Journal of Catalysis 370 (2019) 251–264

Contents lists available at ScienceDirect

Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat

Increasing the activity and selectivity of Co-based FTS catalysts
supported by carbon materials for direct synthesis of clean fuels by the
addition of chromium
Ziang Zhao a,c, Wei Lu a, Chenghai Feng e, Xingkun Chen d, Hejun Zhu a,⇑, Ruoou Yang f, Wenda Dong a,
Min Zhao a,c, Yuan Lyu a, Tao Liu a, Zheng Jiang f, Yunjie Ding a,b,d,⇑
a

Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, People’s Republic of China
State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, People’s Republic of China
c
University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
d
Hangzhou Institute of Advanced Studies, Zhejiang Normal University, Hangzhou 311231, People’s Republic of China
e
Shaanxi Yanchang Petroleum Yulin Coal Chemical Company, Yulin, Shaanxi 719000, People’s Republic of China
f
Shanghai Synchrotron Radiation Facility, Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201204, People’s Republic of China
b

a r t i c l e

i n f o

Article history:
Received 25 October 2018
Revised 19 December 2018
Accepted 19 December 2018

Keywords:
Fischer–Tropsch synthesis
Clean transportation fuels
Activated carbon support
Co-based catalysts
Cr promoter

a b s t r a c t
Synthesis of clean transportation fuels from syngas (CO + H2) derived from coal, natural gas, and renewable biomass is an efficient method for reducing dependence on oil reservoirs, for which developing effective catalysts is significant. Co-based catalysts supported by carbon materials possess advantages such as
longer lifetimes and easy handling of wasted catalysts, but increasing their activity and selectivity
remains a challenge. Here we report using Cr as a promoter to enhance the CO hydrogenation process
over activated carbon (AC)-supported Co-based catalysts, namely, CoxCr/AC catalysts. An almost twofold
increase in activity (from 28.9% to 47.0%), accompanied by decreased CH4, olefin, and alcohol selectivity,
was achieved by adding Cr, resulting in a significant increase in the yield of transportation fuel products.
The results of chemisorption indicate that Cr facilitates H2 adsorption and suppresses the formation of
cobalt carbide (Co2C), forming a relative H-rich and C-lean surface chemical environment, so that the
CO hydrogenation process and C–C coupling step are enhanced. Structural characterizations show that
Cr exists in the form of Cr2O3 and aggregates on the surfaces of the catalysts in a highly dispersed manner
at relative low loadings (<2 wt%), and that Co nanoparticles are partly covered by Cr at high loadings. We
suggest that the interaction between Cr3+ and adjacent metallic Co may play a pivotal role in the elevation of CO hydrogenation activity and C5+ selectivity.
Ó 2018 Elsevier Inc. All rights reserved.

1. Introduction
Synthesis of clean transportation fuels, such as gasoline, diesel,
and kerosene, from syngas (CO + H2) derived from coal, natural gas,
and renewable biomass via the Fischer–Tropsch synthesis (FTS)
process has long been recognized as an alternative route to reducing dependence on oil reservoirs [1–3]. Since FTS was first reported
in the 1920s, mounting work has been done to increase catalyst
activity and selectivity [4,5], and many catalysts, mainly cobalt
and iron-based, have been successfully developed and used in
industrial plants [6–9]. However, the treatment of deactivated
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Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, People’s
Republic of China.
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FTS catalysts remains a problem, and the metal components in
commercial catalysts, mainly precipitated iron-based catalysts
and supported cobalt-based catalysts, are difficult to retrieve
[10]. Since the requirement of environmental protection is attracting more attention at present, developing FTS catalysts with higher
activity, longer lifetimes, and especially easy handling of deactivated catalysts remains a major challenge [11,12].
Compared with conventional cobalt-based catalysts supported
on oxides, such as Co/SiO2 [13,14], Co/Al2O3 [15,16], and Co/TiO2
[17,18], activated carbon (AC)-supported Co-based catalysts have
advantages such as inertness to acids or alkalis, good resistance
to high water partial pressure, and easy handling of deactivated
catalysts to retrieve the metal components [19,20]. These
properties indicate a kind of green catalysts that have potential
commercial applications, while their activity and selectivity still
need to be increased. The original idea of the FTS reaction is the
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hydrogenation of metal carbides to form methylene, which acts as
a monomer for chain-growth step following the Anderson–
Schulz–Flory (ASF) distribution [1]. Kinetically, both CO dissociation and carbide hydrogenation should occur at sufficient rates to
provide enough chain growth monomers, and in many catalysts
CO bond dissociation on Co metal is always regarded as the
rate-determining step [21]. However, investigations on the structure of Co/AC catalysts show that a stable cobalt carbide phase
(Co2C) is easy to form under realistic FTS reaction conditions
(483–493 K and 3.0 MPa), which may prohibit dissociative CO
adsorption on the surface of metallic Co nanoparticles, resulting
in decreased FTS activity [22–25]. Although recently more evidence has been proposed that Co2C can adsorb CO associatively
and facilitate its insertion into alkyl chains to form alcohols [26],
its formation still should be prevented in order to expose more
metallic Co species for the synthesis of paraffins. We suggest that
this may be due to the relatively low H2 uptake over Co/AC catalysts than over those supported on metal oxides, resulting in a relative H-lean and C-rich surface chemical environment that makes
the hydrogenation step the rate-determining step [22,23].
At present, using metal oxides as promoters to modify the
structure and catalytic performance of Co-based FTS catalysts is
the most common but efficient method. Much research has
demonstrated that metal oxides can enhance the CO consumption
rate and C5+ selectivity [27,28], and Johnson et al. [29] thoroughly
investigated the effect of several metal oxides of Ce, Gd, La, Mn,
and Zr on the activity and selectivity of Co-based catalysts and
pointed out that Lewis acid-based interaction between metallic
Co nanoparticles and adjacent metal oxides can facilitate CO dissociation to some extent. Zirconium oxide was demonstrated to be an
effective promoter to improve the CO conversion and C5+ selectivity of Co-based FTS catalysts. The TOF based on H2 uptake
increased for CoZr/SiO2, according to Ali et al. [30]. It was suggested that ZrO2 may create an active interface with Co, which
may be responsible for enhancement in FTS activity by facilitating
CO dissociation to some extent. Additionally, some investigations
also reported that the presence of MnOx moderates the hydrogenation activity of catalysts, resulting in a high olefin/paraffin ratio in
the product slate as well as increased C5+ selectivity [28,31,32].
However, little research has ever focused on metal oxide promoters that can enhance the hydrogenation step, which may be the
rate-determining step over Co/AC catalysts.
As a widely used component in many methanol synthesis catalysts (ZnCrOx), chromium has been proved to be an efficient promoter, whereas its application in tuning the performance of FTS
catalysts has not been thoroughly investigated. Lohitharn et al.
studied the impact of Cr, Mn, and Zr promoters on the Fe-based
FTS process and proved that the addition of Cr can significantly
increase the activity of Fe-based FTS catalysts [33]. However, it
seems that study of the promoting effect of Cr on the performance
of Co-based catalysts is insufficient. Here, we report the impact of
chromium on the activity and selectivity of Co/AC catalysts, in
which an almost twofold increase in activity as well as increased
C5+ selectivity was found. The mechanism by which Cr oxide functions is also revealed.

