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Abstract: Cobalt carbides have been recognized as an active phase for the production of light olefins
and alcohols in Fischer-Tropsch synthesis. In this study, in situ X-ray diffraction experiments were
performed to investigate the stability and catalytic performance over a single-phase Co3C catalyst
under reaction conditions. The in situ X-ray diffraction results indicated that the Co3C phase remained
stable with no significant changes until the temperature reached 300 °C. The high stability can be
attributed to the twinning structure of the single-phase CosC catalyst. The catalytic evaluation results
showed that the single-phase Co3C catalyst had higher activity with high selectivity to long-chain
products due to the unique surface structure of CozC. This work provides guidance for the rational
design of efficient cobalt carbide catalysts for Fischer-Tropsch synthesis reactions.

Keywords: Fischer-Tropsch synthesis; Co3C; stability; in situ XRD

1. Introduction

Due to environmental pollution and the decrease in crude oil feeds, scientists have
researched new routes to produce clean liquid fuels and chemicals from renewable feed-
stocks [1,2]. Fischer-Tropsch synthesis (FTS) is one of the most effective pathways to
produce clean fuels, such as gasoline, diesel, paraffin and so on, through the catalytic
conversion of the syngas (CO + Hj) derived from coal, biomass and natural gas [3-5].
The catalytic performance of FTS catalysts is closely related to the catalyst properties.
Among these catalysts, Fe- and Co-based catalysts are commonly applied in commercial
plants [3,6,7]. Compared with Fe-based catalysts, there are lots of advantages of Co-based
catalysts, such as high activity, moderate price, low water gas shift activity and high
selectivity for heavy hydrocarbons [3,8-10].

Generally, metallic Co is considered as the active phase in the Co-based FIS
process [9,11,12]. However, bulk cobalt carbides (Co,C/Co3C) can form during the FTS
process under a lean Hj atmosphere. In previous reports, cobalt carbides were an inactive
phase in FTS. Claeys et al. [13] revealed that Co,C decomposed to metallic Co in argon at
300 °C by an in situ magnetometer, which resulted in the recovery of activity. Although
cobalt carbide shows poor performance in FTS, several studies have reported that it ex-
hibits high catalytic activity for the synthesis of oxygenates and olefins. Zhong et al. [14,15]
proposed that specific facets of Co,C nanoprisms were responsible for the formation of
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olefins. Furthermore, Ding et al. [16-18] claimed that the interface between cobalt/cobalt
carbide provides active sites for oxygenates in syngas conversion due to the dual sites for
CO insertion into hydrocarbons for oxygenates.

In addition to Co,C catalysts, another form of cobalt carbide, Co3C, also plays a vital
role in the production of lower olefins during the FTS reaction. Recently, Liu [19,20] and
his colleagues found that metallic Co(111) transformed into Co3C(101), which exhibited a
high selectivity to light olefins. By utilizing density functional theory (DFT) calculations,
they proposed that CozC(101) is beneficial for C-C coupling under the synergistic effect
between the unique surface structure and electronic properties. Recently, we reported on a
Co-based catalyst with different phase structures for different carburization times [21,22].
The catalysts with the Co/Co3C phase exhibited higher catalytic activity, as compared
with metallic Co catalysts and Co/Co,C catalysts. Combining with the experimental and
theoretical results, we revealed that Co3C can activate CO more easily than Co and Co,C,
which leads to excellent catalytic performance during the FTS reaction. However, most
previous studies mainly focused on hybrid phase Co3C catalysts (Co/Co3C) [19-21]. To
the best of our knowledge, the FTS reaction over single-phase Co3C catalysts has never
been investigated. Moreover, the stability of the CosC catalyst under FTS conditions is also
rarely reported on.

In this study, we synthesized a single-phase Co3C (5-Co3C) catalyst by using the wet
chemical method. Various characterization techniques were used to study the morphology,
phase composition and particle size of the catalyst. Subsequently, in situ X-ray diffraction
(in situ XRD) was used to detect the phase changes in the CosC catalyst under FTS reaction
conditions. The CozC catalyst remained stable and did not decompose when the reaction
temperature increased to 300 °C. The Co3C catalyst exhibited excellent catalytic perfor-
mance, achieving a 27% CO conversion and a 78.5% Cs, selectivity at 300 °C. This work
has further enhanced our understanding of the Co3C catalyst in a Co-based FTS reaction
and guided us in the rational design of effective catalysts for the FTS reaction.

