
syngas catalyst shows simultaneously enhanced FTY activity and selec-
tivity toward more valuable products, such as C5+ hydrocarbons and 
light olefins, comparing with the PT-CO and PT-H2 catalysts. The PT- 
syngas catalyst performed under much mild conditions outperforms 
most representative bulk catalysts, and is comparable with supported 
catalysts in literature (Table S7). 

3.5. Structure-performance relationship 

In order to illuminate the dramatic effects on the catalytic perfor-
mance, kinetics analysis was carried out over these catalysts. The results 
(Fig. 5c) demonstrate that the apparent activation energy of CO hy-
drogenation is 84.5 kJ mol− 1 for the PT-syngas catalyst, which is close to 
that of the PT-H2 catalyst (81.8 kJ mol-1) and PT-CO catalyst (80.5 kJ 
mol-1). The similar apparent activation energy implies that the active 
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sites of CO hydrogenation over these catalysts are essentially identical 
[38]. The pre-exponential factor for the PT-syngas catalyst is 4.88 ×
1010 mmol g-1 h-1, whereas the corresponding value is only 3.24 × 109 

mmol g-1 h-1 for the PT-CO catalyst and 3.43 × 109 mmol g-1 h-1 for the 
PT-H2 catalyst. This strongly suggests that the difference in the catalytic 
activity is mainly due to the variation in the number of exposed active 
sites [38,39]. As a result, the remarkably higher catalytic activity of the 
PT-syngas catalyst is ascribed to the richness in active sites through the 
selective synthesis of χ-Fe5C2 catalyst in the 64 %H2/32 %CO/4 %Ar 
atmosphere. 

TEM observation of the spent PT-syngas catalyst (Fig. S6a) proves 
that the size distribution of χ-Fe5C2 nanoparticles is still well maintained 
(about 38.9 nm) after FTS. However, HRTEM image shows that the 
χ-Fe5C2 nanoparticles of the spent PT-syngas catalyst are decorated by 
Fe3O4 nanoparticles (Fig. S6d). Characteristic diffraction peaks of Fe3O4 
are observed in XRD pattern of the spent PT-syngas catalyst (Fig. S7a). 
The formation of Fe3O4 nanoparticles is derived from the oxidation of 
χ-Fe5C2, which is usually reported to be one of the main causes of 
catalyst deactivation [13,17]. To identify the catalyst stability, the CO 
conversion was monitored by reducing the catalyst loading mass. A 
remarkably stable CO conversion of approximately 10 % is observed 

when the loading mass of the χ-Fe5C2 nanoparticles is only 10 mg 
(Fig. 5d). Moreover, a high and stable CO conversion of 90 % can be 
achieved when the catalyst loading mass is only 50 mg (Fig. 5d), 
indicative of the superior stability. The results also imply that the 
catalyst loading mass of the PT-syngas catalyst (about 112 mg of χ-Fe5C2 
nanoparticles) is excessive, and the Fe3O4 in the PT-syngas catalyst is 
likely ascribed to the oxidation of the excessive loading of χ-Fe5C2 [30, 
40]. Thus, the observed oxidation of χ-Fe5C2 has minor effects on the CO 
conversion. To further illustrate the stability, the spent catalysts after 
100 h reaction were investigated by XRD characterization. As shown in 
Fig. S8, the χ-Fe5C2 is the dominant phase with no other phases like 
Fe3O4 present in XRD pattern of the spent PT-syngas-1 and PT-syngas-2 
catalysts, indicative of the oxidation resistance of χ-Fe5C2 nanoparticles. 

In addition to the oxidation of χ-Fe5C2, the shielding of carbon de-
posits is another factor that leads to the catalyst deactivation [13,41]. To 
provide better understanding of the underlying mechanism of the 
catalyst stability, the carbon deposition on these three catalysts were 
further studied by thermogravimetry-mass spectrometry (TG-MS). TG 
results indicate that the PT-H2 catalyst suffers from severe carbon 
deposition of 18.7 wt% after FTS (Fig. 5e and Table S2). The obvious 
signal peak of H2O around 390 ◦C determined by on-line MS (Fig. 5f) can 