2. Experimental section
2.1. Catalyst preparation
Supported Cox Cr/AC catalysts were prepared by the incipient
impregnation method following a procedure reported previously
[22,23]. An AC support (Brilliant Tech Company) produced from
coconut raw material was first stirred in a 10% HNO3 solution for
about 1 h at 353 K and then washed several times with deionized

water at 373 K until the liquid conductivity was lower than
20 ls/cm to remove the ash and alkali metals such as Na and K.
It was dried at 393 K in air for 12 h prior to being crushed into particles of 40–60 mesh before being impregnated. Metal precursors
including Co(NO3)26H2O and Cr(NO3)29H2O (99.9%, Aladdin Company) were dissolved in deionized water, forming a mixed solution
whose volume was equal to the total pore volume of the AC support. The prepared wet catalysts, including 15 wt% Co and various
weight percentages of Cr from 0 to 5 wt% on the basis of reduced
catalysts, were dried at 333 K in air for 10 h prior to being calcined
at 623 K under Ar for 3 h.
2.2. Catalyst testing
The Fischer–Tropsch reaction was tested in a stainless steel
fixed-bed microreactor with inner diameter 9 mm, and 2 mL of catalyst diluted with 2 mL of quartz powder with similar particle size
was packed into the flat-temperature zone of the tubular furnace.
Prior to the reaction, the catalyst was reduced in situ at up to
703 K for 10 h in a flow of pure H2 with a gas hourly space volume
(GHSV) of 2000 h1. After which the temperature was lowered to
353 K; afterward the syngas (H2/CO = 2/1) was fed into the fixedbed reactor. The Fischer–Tropsch reaction was carried out under
conditions of 493 K, 3.0 MPa, and GHSV = 2000 h1. The off-gas
passed in sequence through a hot trap and a cold trap kept at
393 K and 273 K, respectively, collecting products with different
boiling points. Stable experimental data were obtained after 12 h
time on stream.
The CO conversion and the selectivity toward each product on a
carbon basis were calculated by the formulae

X CO ¼

Si ¼

F CO;in  F CO;out
 100%
F CO;in
Ni  ni

RðNi  ni Þ

 100%

where XCO stands for the CO conversion, F indicates the molar flow
of the inlet gas and off-gas, Si is the selectivity for product i on a carbon basis (including alcohols, paraffins, olefins, and carbon dioxide),
Ni is the molar fraction of product i, and ni is the carbon number of
product i. The flow rates of inlet gas and off-gas were measured by a
mass flow meter and a soap film flow meter, respectively, and the
components of the off-gas were analyzed online by an Agilent
6890N chromatography apparatus with a Plot Q packed column
and a thermal conductivity detector (TCD) using the normalization
method of peak area. Thus the molar flow rates of inlet and outlet
CO (FCO, in and FCO, out) of the reactor can be calculated, and the
CO consumption and conversion can be calculated subsequently.
The carbon balance was calculated and kept at 100 ± 5%.
The liquid products were analyzed offline by the Agilent 6890N
chromatography apparatus mentioned above with an HP-5 capillary column and a flame ionization detector (FID). The organic liquid phase was analyzed by the normalization method of peak area;
however, the aqueous phase was measured by the internal standard method using sec-butyl alcohol as an internal standard. The
weights of product i in the organic liquid phase and the aqueous
phase were calculated by the following formulae. For the organic
liquid phase,

mi ¼ m 

Ai  f i

RðAi  f i Þ

where m indicates the total weight of organic liquid product, mi represents the weight of product i in the organic liquid product, Ai
stands for the peak area of product I, and fi indicates the correction
factor for product i. For the aqueous phase,
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mj ¼ ms 

Aj  f j
As  f s

where mj indicates the mass of product j in the aqueous phase, Aj is
the peak area of product j, and fj stands for the correction factor for
product i. ms, As, and fs stand for the mass, peak area, and correction
factor of the internal standard (sec-butyl alcohol), respectively.
2.3. Catalyst characterization
2.3.1. N2 Physisorption
The specific surface area, pore volume, and average pore size of
the activated carbon support and the CoxCr/AC catalysts were
measured by the N2 physisorption method with a Quantachrome
Autosorb-1 instrument. About 20 mg of each catalyst sample was
loaded into a 9-mm-diameter quartz rod and then weighed carefully before loading into the instrument. Analysis was performed
under N2 at 77 K, and the system was heated to 473 K and evacuated overnight for outgassing before the measurement was
conducted.
2.3.2. HRTEM imaging
Morphology of the CoxCr/AC catalysts was characterized by
high-resolution transmission electron microscopy (HRTEM). The
samples were prepared by ultrasonic dispersion of the spent catalysts in ethanol for 1 h, and the suspensions were added onto a
copper grid dropwise for HRTEM analysis. HRTEM was conducted
on a Tecnai G2 F30 S-Twin electron microscope operated at
300 kV. The average Co particle size was determined for more than
200 particles from different regions.
2.3.3. Chemisorption
Hydrogen temperature-programmed-reduction (H2 TPR) experiments were carried out with a Zeton Altamira AMI-300 instrument. About 100 mg of calcined CoxCr/AC catalyst was packed
into a U-shaped quartz tube. Afterward it was flushed with Ar at
393 K for 2 h and then cooled to 323 K in the initial stage. Then
the sample was treated with a flow of 10% H2/Ar at up to 1073 K
at a heating rate of 10 K/min. The H2 consumption was detected
by a TCD.
Pulsed CO chemisorption was carried out with the same instrument as above. About 100 mg of calcined catalyst was loaded into a
U-shaped quartz tube and then reduced at 703 K for 4 h in a flow of
10% H2/Ar. Afterward, the sample was flushed with He at the same
temperature for 1 h to remove the residual adsorbed H2 and then
cooled to setting temperature in a flow of He. Experiments were
performed at 323 K, which was reported in the literature to be suitable for CO adsorption [28], by means of pulse injection of 10% CO/
He. The quantity of residual CO in the flow downstream of the sample was measured by a TCD, and the CO pulses were continued

until the TCD signal reached a constant value. The dispersion of
cobalt is calculated based on the CO uptake and reduction degree
of Co species, according to the formula