2. Results and Discussion
2.1. Characterization of Co3C Catalyst

Firstly, we used the wet chemistry method to synthesize the S-Co3C catalyst as reported
in our previous study [23]. The XRD pattern of the synthesized S-CozC catalyst is presented
in Figure S1. The XRD results indicated that the S-Co3C catalyst can be synthesized. The
morphology and structure of the S-Cos;C catalyst were investigated by using SEM and
(HR)TEM, as shown in Figure S2. This further suggested that S-CozC was successfully
synthesized. Considering that the Co,C catalyst can also influence the catalytic performance
during FTS, a single-phase Co,C (5-Co,C) catalyst was also prepared and compared. As
displayed in Figure S3, all the diffraction peaks can be ascribed to the crystal planes of Co,C.
This indicated that we synthesized the S-Co,C catalyst by using the wet chemistry method.

2.2. Stability of Co3C Catalyst

Furthermore, the phase transformation of the S-Co3C catalyst during the FTS reaction
under syngas (H, /CO = 2) atmosphere at different temperatures was conducted by using
in situ XRD. As shown in Figure 1, the initial reaction temperature was 150 °C; all the
diffraction peaks can be assigned to CosC crystallites. Then, the temperature increased to
200 °C, and no obvious changes were observed. Afterwards, the temperature continuously
increased until it reached 300 °C to observe the phase transformation of the catalyst.
The phase composition of the catalyst remained unchanged during the reaction. The
temperature was decreased to 220 °C and 260 °C (220-R and 260-R) to detect the phase
transition in Figure 1, and no changes were observed after the temperature decrease. This
suggested that Co3C crystallites can stably exist and are resistant to the conditions of the
FTS reaction, which is consistent with our previous studies [19,21,22].
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Figure 1. In situ XRD pattern of Co3C catalyst.

For comparison with the CozC catalyst, the phase transformation of the Co,C catalyst
was also observed on in situ XRD shown in Figure 2. The initial reaction temperature
was 180 °C, and all the diffraction peaks can be assigned to Co,C crystallites. Following
an increase in the reaction temperature to 240 °C, a transition was observed from Co,C
crystallites to Co crystallites. Afterwards, as the reaction temperature increased, there was
a corresponding gradual increase in the diffraction intensity of the Co crystallites. However,
the Co,C crystallites maintained their dominance in the catalyst. The results indicated

that the Co,C catalyst is more unstable compared to the CozC catalyst under the syngas
atmosphere at high temperature (T > 240 °C).
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Figure 2. In situ XRD pattern of Co,C catalyst.
2.3. Catalytic Performance

The S-Co3C catalyst was evaluated to determine the relationship between phase trans-
formation and catalytic performance, and the reaction condition of H, /CO =2, 0.2 MPa
and GHSV = 25,000 mL ge, ! h™! was applied at different reaction temperatures. As
shown in Figure 3a, the S-Co3C catalyst had no catalytic activity between 150 °C and
240 °C. It is speculated that this may be due to low reaction pressure, less catalyst loading
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or high space velocity. When the temperature reached 250 °C, the CO conversion of the
S-Co3C catalyst was 16.1%. After the reaction temperature was raised to 260 °C and 280 °C,
the activity exhibited a slight increase with the CO conversion corresponding to 17.8%
and 18.4%, respectively. Eventually, the temperature was raised to 300 °C, and the CO
conversion reached 27%. The CO conversion was lower at low temperatures compared to
higher temperatures. This can be attributed to the absence of adequate energy to activate
the reactant on the catalyst at low temperatures. Many researchers have drawn similar
conclusions on the effect of temperature on the performance of cobalt catalysts [24-27].
We also evaluated the stability of the S-CozC catalyst for a long-term reaction (24 h) in a
microreactor under the same reaction conditions. The results are shown in Figure S4; the
CO conversion remained consistently stable at approximately 30%. The S-Co,C catalyst
was also evaluated at 180 °C to 280 °C; there is no activity for the FTS reaction, as shown in
Table S1. Although metallic Co appeared into the catalyst above 240 °C, its activity is still
negligible due to the low content of Co.
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Figure 3. Performance of Co3C catalyst for FTS. (a) CO conversion and (b) product distribu-
tion at different temperatures. Cy_4: Hydrocarbons with carbon numbers from 2 to 4. Cs,: Hy-
drocarbons with carbon numbers more than 4. Reaction conditions: H,/CO = 2; P = 0.2 MPa;
GSHV = 25,000 mL geat ' h™ 1.

Figure 3b displays the effects of reaction temperature on the product selectivity over
the S-Co3C catalyst. At 250 °C, the catalyst produced about 13% CO, and approximately
increased to 17% at 300 °C. However, the CH, selectivity remained constant at about 33%
below 260 °C. At above 260 °C, the CHy4 selectivity dramatically decreased to 12.3% at
280 °C and 3.8% at 300 °C. The selectivity of C,_4 products also decreased from 3.6% at
250 °C to 0.7% at 300 °C. For the long-chain products of Cs., the selectivity increased from
49.9% to 78.5%. The Cs, selectivity remained constant below 260 °C. While the temperature
increased to 280 °C and 300 °C, the Cs, selectivity dramatically increased to 72% and 78.5%,
respectively. Herein, the S-Co3C catalyst not only exhibited a higher CO conversion but
also had higher Cs, selectivity and lower CHy selectivity.