Fig. 4. (a) XRD patterns and (b) Mössbauer spectra (MES) measured at room temperature of the pretreated catalysts, (c) bar graph of the spectral contributions of 
iron phases determined by the relative absorption areas from MES, and TEM images of the (d, g) pretreated PT-syngas, (e, h) pretreated PT-CO and (f, i) pretreated 
PT-H2 catalysts. Note that the composition of syngas is 64 %H2/32 %CO/4 %Ar. The inset in (d, e and f) are PSD of catalysts. 
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be attributed to the burning of some hydrogen-rich surface polymerized 
hydrocarbons, such as aliphatic or aromatic hydrocarbons [42]. Relative 
to the spent PT-H2 catalyst, the much higher amount of surface carbon 
deposits has been formed after the pretreated in 64 %H2/32 %CO/4 %Ar 
(~35.8 wt%) and CO (~50.0 wt%) atmospheres (Fig. 5e and Table S2). 
From the TG results (Fig. 5e), about 14 % of weight increase between 
150 and 420 ◦C is observed for the pretreated PT-syngas and PT-CO 
catalysts, indicating almost entire oxidation of carbide. Therefore, the 
negligible H2O signal and appearance of a higher temperature CO2 
release peak (above 420 ◦C) should be mainly assigned to oxidation of 
the polymerized surface carbon and graphitic-like carbon, which are 
formed during high temperature of 400 ◦C pretreatment process (Fig. 5f) 
[43,44]. Distinct from the formed surface carbon species of the PT-H2 
catalyst during FTS at relatively low temperature and high pressure, the 
pretreatment process at high temperature seems to favor the further 
condensation of surface carbon species, leading to the formation of 
polymerized carbon or graphitic surface carbon coating [44]. The spent 
PT-syngas and PT-CO catalysts also show obvious H2O signal peaks 
around 390 ◦C (Fig. 5f), suggesting the formation of polymerized hy-
drocarbons during FTS. Interestingly, the total amount of surface carbon 
deposits for the PT-syngas catalyst increases slightly (2.9 wt%), and that 
for the PT-CO catalyst even decreases after FTS (Table S2). Relative to 
the PT-H2 catalyst, the pre-formed carbon coating during pretreatment 
for the PT-syngas and PT-CO catalysts appears to provide a protection 
medium and play a role in alleviating further carbon deposition during 
FTS. 

Because the pretreatment of Fe3O4 in the H2 atmosphere results in 
the formation of simple α-Fe nanoparticles, the PT-H2 catalyst can serve 
as a benchmark to derive the effects of carbon deposition on the catalytic 
activity. α-Fe nanoparticles once exposed to FTS atmosphere certainly 
goes through a series of carbon permeation, hydrogenation and carbon 

deposition processes. Fast carburization of α-Fe to χ-Fe5C2 has been re-
ported in earlier studies [12]. The formation of χ-Fe5C2 is responsible for 
the increase in catalytic activity (Fig. 5a), as evidenced by the positive 
correlation between the χ-Fe5C2 content and activity [28,35]. The PT-H2 
catalyst exhibits a CO conversion of 25 % at the TOS of 4 h, in which 
approximate 50 % of χ-Fe5C2 has been formed from MES analysis (Fig. 
S9a and Table S5). From TEM observation, most of the nanoparticles still 
retain the large size and part of small particles with an average size of 
5.8 nm are formed (Fig. S9b, c). The diffusion of carbon into the metallic 
Fe structure and some carbonaceous species depositing into the particles 
are assigned to be responsible for the particles fragment [16,45]. The 
large α-Fe nanoparticles are eventually evolve into much smaller 
nanoparticles dispersed in the formed carbon matrix after FTS reaction 
(Fig. S6c, f). The continuous decrease in activity with increasing TOS 
until 20 h is observed, even though the active surface area increases due 
to the further formed small sized χ-Fe5C2 nanoparticles. Therefore, the 
shielding of the formed polymerized hydrocarbons during FTS can be 
the main root cause of the low activity of the PT-H2 catalyst. Relative to 
the PT-H2 catalyst, the alleviated buildup of the polymerized hydro-
carbons for the PT-syngas catalyst during FTS is beneficial to suppress 
the activity deterioration and thus improve the stability. The unique 
structure characteristic accounts for the experimental observation that 
the synthesized χ-Fe5C2 catalyst was superiorly stable, whereas a dra-
matic deactivation was observed for the PT-H2 catalyst. 

From the MES results, χ-Fe5C2 and θ-Fe3C are coexistence in these 
three spent catalysts (Table S6). The different iron carbide plays 
important roles on FTS performance by providing different intrinsic 
active sites. The high-purity χ-Fe5C2 nanoparticles (PT-syngas) were 
used for FTS displaying high initial activity of 89 % (Fig. 5a), indicative 
of an active phase of χ-Fe5C2 for FTS. θ-Fe3C has been found in the 
deactivated catalysts and was widely suggested as less-active phase for 

Fig. 5. (a) CO conversion, (b) the product selectivities (CO2-free), (c) apparent activation energy calculation (CO conversion rate as a function of reaction tem-
perature) of the catalysts, (d) stability analysis and (e, f) TG-MS profiles of the pretreated and spent catalysts measured in air. 

Table 1 
The representative catalytic performance after FTS at TOS of 20 h.a.  