% Dispersion ¼ ½0:5893  ðlmol=gCOÞ=½ð% metalÞ
 ðreduction percentageÞ
Pulsed H2 chemisorption was also carried out using the same
instrument. About 100 mg of calcined catalyst sample was loaded
into a U-shaped quartz tube and then reduced at 703 K for 4 h in
a flow of 10% H2/Ar. Afterward, the sample was flushed with Ar
at the same temperature for 2 h to remove the residual adsorbed
H2. Then the oven was cooled to 373 K in a flow of Ar, which was
reported to be appropriate for H2 adsorption [28] with pulse injection of 10% H2/Ar. The quantity of residual H2 in the flow downstream of the sample was measured by a TCD, and the H2 pulses
were continued until the TCD signal was unchanged.
2.3.4. XRD measurement
Powder X-ray diffraction (ex situ XRD) phase analysis was conducted with a PANalytical X’Pert3 powder diffractometer with
CuKa radiation. The calcined and spent CoxCr/AC samples were
packed into the glassy sample holder and measured at 40 kV and
40 mA in a scanning angle (2h) range of 30–80° and 40–50° at a
speed of 2°/min in each run. The in situ XRD measurements were
conducted on the same instrument with an Anton Paar XRK 900
in situ chamber for the CO hydrogenation reaction. The phase
transformation of the calcined Co/AC and Co2Cr/AC samples was
monitored during reduction in a H2 flow of 20 mL/min at a heating
rate of 1 K/min from room temperature to 703 K. Each scan was
performed every 20 min in a 2h ranging from 30° to 80°. Afterward,
the chamber was cooled to 493 K and the catalyst sample was treated with syngas (H2/CO = 2/1) at 0.8 MPa (the maximum pressure
of the chamber was less than 1.0 MPa) in a syngas flow of
20 mL/min. The XRD patterns were collected every 1 h. All of the
XRD patterns were analyzed by the X’pert HighScore Plus 2.0 software in the JCPDS library.
2.3.5. XAFS measurement
The X-ray absorption fine structure (XAFS) spectra were collected at BL14W1 in the Shanghai Synchrotron Radiation Facility
(SSRF, SINAP, Shanghai, China) in transmission mode at beamline
10-BM with the use of a Si(1 1 1) crystal monochromator. The storage ring was operated at 3.5 GeV with an injection current of
200 mA. About 20 mg catalyst samples were first mixed well with
50 mg LiF and pressed into pellets 0.1 mm thick, and then placed
vertically to ensure the transmission of X-rays. Co foil was used
as the reference sample and all of the X-ray absorption spectra
were measured in the transmission mode. X-ray adsorption

Table 1
Performance of CO hydrogenation over CoxCr/AC catalysts with different Cr loadings.

a
b

Catalysts

CO conversion/%

Co/ACa
Co1Cr/ACa
Co2Cr/ACa
Co3Cr/ACa
Co5Cr/ACa
Co2Cr/ACb
Co3Cr/ACb

28.9
35.0
47.0
45.6
30.1
37.7
31.8

Selectivity/C%

Liquid
product
distribution/
wt%

Space–time yield/gkgcat1h1

CH4

CO2

C2–4 olefins

C2–4 paraffins

C5+

ROH

C5+

ROH

Alcohols

Olefins

Paraffins

23.1
21.3
20.8
18.1
20.4
20.7
22.8

0.6
0.5
0.6
0.5
0.8
0.6
0.5

10.8
10.5
7.5
7.8
11.9
7.9
9.3

12.7
12.2
14.2
12.5
12.6
14.9
14.6

32.0
36.6
41.4
42.5
35.8
43.3
38.3

20.8
18.9
15.5
18.6
18.5
12.6
14.4

45.5
55.1
60.5
59.2
52.3
66.5
60.4

54.5
44.9
39.5
40.8
47.7
33.5
39.6

41.7
42.6
53.0
62.0
37.7
43.3
46.2

32.4
42.8
44.2
45.0
43.0
36.1
41.4

89.7
102.2
173.2
162.3
89.0
204.6
165.3

Reaction conditions: P = 3.0 MPa, T = 493 K, H2/CO = 2/1, GHSV = 2000 h1.
Reaction conditions: P = 3.0 MPa, T = 493 K, H2/CO = 2/1, GHSV = 3000 h1.

254

Z. Zhao et al. / Journal of Catalysis 370 (2019) 251–264

2.3.6. XPS surface analysis
X-ray photoelectron spectroscopy (XPS) tests were conducted
on a Thermo Scientific Escalab 250Xi instrument with an X-ray
source of monochromatic AlKa at 15 kV and 10.8 mA to analyze
the surface composition of CoxCr/AC samples. After subtraction
of the Shirley-type background, the spectra were decomposed into
several components with mixed Gaussian–Lorentzian lines using a
nonlinear least-squares curve-fitting procedure reported previously [34]. All the XPS spectra were corrected by referring to the
binding energies of the C1s neutral carbon peak at 284.6 eV. The
atomic surface compositions were calculated using the formula
0:6
ni Ii rj Ekj
¼   0:6 ;
nj Ij ri Ek
i

where n, I, r, and Ek stand for the number of atoms, peak intensity,
photoionization cross section, and kinetic energy, respectively.
3. Results and discussion
3.1. Catalytic performance

Fig. 1. ASF distributions of CoxCr/AC. (a) Alcohols; (b) olefins; (c) paraffins.

near-edge spectroscopy (XANES) of the spent CoxCr/AC catalysts
were measured at the Co K-edge (7712 eV) under ambient conditions. Fourier transformation of the extended X-ray absorption fine
structure (EXAFS) data was applied to the k3-weighted functions.
The XAFS data were analyzed using the Demeter software family,
which uses IFEFFIT internally.

