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roduction of heavy hydrocarbons
over cobalt–graphene–silica nanocomposite
catalysts†

Jian Huang, Weixin Qian, Hongfang Ma, Haitao Zhang and Weiyong Ying*

Herein, cobalt–graphene–silica nanocomposites were prepared by a sol–gel method to produce heavy

hydrocarbons for Fischer–Tropsch synthesis. The catalysts were characterized by N2 physisorption, XRD,

TEM, TPR, TPD, XPS, and DRIFTS techniques. The activity of catalysts and the selectivity of products were

examined in a tubular fixed-bed reactor. It can be concluded that the introduction of graphene into

cobalt–silica nanocomposites significantly enhanced the amount and stability of adsorbed CO at low

temperatures, resulting in higher concentrations of CO species on the catalyst surface. Moreover,

graphene can weaken the cobalt–silica interaction, leading to higher degree of reduction of cobalt

oxides and higher adsorption amounts of H2. In addition, the introduction of graphene led to the

formation of cobalt with smaller particle sizes, which contributed to great enhancement of CO

conversion. The selectivity to methane distinctly decreased to 4.2% from 8.1%, whereas the selectivity to

C5
+ products increased from 84.5% to 92.4%. The a value increased from 0.89 for the Co–Si catalyst to

0.94 for the Co–0.1GSi catalyst. In addition, with the increase in the graphene content, the fraction of

heavy hydrocarbons (C19–29) for catalysts evidently increased to 36.0% from 28.3%, but the fraction of

naphtha (C5–12) clearly reduced to 17.7% from 27.7%.
1. Introduction

Due to the anticipated depletion of fossil energy sources, efforts
have been made to replace conventional fuels with renewable
energy sources via Fischer–Tropsch synthesis (FTS).1 The FTS
process involves the formation of linear hydrocarbon molecules
from the synthesis gas derived from coal, natural gas, or biomass
through gasication, water steam reforming, or partial thermal
oxidation.2,3 FTS has been considered as a promising technology
to produce ultrapure transportation fuels and high value-added
chemicals due to the global shortage of transportation fuels
and environmental pollution.4–6 The synthesis gas is converted in
the presence of iron, cobalt, or ruthenium catalysts with highest
activity, and the product distribution is extremely reliant on the
FTS operating conditions and the type of the catalyst used.7–9

Therefore, the selective synthesis of specic products is still one
of the most critical issues in the FTS industry.10

Moreover, cobalt is a favored active component of the FTS
catalysts for the production of heavy hydrocarbons due to its high
activity for carbon monoxide hydrogenation, low selectivity
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towards carbon dioxide, and long life span as compared to
iron.11,12 With high cobalt loadings and low metal–support
interactions, agglomeration and large cluster formation of cobalt
nanoparticles during the process of calcination are difficult to
avoid.13 Therefore, controlling the size of metal nanoparticles on
supports is an effective means to obtain highly thermostable
catalysts.14

Catalytic properties and the microstructure of the FTS cata-
lysts are highly correlated with the carriers such as silica,
alumina, titania, and zeolites.14–17 The inuence of the supports
and their porosity has been extensively investigated on conven-
tional oxide carriers.18–20 Supports with wide pores could accel-
erate the formation of larger Co3O4 particles, but large cobalt
particle sizes would lead to less Co dispersion.21 It is believed that
traditional oxides supports are highly stable and comparatively
inert. However, their metal–support interaction is still relatively
strong, and they have a major impact on the textural and
chemical properties of the deposited surface layer as compared to
carbon material supports such as carbon nanotubes22 or gra-
phene.23 Therefore, the metal–support interactions can be
adjusted via improvement of the supports to some extent.24