Catalyst CO Conv. [%] 
FTY 
[μmolCO gFe

− 1 s− 1] 

CmHn Sel.[%]b CO2 Sel. 
[%] 

CH4 C2
◦–C4

◦ C2
=–C4

= C5+

PT-syngas 96 111 17 13 30 40 32 
PT-CO 12 14 23 25 21 31 14 
PT-H2 11 13 18 29 19 34 9  

a Reaction conditions: 100 mg Fe3O4, syngas (H2/CO = 2), 2.0 MPa and 250 ◦C. 
b Selectivity was normalized with the exception of CO2. 
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FTS [25,46]. The kinetic results reveal that the active sites of CO hy-
drogenation over these catalysts are essentially identical due to the 
similar apparent activation energy. Thus, the χ-Fe5C2 is assigned to be 
the intrinsic active phase in the three catalysts. However, from the MES 
results (Table S6), the content of χ-Fe5C2 in the PT-syngas catalyst is 
58.6 %, which is more pronounced in the PT-CO and PT-H2 catalysts. It 
is worth noting that it is not precise to only correlate the activity with 
the content of carbides [23,26]. The particle size and the shielding of 
carbon deposits have been widely reported displaying important roles 
on the FTS performance. The size-dependent TOF changes with size until 
a critical size (generally 5− 10 nm) and then almost remains constant 
with a further increase in size [47–50]. However, the multiple charac-
terization results suggest that the χ-Fe5C2 particle size of the PT-syngas 
catalyst is much larger than those of the PT-H2 and PT-CO catalysts 
(Table S3). Moreover, the amount of carbon deposits in the PT-syngas 
catalyst is much higher than that in the PT-H2 catalyst (Table S2). 
Thus, the combined results suggest that these factors are not reason for 
the abundant active sites in the PT-syngas catalyst. 

From the survey of literature, the corners and edges sites of χ-Fe5C2 
are expected to be larger percentage with decreasing particle size [47]. 
However, these highly active low coordination sites are more prone to 
be blocked by the carbon deposition, leading to low catalytic activity 
[51]. The multiple characterization results suggest that the syngas pre-
treatment leads to the formation of much larger χ-Fe5C2 with an average 
size of 38.4 nm (Fig. 4d), which possess less percentage of corners and 
edges sites and much percentage of terrace sites, and thus lessen the 
effects of the carbon deposition on activity. The terraced crystal facets of 
χ-Fe5C2 crystallite, such as χ-Fe5C2 (510) and (021) facets, were 
demonstrated to have the larger percentage among the exposed crystal 
facets [52]. Furthermore, these terraced crystal facets of χ-Fe5C2 crys-
tallite have been proven through DFT calculation to be active in direct 
CO dissociation route and favorable carbon-carbon coupling to yield 
high FTS activity and selectivity toward C2+ products in FTS [7,52]. 
Jiang et al. [9] also reported the graphene-directed formation of cylin-
drical χ-Fe5C2 with preferentially exposed χ-Fe5C2 (510) facet exhibited 
nearly 40 times that of the unmodified one. Thus, the abundant active 
sites of the PT-syngas catalyst from kinetic analysis results are tenta-
tively ascribed to the terrace sites of χ-Fe5C2. 

The product distribution is distinct for each catalyst. It has been re-
ported that high CO conversion yielded high water concentration, which 
enhanced the WGS reaction over iron catalyst, thus leading to high H2/ 
CO ratio, high CH4 selectivity, and low longer-chain hydrocarbons 
selectivity [53]. In our work, the PT-syngas catalyst shows enhanced 
selectivity toward C5+ hydrocarbons and light olefins even at much high 
CO conversion of 96 % (Table 1), comparing with the PT-CO and PT-H2 
catalysts. The de Jong group [47,48] demonstrated that hydrogenation 
is suppressed as hydrogen coverage appears to decrease with increasing 
of χ-Fe5C2 particle size, hence favoring lower selectivity of CH4 and 
higher selectivity of light olefins. The positive trend of the 
size-dependent selectivity toward light olefins and longer-chain hydro-
carbons was also observed by other reports [49,50]. Therefore, the 
simultaneously enhanced catalytic activity and desirable selectivity to 
C5+ hydrocarbons and light olefins for the PT-syngas catalyst are pre-
sumably related to the more terrace active sites of the formed large size 
χ-Fe5C2. In a word, the synthesized χ-Fe5C2 catalyst is a highly efficient 
and stable catalyst for FTS. In addition, this approach can be extended to 
the selective synthesis of χ-Fe5C2 catalysts through several iron oxide 
precursors with particle sizes ranging from 13 to 38 nm (Fig. S10). 

4. Conclusion 

In summary, we have demonstrated a facile and effective strategy for 
the selective synthesis of high-purity χ-Fe5C2 catalysts by regulating the 
H2/CO ratio of pretreatment atmosphere to balance these competitive 
oxygen removal, carbon permeation, hydrogenation, and carbon depo-
sition reactions. The relationships of the H2/CO ratio with the 

compositional and structural properties of iron carbides catalysts have 
been established. The resultant χ-Fe5C2 catalyst from the pretreatment 
of 64 %H2/32 %CO/4 %Ar has shown simultaneously enhanced FTY 
activity and selectivity to C5+ hydrocarbons and light olefins that is 
presumably related to the more terrace active sites of χ-Fe5C2. Moreover, 
the pre-formed polymerized carbon or graphitic surface carbon coating 
during high temperature pretreatment process appears to provide a 
protection medium and plays a key role in alleviating further carbon 
deposition during FTS reaction, and thus improves the catalyst stability. 
These results could be valuable for the rational design and manipulation 
of highly efficient and stable iron-based FTS catalysts. 
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