2.4. Discussion

The stability of the S-CosC catalyst was investigated by in situ XRD measurements.
Conventional views have suggested that the Co,C or CozC structure can be easily reduced
to metallic Co during the FTS reaction [13,28]. However, more and more recent studies
have reported that the Co,C or Co3C structure can stably exist as catalysts and exhibit
excellent catalytic performance [15,20,29]. In this study, we found that the Co3C structure
was more stable than the Co,C structure under high temperature conditions. We therefore
speculated that the difference in catalyst stability can be attributed to the different atomic
arrangements of C and Co atoms. The Co,C structure can be formed by the diffusion of
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surface C atoms into HCP or FCC Co atoms and can be considered as the formation of
Ni,C [30,31]. However, the CosC structure has no simple relation to the atomic arrange-
ment in Co atoms. The crystal structure of CozC is isomorphous to that of Fe3C. This
means that the CosC structure can be visualized as the twinning of HCP-Co cells with C
atoms filling interstitial sites [30,32,33]. Comparing the two structures, we can speculate
that the C atom lattice interstices are more easily moved out than those in the twinning
structure. Therefore, the CozC structure is more stable than the Co,C structure, with a
higher decomposition temperature.

Previously, we reported that the catalysts including the Co3C structure exhibit excellent
catalytic performance during the FTS reaction [21,22]. In this study, the CO conversion
of the S-Co3C catalyst reached 27% with a Cs, selectivity of 78.5% and a CHj selectivity
of 3.8% at 300 °C. Under the conditions of high space velocity and low pressure, the S-
Cos3C catalyst had very good activity, in line with our previous studies. The results can be
attributed to the high intrinsic activity of the CosC structure. In our previous theoretical
studies, we investigated the activation barrier for CO activation among Co(0001), CopC(111)
and Co3C(221). We found that Co3C(221) was the most active surface for CO activation
with the lowest activation barrier. Herein, this work further confirmed the positive role of
the Co3C structure during the FTS reaction.

The effect of reaction temperature on product distribution was also discussed. CO; is
mainly generated by the water gas shift (WGS) reaction on the Co-based catalysts. As the
reaction temperature rose from 250 to 300 °C, the conversion of CO also increased. This led
to an increase in water formation, which promoted the formation of CO; through the WGS
reaction [24,34,35]. Previous studies reported that the selectivity for CHy4 increases and Cs,
products decrease with the temperature increases on metallic Co catalysts [24,26,34]. This
result can be ascribed to the high rates of product desorption and the reduced residence
time on the metallic Co catalyst surface at high temperature. However, it was observed
that as the temperature increased, the selectivity of CH4 decreased, and the selectivity of
Cs, products increased in this study. We speculated that the Co3C structure may affect
the product distribution. In our previous studies, we investigated the effects of the Co3C
structure on olefin oligomerization [36]. We found that the Co3C structure is more favorable
for C-C coupling than that of metallic Co, which can be attributed to the lower position
of the d band center of Co3C(221). This result is consistent with other reports, which
demonstrated that the low d band center facilitates C-C coupling [20,37]. Consequently,
the high selectivity of long-chain products is attributed to the downward shift of the d
band center in the CozC catalyst. The experimental results in this work exhibit a significant
correlation with our prior theoretical results in the product selectivity trend. It can be
concluded that the Co3C catalyst is beneficial for the production of long-chain products
while also serving to prevent the formation of methane at high reaction temperatures.

3. Experimental Section
3.1. Reagents

Cobalt acetate tetrahydrate, Polyethylene glycol 200 (PEG-200), Glucose and Potassium
Hydroxide (KOH) were purchased from Sinopharm chemical Reagent Co. Ltd., Shanghai,
China, without further purification. Tetraethylene glycol (TEG) was purchased from Alfa
and used without further purification.

3.2. Catalyst Preparation

Preparation of Co3C catalyst [23]: A total of 1 mmol cobalt acetate tetrahydrate and
1 mmol glucose were added to 60 mL TEG to form a solution in a 100 mL four-necked
flask. Subsequently, the temperature was raised to 290 °C (1 °C/min) and refluxed for
180 min in nitrogen atmosphere. After the temperature dropped to room temperature, the
solution was washed five times with distilled water and acetone solution to obtain a black
solid. Finally, the precipitate was dried at 60 °C for 6 h in a vacuum oven to obtain the
Co3C catalyst.
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3.3. Catalyst Characterizations
3.3.1. X-ray Diffraction

The XRD patterns of the catalysts were collected on an X-ray diffractometer (Bruker,
Germany) with Co Ka radiation at 35 kV and 40 mA. The scan rate of samples was set at
4.8° /min from 20° to 80°.