The results of CO hydrogenation over the CoxCr/AC (x = 0, 1, 2, 3,
and 5) catalysts with varying Cr loadings under conditions of
493 K, 3.0 MPa, GHSV = 2000 h1, and H2/CO = 2/1 are compiled
in Table 1. The product slate contains paraffins, olefins, mixed linear a-alcohols, and a minor amount of carbon dioxide. Most of the
C5+ hydrocarbons and all of the alcohols exist in the liquid phase,
while CH4, CO2, C2–C4 hydrocarbons, and part of C5+ hydrocarbons
are in the gaseous phase. In comparison with the unpromoted
Co/AC catalyst, Cr promotion enhanced the CO conversion about
twofold (from 28.9% to at most 47.0% as Cr loading was increased
from 0 to 3 wt%) and increased the selectivity for C5+ products from
32.0% to 41.4%. Simultaneously, the selectivity to CH4 decreased
from 23.1% to 18.1% while the CO2 selectivity was almost not changed. Note that selectivity to olefins and alcohols was suppressed by
Cr promotion. The content of C5+ products in liquid product rose up
to 60.5 wt% by weight with the presence of Cr, and the space–time
yield of paraffins was at most 173.2 gkgcat1h1 when Cr loading
was 2 wt%. The CoxCr/AC catalysts exhibit activity similar to that of
other Co catalysts listed in Table S1 in the Supporting Information.
Additionally, the Co2Cr/AC and Co3Cr/AC samples were operated at
closer CO conversions for better comparison, and no significant
variety of product selectivity was found.
As seen in Fig. 1 for the Anderson–Schulz–Flory (ASF) distribution of paraffins, olefins, and alcohols, a minor amount of Cr doping
(1 wt%) can elevate the chain lengthening probabilities (a-values),
but further increase in Cr loadings does not affect them significantly. The a-values of paraffins, olefins, and alcohols of CoxCr/
AC catalysts were 0.73, 0.60, and 0.70, respectively. Based
on the results compiled above, one can conclude that Cr promotion
not only enhances CO hydrogenation but also elevates the selectivity for paraffins, and it seems that the optimized Cr loading was
2 wt%. According to Johnson et al. [29], there exists a most suitable
amount of metal oxide promoter over Co-based FTS catalysts, and a
further increase of promoter loading only result in a decrease of
catalyst activity. It depends on the spatial distribution of Cr and
its manner of interaction with Co nanoparticles, which will be
revealed in the following part of this article.
3.2. Catalyst structure characterizations
3.2.1. Textural properties
To ascertain the nature of the catalysts, a combination of characterization techniques was utilized. First of all, textural properties
acquired from N2 physisorption of the calcined Co/AC and CoxCr/
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AC catalyst samples are listed in Table 2. The BET area and total
pore volume of the activated carbon support are 1110 m2/g and
0.79 cm3/g, respectively. For CoxCr/AC catalysts, it is seen that
the BET surface area decreased from 990 to 705 m2/g as Cr loading
increased from 0 to 5 wt%, accompanied by a decrease of total pore
volume from 0.70 to 0.53 cm3/g, indicating that pore blockage may
be caused by the metallic oxide species formed by the decomposition of the nitrate precursor in the calcination process. Meanwhile,
the surface area of the micropores decreased from 490 to 358 m2/g
with the increase of Cr loading, while the average pore size, as well
as the pore sizes of mesopores and micropores, are not changed
significantly by Cr addition.

3.2.2. Microscopy
The morphology of the CoxCr/AC catalysts after FTS reaction
was analyzed by TEM characterization. Representative TEM images
for the spent Co/AC, Co1Cr/AC, Co2Cr/AC, and Co3Cr/AC samples
are shown in Fig. 2a1–d1. It is seen that the active sites of these catalysts should be spherical cobalt species whose particle sizes range
from 5 to 10 nm and disperse on the surfaces of AC supports. The
particle size distributions are depicted in Fig. 2a2–d2, showing
nearly monomodal, rather narrow Gaussian-like behavior. The
average particle sizes of cobalt species nanoparticles of Co/AC,
Co1Cr/AC, Co2Cr/AC, and Co3Cr/AC samples were 7.2, 6.6, 6.7,
and 6.2 nm, respectively. The result implies that the different loadings of Cr have a diminutive influence on the particle sizes of cobalt
species. The average particle sizes of CoxCr/AC catalysts were a little less than that of the Co/AC catalyst, according to TEM results.
The crystalline sizes of Co species in spent CoxCr/AC calculated
by the Scherrer equation based on XRD measurement are listed
in Table 3. This shows that the addition of Cr decreases the crystalline size of Co species from 14.6 to 7.5–8.8 nm, which indicates
the same variation tendency with TEM results.
To investigate the crystalline structure of the cobalt species of
the spent catalysts in depth, the catalyst samples were simultaneously characterized by HRTEM characterization. The HRTEM
images, shown in Fig. 3a–d, indicate that face-centered-cubic
(fcc) Co coexists with Co2C in the nanoparticles. In Fig. 3a, the lattice fringes of 2.03 Å is attributed to the fcc Co (1 1 1) plane in the
spent Co/AC catalyst. Meanwhile, the clean lattice fringes of 2.19
and 1.92 Å, as well as the corresponding angle of 60°, are the characteristic interlayer spacing of the Co2C (0 0 2) and Co2C (0 1 2)
planes, and the lattice fringes of 2.25 Å are attributed to the Co2C
(0 2 0) plane. In Fig. 3b, the lattice fringes of 2.05 Å are attributed
to the fcc Co (1 1 1) plane in the spent Co1Cr/AC catalyst. Furthermore, the lattice fringes of 2.10 and 2.41 Å are the characteristic
interlayer spacings of the Co2C (1 1 1) and Co2C (1 1 0) planes,
respectively. Similar results can be obtained in Fig. 3c and d, in

which the characteristic lattice fringes of fcc Co and Co2C can be
identified simultaneously.