Recently, graphene has exhibited unique characteristics and
outstanding adjustability in supporting various metallic-
supported catalysts.25,26 It can be regarded as a signicantly
potential support material for metal particle catalysts because
of its unique electronic, thermal, textural, and chemical prop-
erties.27 Furthermore, with a large surface area and high
RSC Adv., 2017, 7, 33441–33449 | 33441
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adsorption capacity, graphene can serve as a valuable substrate
to interact with various species.26,28 Cobalt–graphene-supported
catalysts were prepared by an impregnation method; these
catalysts showed higher cobalt dispersion and decreased the
average size of the clusters of cobalt oxides, exhibiting higher
electronic interaction.29 Moreover, it was found that graphene,
as a carrier, could lower the reduction temperature of metal
oxides.30,31 However, it is difficult to utilize graphene-supported
catalysts in industry due to the fact that graphene has low
mechanical strength and is difficult to shape. Therefore, these
were anticipated to combine the unique electronic and struc-
tural characteristics of graphene with high stability and
comparative inertness of conventional carriers.

In this study, we focused on the effects of graphene on
cobalt–graphene–silica nanocomposites, which were prepared
by the sol–gel method and tested under FTS conditions in
a xed tube reactor to study the effects on the selectivity and
distribution of products. Characterization methods such as N2

adsorption, X-ray diffraction (XRD), transmission electron
microscopy (TEM), temperature-programmed reduction (TPR),
X-ray photoelectron spectroscopy (XPS), temperature-
programmed desorption (TPD), and in situ diffuse reectance
infrared Fourier transform spectroscopy (DRIFTS) were applied
to characterize the catalysts. The effects of graphene content on
the texture, reduction properties, chemisorption, and FTS
performance of the catalysts was investigated.
2. Experimental
2.1. Catalyst preparation

Co–graphene–silica nanocomposites were prepared in situ by
a sol–gel method with commercial silica sol (34 wt% SiO2, pH ¼
3.0), graphene (99.5 wt%, Chengdu Organic Chemicals Co., LTD.,
Chinese Academy of Sciences), and cobalt(II) nitrate hexahydrate
(>99 wt% Sinopharm Chemical Reagent Co., Ltd) as precursor
solutions. In a typical preparation process, 12.59 g of cobalt
nitrate hexahydrate was completely dissolved in 15 mL of
deionized water and mixed with 30 g silica sol and x (0, 10.2, 51,
and 102) mg of graphene under vigorous stirring at 25 �C for 2 h.
The mixtures were placed in a drying oven and heated to 110 �C
in an air atmosphere at a heating rate of 10 �C min�1 for 24 h to
form a viscous gel. Subsequently, the obtained dried viscous gel
was calcined at 400 �C for 6 h at the given heating rate of 2 �C
min�1 under a N2 stream. The prepared samples were denoted as
Table 1 Co loading, surface area, pore volume, average pore diameter,

Sample Co loadinga (%) SBET (m2 g�1) Vp
b (cm3 g�

Co–Si 21.8 130 0.35
Co–0.1GSi 21.6 132 0.38
Co–0.5GSi 21.4 135 0.39
Co–1.0GSi 21.3 153 0.44
0.5GSi — 185 0.29
SiO2 — 164 0.29

a Measured by ICP-AES technology. b BJH desorption pore volume. c BJH a
Scherrer's equation. e Calculated by dCo ¼ 0.75dCo3O4

. f Estimated by H2-T

33442 | RSC Adv., 2017, 7, 33441–33449
Co–xGSi (x ¼ 0.1, 0.5, and 1.0), where x wt% represents the
content of graphene and G represents graphene. The sample
without graphene was denoted as Co–Si. The cobalt loadings of
the catalysts were measured via ICP-AES technology (Agilent
725ES, USA), detailed in Table 1. To compare the differences in
the texture properties of the catalysts and supports, silica and
graphene–silica nanocomposites (0.5 wt% graphene) were
prepared by a similar method and signied as SiO2 and 0.5GSi.
2.2. Catalyst characterization

N2 physisorption was measured using a Micrometrics ASAP
2020 physisorption device at liquid N2 temperature. Specic
surface areas were measured by the Brunauer Emmett Teller
(BET) method. Total pore volume and pore sizes were measured
by the Barrett–Joyner–Halenda (BJH) procedure.