3.3.2. Scanning Electron Microscopy and Transmission Electron Microscopy

Scanning electron microscopy (SEM) measurements were performed on a FEI Quanta
400 field-emission scanning electron microscope. Transmission electron microscopy (TEM)
images were obtained using a FEI Talos F200A electron microscope at 200 kV accelerating
voltage. Before the measurements, the catalyst powder was dispersed in ethanol under
sonication for 30 min. The resulting suspended powder was dropped on a copper grid
covered with carbon film.

3.3.3. In Situ XRD Experiments

The in situ XRD experiments of the catalysts were conducted to detect the phase
transformation during the FTS reaction by using a Bruker D8 Advance XRD equipped with
Co Ka radiation at 35 kV and 40 mA. The in situ reaction system was specially designed
and supplied by University of Cape Town (UCT) [38].

All the in situ experiments were performed in a capillary with an outside diameter
of 1.0 mm, a wall thickness of 0.02 mm and a length of 75 mm. About 20 mg of catalyst
was loaded into the capillary. Afterwards, the syngas (H,/CO = 2) with a flow rate
of 25,000 mL gcat’l h~! was introduced into the system. The reaction temperature was
ramped to 150 °C to collect spectra; the same procedure was repeated at 180 °C, 200 °C,
210 °C, 220 °C, 230 °C, 240 °C, 250 °C, 260 °C, 280 °C and 300 °C. The scan rate of samples
was set at 4.8°/min from 35°to 80°.

3.4. Catalyst Evolution

FTS reactions were performed on the in situ XRD equipment. The 20 mg catalyst
was loaded into the capillary. The FTS reactions were investigated in a stream of syngas
(H, /CO = 2) with a flow rate of 25,000 mL gcafl h~1 at 0.2 MPa. The reaction temperature
was kept consistent with the temperature used in the in situ XRD experiments. And each
temperature was held constant for 30 min to collect detailed data, including CO conversion
and product selectivity.

The effluent gas was detected online using Agilent 7890B gas chromatography equip-
ment. Hy, Ny, CO, CHy and CO, flowed through a column packed with a PLOT Q and 5A
molecular sieve, and they were analyzed with a thermal conductivity detector (TCD). The
hydrocarbons flowed through a GAS pro column and were analyzed with a flame ioniza-
tion detector (FID). We used the internal standard method to calculate the CO conversion
and product selectivity. For the internal standard, 4% Ar in 64% H;/32% CO was used for
the CO conversion calculation. The selectivity and CO conversion can be calculated using
the following formulas:

NCOjin /Marin — NCO0ut /NArout

CO Conv. =
NCojin/Marin
Selectivity of CHy:
NCH4,0ut /I’IA,— out
Hy Sel. = -
C 4 Se NCO,in /nAr,in - nCOrOUt/nAr,out
Selectivity of Cy_4:
[an(2—4),DUt/nAr,out] X 2-4
Cx(z _4) Sel. = ( )

nCO,i_r\/ NArin — nCO/"“t/ NArout
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Selectivity of CO,:

NCO2,0ut /N ar,out

CO; Sel. =

rlCori“/nAr,in - nCO,out/nA,—,‘,ut

Selectivity of Cs,:
Cs4 Sel. = 1 — (CHy Sel. 4 Co4 Sel. 4+ CO; Sel.)

4. Conclusions

In the present study, we investigated the stability and performance of the CozC
catalyst in the FTS reaction by using in situ XRD. The S-CozC catalyst demonstrated
excellent stability at high reaction temperature (<300 °C) under syngas atmosphere. The
unique twinning structure results in the carbon atoms being difficult to remove, which is
responsible for the high stability at high temperature. The S-Co3C catalyst exhibited higher
activity with a high selectivity of heavy hydrocarbons. The high activity of the catalyst
is derived from the high intrinsic activity of the CosC structure, which facilitates the CO
activation during the FTS reaction. The high selectivity of heavy hydrocarbons can be
attributed to the lower position of the d band center of Co3C. This study sheds new light
on the stability of the CozC catalyst and presents a reasonable route for designing highly
active cobalt carbide catalysts for the FTS reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/catal14080483/s1. Figure S1: XRD pattern of Co3C catalyst; Figure S2:
(a) SEM image, (b) TEM image, (c) HRTEM image, and (d) FFT image of (c) image of Co3C catalyst;
Figure S3. XRD pattern of Co,C catalyst [39]; Figure S4: CO conversion of Co3zC catalyst as a
function of time on stream; Table S1: The catalytic performance over Co,C catalyst for FT synthesis at
different temperature.
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