3.2.3. Crystalline phase and structure
To investigate the crystalline phase of the catalyst after calcination and FTS reaction, X-ray diffraction was conducted. The XRD
patterns of CoxCr/AC catalyst samples calcined at 623 K in an Ar
flow are shown in Fig. 4a. It is apparent that the cobalt species
are mainly the Co3O4 phase, according to the JCPDS library (PDF
No. 01-074-2120, 2h = 36.8°, 44.8°, 59.3°, and 65.2°). Meanwhile,
some CoO phase coexists in the samples (PDF No. 01-070-2855,
2h = 36.7°, 42.8°, and 62.2°). Note that no diffraction peak ascribed
to Cr was found in the XRD patterns. We suggest that a high dispersion of Cr promoter, which cannot be measured by XRD, exists on
the surface of calcined catalysts. With regard to the spent catalysts,
which were treated with syngas under realistic FTS reaction conditions in the fixed-bed reactor after 48 h time on stream, the XRD
patterns show some significant differences. Seen in Fig. 4b, a small
amount of Co2C (PDF No. 01-072-1369, 2h = 37.0°, 41.3°, 42.5°,
45.7°, and 56.6°) and a large amount of fcc Co (PDF No. 01-0897093, 2h = 44.2°) can be identified in the spent Co/AC catalyst.
Based on the investigations in our previous article, the active site
of the Co/AC catalyst may be composed of metallic fcc Co phase
and Co2C phase, namely, Co2C@Co, which favors the formation of
paraffin but still of a non-negligible amount of alcohols and olefins
[22], whereas the structure of the spent CoxCr/AC catalysts differs
somewhat from that of the spent Co/AC catalyst. As shown in
Fig. 4b, the diffraction peaks attributed to Co2C diminish with the
increase in Cr loadings, and the fcc Co phase remains as the main
cobalt species. This shows that Cr promotion inhibits the formation
of the Co2C phase, resulting in fcc Co as the dominant active site
microstructure, whose C–O dissociation and hydrogenation were
enhanced. From the results, a clear structure–performance relationship can be established.
Evolution of crystalline phases during H2 reduction and FTS
reaction is then revealed by in situ XRD, as displayed in Fig. 5.
The calcined Co2Cr/AC catalyst was picked as the sample because
of its best activity and C5+ selectivity. The sample was first treated
in a flow of H2 at elevated temperatures from 298 to 703 K, during
which the XRD patterns were collected every 20 K and are depicted
in Fig. 5a–c. At the beginning of the reduction process, the main
component of cobalt species was Co3O4 when the temperature
was lower than 433 K, and it started to be reduced to CoO when
the temperature reached 453 K. This means that the reduction of
cobalt oxide supported on the activated carbon starts at about
453 K, during which Co3+ converts into Co2+ for the first step of
reduction, as reported in the literature [25]. Subsequently, the
diffraction peak attributed to fcc Co started to appear when the

Table 2
Textural properties of AC and CoxCr/AC catalysts.
Catalysts

ABETa
(m2/g)

Amicrob
(m2/g)

Vtotalc
(cm3/g)

Vmicrod
(cm3/g)

D
(nm)

Dmeso
(nm)

Dmicro
(Å)

AC
Co/AC
Co1Cr/AC
Co2Cr/AC
Co3Cr/AC
Co5Cr/AC

1110
990
876
843
726
705

634
490
473
420
420
358

0.79
0.70
0.65
0.57
0.52
0.53

0.26
0.20
0.19
0.20
0.17
0.15

2.9
2.9
2.9
2.7
2.8
3.0

3.8
3.4
3.1
3.1
3.1
3.1

5.5
5.5
5.6
5.6
5.5
5.5

Notes: ABET: surface area; Amicro: micropore surface area; Vtotal: total pore volume; Vmicro: micropore volume; D: average pore size; Dmeso: pore size of mesopore; Dmicro: pore
size of micropore.
a
The surface area was calculated by the BET method.
b
The micropore surface area was calculated by the t-plot method.
c
The total pore volume was obtained from the N2 amount adsorbed at a relative pressure close to unity.
d
The micropore volume was calculated by the t-plot method.
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Fig. 2. TEM images and particle size distributions of spent CoxCr/AC. (a1), (a2) Co/AC; (b1), (b2) Co1Cr/AC; (c1), (c2) Co2Cr/AC; (d1), (d2) Co3Cr/AC.

temperature was elevated to 653 K, which exhibits the second
reduction step, during which Co2+ converts into Co0. The amount
of metallic Co0 continued to increase as the temperature was ele-

vated to 703 K, and remained constant after 2 h treatment. Note
that some residual CoO species could not be reduced, although
another 8 h treatment was performed. Since the CoO phase has
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Table 3
H2 and CO uptake, dispersion, and reduction degree of metallic Co for CoxCr/AC catalysts.

a
b
c
d
e

Catalysts

d (nm)a
XRD

H2 uptake
(lmol/g-cobalt, STP)b

CO uptake
(lmol/g-cobalt, STP)c

Dispersion degree
(%)d

Reduction degree
(%)e

Co/AC
Co1Cr/AC
Co2Cr/AC
Co3Cr/AC
Co5Cr/AC

14.6
19.7
8.8
7.5
7.7

9.8
13.5
23.5
23.1
22.3

232.2
192.0
148.0
147.4
143.8

11.6
9.9
8.1
6.9
7.0

78
75
71
83
81

Average particle size of cobalt species after reaction determined by the Scherrer equation.
Determined by H2 pulsed chemisorption.
Determined by CO pulsed chemisorption.
Based on CO/Metal = 1/1. % Dispersion = [0.5893  (lmol/gCO)]/[(%metal)  (reduction percentage)].
Based on H2 consumption in TPR.

Fig. 3. HRTEM images of spent CoxCr/AC. (a) Co/AC; (b) Co1Cr/AC; (c) Co2Cr/AC; (d) Co3Cr/AC.

no CO hydrogenation activity, the active site should be the metallic
fcc Co phase in the reduced Co2Cr/AC catalyst. In contrast to the
in situ XRD patterns of Co/AC catalyst depicted in Figs. S1a–S1c,
no obvious difference in the two catalyst samples could be
observed during the H2 reduction process. The reduced Co2Cr/AC
catalyst was then treated with syngas (H2/CO = 2/1) to investigate
the restructuring of active sites under realistic CO hydrogenation
reaction conditions. Experiments were conducted at 493 K and
0.8 MPa in the in situ chamber of the XRD, the results of which
are presented in Fig. 5d. The major component of the catalyst sample continued to be the metallic fcc Co phase, and the XRD patterns
stayed unchanged for 80 h time on stream. No obvious diffraction
peak of Co2C could be observed. In contrast to the in situ XRD patterns of the Co/AC catalyst depicted in Fig. S1d, a small diffraction