XRD proles of the catalysts were obtained using a Rigaku D/
Max2550VB/PC with Cu Ka radiation (l ¼ 0.154 nm) at 40 kV
and 100 mA. The average Co3O4 crystallite sizes were estimated
by the Scherrer equation using the Co3O4 peak at 36.9� and a K
factor of 0.89. These particle sizes could be switched to the
corresponding particle sizes of Co0 according to dCo ¼
0.75dCo3O4

.32

TEM images and elemental mapping of the catalysts were
obtained using a JEOL JEM 2100FX microscope equipped with
an energy dispersive X-ray detector (EDX, Oxford-INCA) at 200
kV. The samples were dispersed in absolute ethanol, dropped
on a copper grid, and dried under infra-red lamp for 15 min.
Carbon species of the samples were determined by an energy
dispersive X-ray spectroscope (EDS, Falcon) equipped with
a CDU X-ray detector. The samples for EDS measurements were
coated on a copper stage by a conducting resin.

H2-TPR tests of the catalysts were performed using a Micro-
metrics AutoChem II 2920 equipment. Before the tests, about
50 mg of the catalyst sample was swept in an argon ow at
350 �C for 2.0 h to remove the residual water in the catalysts.
Aer being cooled down to 50 �C, each sample was heated up to
800 �C at a heating rate of 10 �C min�1 in a 10% H2/90% Ar (v/v)
ow with a ux rate of 30 mL min�1. A thermal conductivity
detector (TCD) was applied to measure H2 consumption.

XPS spectra of the samples were obtained by a VG ESCALAB
250Xi electron spectrometer with an Al-Ka X-ray source oper-
ating at 10 mA and 12 kV. The binding energies of the cobalt
species were referenced to C 1s at 284.8 eV. The curves of the
and Co particle size for samples

1) Dp
c (nm) dCo3O4

d (nm) dCo
e (nm) dCo

f (nm)

10.2 22.7 17.0 9.7
11.4 21.4 16.1 8.6
11.3 18.0 13.5 8.2
11.0 17.0 12.8 7.9
6.2 — — —
6.7 — — —

dsorption average pore sizes. d Estimated from the Co3O4 (311) plane by
PD and d ¼ 96/D (D% is dispersion of cobalt).

This journal is © The Royal Society of Chemistry 2017
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samples were tted to the Lorentzian/Gaussian lines aer
subtracting a Shirley-shaped background.

Both H2-TPD and CO-TPD-GC-MSD measurements were
performed using a Micrometrics AutoChem II 2920 device, and
about 200 mg of the catalyst was reduced in a H2 ow (50 mL
min�1) at 400 �C for 4 h and purged under a He ow for 30 min.
Aer cooling to 50 �C, H2 or CO was introduced until saturation,
and then, the catalyst was swept by a He ow until the baseline
was at. Subsequently, the sample was heated under a He ow
at a rate of 10 �C, and a TCD detector was used to detect the
desorbed CO or H2. The dispersion of cobalt can be estimated
by the desorption amount of H2 on the Co0 surface. The tail gas
of the CO-TPDmeasurements was detected viaGC-MSD (Agilent
7890A-5975C).

In situ DRIFTS measurements were performed using a Nico-
let 6700 spectrometer equipped with an MCT detector (Thermo,
USA). The sample was reduced in H2 for 12 h at 400 �C and then
swept by pure N2 for 30 min. The backgrounds were obtained
when the vacuum degree of the in situ cell was below 10�4 Pa.
Then, 5% CO/He was introduced at 205 �C for 30 min. Subse-
quently, 10% H2/Ar was introduced at 30 mL min�1, and the
outlet of the in situ cell was closed. The spectra of the catalysts
were obtained using a resolution of 4 cm�1 and an accumula-
tion of 64 scans at 0, 5, 15, 30, and 60 min.
2.3. Catalyst evaluation