peak of Co2C could be observed at 2h = 41.3°, 42.5°, and 45.7° for
80 h time on stream. The result corresponds well with the ex situ
XRD patterns shown in Fig. 4. Although the reaction rate and the
depth of carburization in the in situ XRD apparatus are less than
those in the fixed-bed reactor, the inhibiting effect of Cr on the formation of Co2C could be identified.
To understand the fine structure of the CoxCr/AC catalysts in
depth, we used XANES and EXAFS to determine the fine structure
of catalyst samples after reactions. The Co K-edge XANES and
EXAFS are depicted in Fig. 6a and b. No obvious difference occurred
among the spent CoxCr/AC catalysts in Co K-edge XANES spectra,
which lay in the middle of Co-foil and CoO references. This shows
that the crystalline phase of spent CoxCr/AC catalysts can be
regarded as a mixture of metallic Co and CoO phases. The
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groups on the surface of the activated carbon support in the presence of metallic Co, accompanied by the formation of methane.
According to Fig. 7, the addition of Cr restricted the reduction of
cobalt oxides to some extent, because all three peaks migrate
toward higher temperatures, from 491, 603, and 763 K to 508,
623, and 804 K, respectively, as Cr loading increased from 1 to
3 wt%. The reduction degrees calculated on the basis of the H2
TPR results are listed in Table 3 and decrease from 78 to 71% as
the Cr loading increases to 2 wt%. However, further increase in Cr
doping leads to an elevation of the reduction degree to 83%, caused
by the increase of H2 consumption. This may be attributed to the
change in the distribution of Cr promoter at high loadings.

Fig. 4. XRD patterns of CoxCr/AC. (a) calcined CoxCr/AC; (b) spent CoxCr/AC.

calculated bond length of Co–Co was increased from 2.04 Å (Co foil)
to 2.10 Å with the increase of Cr loading from 1 to 3 wt%, according to
the Co K-edge EXAFS spectra in Fig. 6b. We advocate the interaction
of Cr and Co results in the expansion of the Co lattice.
These characterization results suggest that in the CoxCr/AC catalysts, although some Co2C species still formed after the reaction,
metallic Co was the major component in the cobalt nanoparticles,
which resulted in higher activity and selectivity than for the
unpromoted Co/AC catalyst. We suggest that the reason behind
the inhibition effect of Cr on the formation of Co2C is the
chemisorption behavior of H2 and CO on the surfaces of catalysts.
Accordingly, chemisorption over CoxCr/AC catalysts is investigated
in the following section.
3.2.4. Chemisorption
In this part, several characterization methods involving H2 TPR,
pulsed CO, and H2 chemisorption, as well as CO TPD, are used to
investigate the effect of Cr on chemisorption.
3.2.4.1. H2 TPR. The H2 TPR profiles of Co/AC and CoxCr/AC catalysts
are depicted in Fig. 7, in which three major peaks can be observed.
The small hydrogen consumption peak at about 491 K is attributed
to the reduction of Co3O4 to CoO, which is the first reduction step
for cobalt oxides. The second peak, located at about 603 K, is
assigned to the second reduction step for Co species, during which
the CoO converts to metallic Co. The broad hydrogen consumption
peak at 763 K should be ascribed to the hydrogenation of organic

3.2.4.2. H2 and CO uptake. The CO uptake of the CoxCr/AC catalysts
was measured and the results are compiled in Table 3. It is distinct
that the CO uptake decreases monotonically from 232.2 to
143.8 lmol/g-cat with the increase of Cr loading from 0 to 5 wt%,
indicating weaker CO adsorption caused by the addition of Cr.
Meanwhile, the dispersion degree of Co calculated based on CO
uptake declined as Cr promoter was added. It is seen that the Co
dispersion degree of Co1Cr/AC (9.9%) was obviously lower than
that of the unpromoted Co/AC catalyst (11.6%). The increasing of
Cr loading could cause continuos decline of Co dispersion (7–8%).
The decreased CO uptake and Co dispersion may represent the partial coverage of Co nanoparticles by CrOx clusters.
With respect to the H2 uptake of the CoxCr/AC catalyst samples,
seen also in Table 3, the addition of Cr resulted in a monotonic
increase of H2 uptake from 9.8 to 23.5 lmol/g-cat when the Cr
loading increased from 0 to 2 wt%, whereas H2 uptake decreased
from 23.5 to 22.3 lmol/g-cat when the Cr loading increased from
2 to 5 wt%. The results clearly indicate that the addition of Cr facilitates H2 adsorption and inhibits CO adsorption to some extent,
creating a relative H-rich and C-lean environment on the surface
of the CoxCr/AC catalysts, which may then facilitate the hydrogenation process.
The intimate contact between Co and metal oxide promoters
can result in a change in turnover frequency (TOF). As revealed
by Johnson et al. [27], the TOF based on H2 uptake increased for
Zr-promoted Co/SiO2 catalysts, and they argued that ZrO2 may create an active interface with Co, which may be responsible for
enhancement in Co activity by the facilitation of CO dissociation.
In this article, one can notice that the AC-supported Co catalysts
exhibited a distinct character in comparison with typical ones, that
is, a low H2 uptake value. We suggest that the interaction between
Co and the carbon support may play the pivotal role. This means
that not enhancing CO dissociation, but facilitating H2 adsorption
may contribute significantly to the activity of Co.
As shown in Fig. 8, the results for H2 uptake correspond well
with the TOF of the CO hydrogenation reaction. The TOF increased
from 47.2 to 119.8 h1 as the Cr loading increased from 0 to 2 wt%.
Meanwhile, H2 uptake increased from 9.8 to 23.5 lmol/g-cat, but
continuous increase of Cr loading could not cause sustainable
increase of TOF. Notice that no relationship between TOF and CO
uptake can be identified. We suggest that the contact of Co with
Cr may also create the active interface, just as with the Zr–Co/
SiO2 catalysts reported in the literature [27], but the enhancement
in Co activity should be attributed to the facilitating of H2
adsorption.
The long-term stability of the Co2Cr/AC catalyst was tested and
is shown in Fig. S2. It exhibits good stability in the 100 h time on
stream with almost no decrease in activity and selectivity. We suggest that the enriched surface H atoms generated by H2 adsorption
and dissociation help cleanse the surface carbonaceous species,
which may gradually form graphitic carbon deposited on the Co
nanoparticles, resulting in the decrease in activity and change in
selectivity in the literature [35].
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Fig. 5. In situ XRD patterns of Co2Cr/AC. (a), (b) temperature-programmed reduction of calcined Co2Cr/AC sample in a flow of H2 (20 mL/min, 0.1 MPa); (c) the sample was
kept at 703 K in a flow of H2 for 10 h (20 mL/min, 0.1 MPa); (d) the sample was shifted to syngas at 493 K for 80 h (H2/CO = 2/1, 20 mL/min, 0.8 MPa).

3.2.4.3. CO TPD. CO TPD profiles of CoxCr/AC catalysts are depicted
in Fig. 9. It is obvious that H2, CH4, CO, and CO2 are the desorbed
products. See Fig. 9a and b for the profiles of Co/AC and Co2Cr/
AC catalysts. Similar H2, CH4, and CO2 desorption peaks can be
located, while those of CO show some differences. It is seen that
three CO desorption peaks occur in the profile of Co/AC at about
720, 820, and 950 K, but that of Co2Cr/AC has only two, at about
720 and 820 K. As depicted in the literature [36], the peak located
at 720 K is attributed to the weakly adsorbed CO molecules, and
the other two are assigned to the strongly adsorbed ones. Obviously, CO adsorption on the Cr-promoted catalysts is weaker than
on the Co/AC catalyst because of the lack of one CO desorption
peak, which is acknowledged to be strongly adsorbed CO species
on Co active sites and can undergo dissociative adsorption and further be hydrogenated during the FTS reaction. The result corresponds well with the decrease in CO uptake over Cr-promoted
catalysts.
The results of chemisorption indicate that although Cr limited
the reduction of cobalt oxide to some extent, Cr promoter increases
the H2 uptake of AC-supported Co-based FTS catalysts, over which
the absorbed alkyl may be much easier to hydrogenate to form
hydrocarbons, according to the correlation between TOF and H2
uptake.

3.2.5. Surface elemental composition
The surface elemental composition of the calcined CoxCr/AC
catalysts under Ar and spent CoxCr/AC catalysts after 48 h time
on stream, as well as the valence state of elements and quantitative
analysis, were investigated by XPS. The full XPS spectra, as well as
the XPS spectra of Co2p and Cr2p, are compiled in Fig. 10. First, the
full XPS spectra of the calcined and spent CoxCr/AC catalysts are
depicted in Fig. 10a and b, respectively. No significant difference
in the full XPS spectra among the three calcined samples can be
found, and the detailed binding energy of Co2p, Cr2p, O1s, and
C1s should be analyzed in depth to verify the valence state of each
element. Seen in Fig. 10c, deconvolutions of the Co2p3/2 peaks at
779.7, 781.3, and 782.7 eV were located, which are attributed to
the Co3+ as well as two kinds of Co2+ in the Co3O4 and CoO components of the calcined CoxCr/AC catalysts, respectively. Satellite
structures at 786.7 and 802.7 eV can be found in all the Co2p
XPS spectra. It seems that Co3O4 is the dominant cobalt phase on
the surfaces of calcined CoxCr/AC catalysts. As seen in Fig. 10d,
deconvolutions of the Co2p3/2 peaks at 781.3 and 782.7 eV were
replaced by 782.3 eV, which could be attributed to Co2+ in the
spent Co/AC and CoxCr/AC catalysts. Meanwhile, no obvious binding energy attributed to Co0 could be found. It can be concluded
that the chemical state of cobalt species on the surfaces of
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Fig. 8. Calculated TOF and corresponding H2 uptake of CoxCr/AC catalysts.

Fig. 6. Chemical state characterization of CoxCr/AC catalyst samples. (a) Co K-edge
XANES spectra; (b) EXAFS spectra.

Fig. 9. MS signal of (a) Co/AC and (b) Co2Cr/AC during CO TPD process.
Fig. 7. H2 TPR profiles of CoxCr/AC.

CoxCr/AC catalysts was similar to that on the Co/AC catalyst after
the FTS reaction, according to Fig. 10d. With respect to the valence
state of Cr species, Cr2p3/2 peaks at 576.5 eV, which were assigned
to Cr3+, could be found in both calcined and spent CoxCr/AC catalysts, according to Fig. 10e and f. This shows that the Cr species

exists in the form of Cr2O3 after calcination and cannot be reduced
in the reduction and FTS reaction steps.
The XPS spectra of O1s and C1s are compiled in Fig. 11. Based on
Fig. 11a and b, C1s peaks at 284.5, 285.7, 286.3, and 288.5 eV were
observed on the different CoxCr/AC samples, in which the C1s peak
at 284.5 eV was attributed to the surface graphitic carbon (CAC) of
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Fig. 10. XPS spectra of CoxCr/AC. Full XPS spectra of (a) calcined CoxCr/AC catalysts; (b) calcined CoxCr/AC catalysts. Co2p XPS spectra of (c) calcined CoxCr/AC catalysts; (d)
calcined CoxCr/AC catalysts. Cr2p XPS spectra of (e) calcined CoxCr/AC catalysts; (f) calcined CoxCr/AC catalysts.

the AC support; C1s peaks at 285.7, 286.3, and 288.5 eV were
assigned to the surface CAO, C@O, and COOH groups of the AC support, respectively. However, there was no peak of the surface carbides that might be attributed to the cobalt carbide on the
surfaces of CoxCr/AC samples. With respect to O1s XPS spectra,
as seen in Fig. 11c and d, O1s peaks at 529.8, 531.5, and 533.0 eV
attributed to the surface metallic oxide and the CAO and C@O
groups of the AC support, respectively, were observed on both
the calcined and spent CoxCr/AC samples. This shows that the
Co2+ species in the spent catalysts are CoO, which may be formed
by the oxidation of metallic Co in the transportation and preparation of catalyst samples. In general, characterizations of surface

elemental composition show that almost no surface cobalt carbide
exists in the spent Cr-promoted catalysts.
Quantitative analysis of the surface atomic ratios of Co to Cr
obtained from XPS spectra are depicted in Table 4. These indicate
that Cr accumulates on the surfaces of catalysts early in the calcination step, which differs from that of Mn reported in previous
[22]. It is seen that Co and Cr may not form a composite oxide during the calcination step like Mn, but separate from each other prior
to reduction. The behavior, we argue, may indicate a different
interaction between metallic Co and Cr oxide, because of the larger
amount of optimized Cr loading (2 wt%) than of Mn (0.5 wt%) to
achieve a full promotion effect.
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Fig. 11. C1s and O1s XPS spectra of CoxCr/AC. (a, c) calcined CoxCr/AC catalysts; (b, d) spent CoxCr/AC catalysts.