The performance of the cobalt catalysts was tested in a xed-bed
reactor (ID 10 mm). The catalyst loading was 1.00 g, and its
particle size was 48–75 mm. In addition, the catalyst was mixed
with 2.6 g of quartz grains with the same particle size. All the
catalysts were reduced at atmospheric pressure, 400 �C, and
a space velocity of 3000 cm3 STP per g per h under a ow of pure
H2 for 24 h. Aer cooling to 150 �C, the syngas was introduced,
and the experimental reaction conditions were maintained at
a temperature of 205 �C, a pressure of 2.0 MPa, and space
velocity of 2800 cm3 STP per g per h in the reaction system. The
reaction products were introduced into a hot trap (180 �C) and
a cold trap (0 �C) to separate water, oil, and wax.

Moreover, two Agilent 7890A GCs equipped with different
columns and detectors were applied to analyze the FTS prod-
ucts; then, two TCDs were applied to detect CO, H2, N2, and
CO2, which were separated using 5 A molecular sieves and
Propack Q packed columns. A ame ionization detector (FID)
was applied to detect C1–6 hydrocarbons separated using a HP-
AL/S capillary column. The components of the gas products
were quantied by an external standard method with the stan-
dard gas containing CO, H2, N2, CO2, and C1–6 hydrocarbons.
The oil product was analyzed using a HP-5 capillary column,
and the wax product was dissolved in CS2 and separated using
a DB-5ht capillary column, and both oil and wax were detected
via FID. The quantication of wax and oil was calculated by an
area percentage.

All the reported data about catalyst performance were ob-
tained aer 50 h on stream to ensure steady-state behavior and
representative product samples. The conversion of CO denoted
as XCO could be calculated by
This journal is © The Royal Society of Chemistry 2017
XCO ð%Þ ¼ NCO;in �NCO;out

NCO;in

� 100 (1)

The selectivity of Cn hydrocarbons denoted as SCn
could be

calculated by

SCn
ð%Þ ¼ n�NCn ;out

NCO;in �NCO;out

� 100 (2)

where N represents the molar ow rate (mol h�1) and n repre-
sents the carbon number of the hydrocarbons.
3. Results and discussion
3.1. Catalyst characterization

3.1.1. N2 physisorption. The textures of the Co–graphene–
silica nanocomposites were measured by N2 physisorption. The
specic surface area (SBET), total pore volume (Vp), and average
pore size (Dp) of the samples are summarized in Table 1. The
Co–Si catalyst had a surface area of 130 m2 g�1, pore volume of
0.35 cm3 g�1, and average pore size of 10.2 nm. With the
increasing loading of graphene, the surface area of the
graphene-modied cobalt catalysts increased from 132 m2 g�1

to 153 m2 g�1, whereas both its pore volume and average pore
size slightly enlarged. This was probably due to the existence of
graphene in the process of sample preparation, which can
inhibit the formation of large particle species. However, the
SBET of SiO2 was clearly larger than that of Co–xGSi, but the Vp
and Dp of SiO2 were evidently smaller than those of Co–xGSi due
to the decomposition of cobalt nitrate over the dried gel,
resulting in a signicant increase in the sizes of the pore.

The pore size distributions of Co–xGSi and SiO2 are shown in
Fig. S1 (details in the ESI†). It is clear that a pore size distri-
bution of around 10–20 nm was observed for each catalyst
sample, whereas a pore size distribution of around 5–8 nm was
observed for SiO2.

The difference between both types of samples was that the
precursors of Co–xGSi contained nitrate species, which could be
considered as a pore-forming agent due to the fact that cobalt
nitrate could be thermally decomposed as nitric oxides during
heating, leading to larger pore sizes. In consideration of the
introduction of graphene, the pore size distributions of catalysts
slightly narrowed, and the average pore size slightly enlarged.

3.1.2. X-ray diffraction. The XRD patterns of the fresh
catalysts strongly indicated the presence of Co3O4, as presented
in Fig. 1(A). The peaks observed at 2q of 21.27�, 36.84�, 44.8�,
55.65�, 59.35�, and 65.22� were in accordance with the different
crystal planes of Co3O4.20 Moreover, in the case of silica-
supported catalysts, a broad peak at 2q of 22� (from 15� to 38�)
indicated the presence of amorphous silica.33 No carbon species
were detected in the X-ray diffraction patterns probably because
of the low concentration of carbon. Thus, all these catalysts had
the same phases: amorphous silica and cubic Co3O4.