Table 4
Relative surface atomic ratio of Co to Cr.a
Samples

Co1Cr/AC
Co2Cr/AC

Co/Cr ratio
Stoichiometric ratio

After calcination

After reaction

13.2
6.6

4.2
2.3

1.9
1.5


a

Based on XPS quantitative analysis

ni
nj


Ek0:6
r
¼ IIij  rji  E0:6j .
k
i

3.3. Mechanism of Cr promotion
Cr promotion shows a significant effect on the catalytic performance of AC-supported Co-based FTS catalysts by increasing the
CO hydrogenation activity and facilitating the formation of paraffins. It is seen that an optimized Cr loading (2 wt%) exists and further increase only results in a decrease of CO conversion. Since
much knowledge has been achieved on tuning the activity and
selectivity of FTS catalysts, and based on the largely accumulated
experimental work, researchers classified the functions of metal
oxides as electronic and structural promoters [27], and Johnson
et al. argued that a Lewis acid-based interaction between Co metal
and adjacent cations of metal oxide promoters weakens the CAO
bond and facilitates its disruption [28]. It seems that an optimized
loading of each promoter exists; for instance, the molar ratio of Mn
and Co was found to be 0.1, according to the literature [28]. As a
consequence of those investigations, it was possible to rationalize

the impact of the Cr promotion on the catalytic performance of
CoxCr/AC catalysts.
Based on the structural analysis of catalysts with varying Cr
loadings, we argue that the Cr inhibits the formation of Co2C,
which has no CO hydrogenation activity, by creating a relative
H-rich and C-lean surface chemical environment, which can be
attributed to enhanced H2 adsorption on the surfaces of CoxCr/
AC catalysts. Our previous investigations have proved that
Mn-promoted CoxMn/AC catalysts with high alcohol and olefin
selectivities have a unique active structure, namely, Co@Co2C,
which is Co2C nanoparticles with small surface Co ensembles
[22]. Its counterpart, Co2C@Co, is determined to be the active site
of the unpromoted Co/AC catalyst, over which paraffins are the
major product. The correlation between Cr loading, H2 chemisorption, and FTS activity suggests that the addition of Cr enhances the
H2 adsorption, accelerating the formation rate of CHx monomers
and eventually enhancing the hydrogenation process. Compared
with our previous research, it is significant that Cr promotion has
a quite different effect than Mn. It is acknowledged that Co
nanoparticles are the active sites for H2 and CO dissociative
adsorption during FTS reaction, forming surface H* and C* species.
The two intermediate species subsequently react with each other
to form surface *CHx species, which are the building blocks of the
alkyl chains. If the hydrogenation on the surface of catalysts was
greatly enhanced, the *CHx species tended to be fully hydrogenated
to CH4; otherwise they might connect to others to form the
*
CnH2n+1 species. As seen in Fig. 12, at any stage of the alkyl chain
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Fig. 13. Spatial distribution of Cr and Co on the activated carbon support.

Fig. 12. Schematic figure of reaction routes over CoxCr/AC catalysts.

growth, stable products could be formed either by b-hydride elimination from a growing carbon chain to produce a linear a-olefin or
by a-hydrogen addition by H* to produce a linear paraffin. In the
presence of Co2C, which is recognized as the active site of CO
nondissociative adsorption, the insertion of the CO molecule into
the alkyl chains to form oxygenates is another possible route of
the FTS reaction. Obviously, on the basis of catalytic performance,
Cr promotion significantly enhances a-hydrogen addition and inhibits b-hydride elimination and CO insertion because of the
increased paraffin selectivity. The rationale behind this is twofold.
First, enhancement of H2 chemisorption by Cr promotion increases
the surface ratio of H and C, which facilitates the hydrogenation of
alkyl chains to form paraffins. Second, it suppresses the formation
of Co2C and inhibits CO insertion into alkyl chains to form alcohols.
Actually, CrOx has been used as an efficient promoter in CO hydrogenation reactions, for instance, the well-known use of CuZnCrOx
for the synthesis of methanol from syngas. The Cr oxide acts as
an active site of hydrogenation because Zn and its adjacent Cu
are considered to adsorb CO associatively, while their hydrogenation activity is relatively weak [37].
Spatial distribution is another issue of concern for studying the
mechanism by which metal oxides function. According to the XRD
and XPS results, we advocate that Cr exists in the form of Cr2O3 in a
highly dispersed form whose characteristic dimension is less than
3 nm. It tends to accumulate on the surfaces of catalysts after calcination, which is earlier than for Mn as reported in [22], indicating
that Co and Cr oxides separate from each other in the early stage of
precursor calcination. This behavior differs somewhat from that of
MnOx, which forms a mixed oxide with CoOx after the calcination
process [22,38], and migrates onto the surfaces of catalysts only
after the reduction process. Nevertheless, the optimized molar
ratios of Mn/Co and Cr/Co are 0.03 and 0.13, respectively, on the
basis of our previous investigations and the results shown in this
article [28]. The four fold loading of Cr to Mn, we suggest, should
be attributed to the different manners of spatial distribution of
the two oxides. Since Mn has been proved to aggregate on the surfaces of Co nanoparticles, and half of Mn coverage (a minor amount
of Mn promoter needed) leads to the strongest promotional effect
[22,28], the larger amount of Cr obviously cannot all accumulate on
the surfaces of Co nanoparticles. Accordingly, we argue that Cr promotion tends to distribute first on the surfaces of AC support, surrounding the Co nanoparticles as shown in Fig. 13. As the Cr
loading increases, some Cr2O3 starts to migrate onto the surfaces
of Co nanoparticles, contacting and having interactions with Co
atoms. Based on Johnson’s work, we suggest that the best promotion effect is achieved only when the maximum contact area of Co
and Cr is reached (Cr/Co = 0.13 in this article).
4. Conclusions
Here, we introduced Cr into the Co/AC catalysts in order to tune
the product slate toward paraffins and increase their activity and

selectivity. CO conversion was elevated from 28.9% to 47.0%, about
twofold, with the addition of Cr, which simultaneously prohibited
the formation of alcohols and enhanced the C5+ selectivity from
32.0% to 41.4%. The shift of the product slate toward paraffins
was attributed to the relative H-rich surface environment caused
by the enhancement of H2 uptake by Cr promotion. It thus facilitates the a-hydrogen addition step and prohibits the b-hydride
elimination and CO insertion steps simultaneously. Structural analysis of the active site shows that the formation of Co2C is inhibited
by Cr doping because of the enhancement of H2 adsorption, and
Cr2O3 tends to aggregate first on the surfaces of AC supports and
gradually cover the surfaces of Co nanoparticles, during which
the full promotion effect is achieved when the loading of Cr is
2 wt% (Cr/Co molar ratio 0.13). This work indicates an alternative
method of tuning the product slate of the FTS reaction by enhancing the hydrogenation step, other than CO dissociation over
carbon-material-supported Co-based FTS catalysts.
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