The only difference between the XRD results of the calcined
catalysts was the half-peak width and intensity of the Co3O4

peaks. The Co3O4 crystallite sizes of the samples diminished
with the addition of graphene, as shown in Table 1. The results
RSC Adv., 2017, 7, 33441–33449 | 33443
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Fig. 1 XRD patterns of the calcined catalysts (A) and reduced catalysts
(B): (a) Co–Si, (b) Co–0.1GSi, (c) Co–0.5GSi, and (d) Co–1.0GSi.

Fig. 3 EDS-mapping of the reduced Co–1.0GSi catalyst: elemental
mapping of cobalt (Co), silicon (Si), and oxygen (O).
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showed that introduction of graphene in cobalt–silica nano-
composites resulted in signicant decrease in the sizes of the
Co3O4 nanoparticles as compared to the sample without carbon
species.9 According to Fig. 1(B), the cobalt species of reduced
catalysts were mainly hexagonal close packed (hcp) and face-
centered cubic (fcc) crystal phases.34

3.1.3. Transmission electron microscopy. The TEM images
of the samples are shown in Fig. 2. The dark spots were the
particles of the catalyst, and more agglomeration occurred in
the process of TEM sample preparation.
Fig. 2 TEM images of the calcined Co–Si (a and b) and Co–1.0GSi (c an

33444 | RSC Adv., 2017, 7, 33441–33449
The grains sizes of the catalysts were approximately 20 nm,
and the dispersion of cobalt oxides of both catalysts was rela-
tively high, as observed in Fig. 2(a)–(d). Thus, the sizes of the
catalysts grains were in the nanoscale, and the synthesized
samples were nanocomposites. The TEM image of the reduced
Co–1.0GSi catalyst is shown in Fig. 2(e). From this TEM image, it
was observed that the crystal texture of the metallic cobalt phase
was mainly hcp cobalt (101) and less fcc cobalt (200) was
observed. According to the XRD results, it was demonstrated
that the hcp phase of the reduced cobalt catalysts was much
more easily exposed than the fcc cobalt (200) phase on the
catalyst surface.34

The inuence of carbon species on resisting the formation of
a Co2SiO4 spinel may be due to cobalt that was scattered by
graphene species, which obstructed the immediate strong
d d). TEM images of the reduced Co–1.0GSi (e).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XPS spectra of the calcined cobalt catalysts: (a) Co–Si and (b)
Co–1.0GSi.
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interaction between cobalt and silica particles. This hypothesis
was studied in more detail via the EDS-mapping technology.
Elemental mapping of the calcined Co–1.0GSi sample is pre-
sented in Fig. 3. As can be clearly deduced from the mapping,
the surface of the sample has more exposed cobalt particles.
Carbon species of the Co–1.0GSi sample was determined by
EDS, as shown in Fig. S2.† The carbon content was 1.24 wt%,
and the cobalt content was almost in agreement with the results
of ICP-AES.

3.1.4. Temperature-programmed reduction. The reduc-
ibility of the oxidized samples and the metal–support interac-
tion were studied by H2-TPR, as presented in Fig. 4. The curves
showed two apparent reduction peaks centered at approxi-
mately 280 �C and 390 �C. The reduction patterns of the Co3O4

particles have generally been known to originate via two-step
reductions as follows:4

Co3O4 + H2 / 3CoO + H2O (3)

CoO + 3H2 / 3Co0 + 3H2O (4)

The rst reduction peaks below 350 �C can be ascribed to the
reduction of Co3O4 to CoO, and the second peak is attributed to
the reduction of CoO to metallic cobalt. For Co3O4 species, the
hydrogen consumption ratio between the reduction of Co3+ to
Co2+ with that of Co2+ to Co0 is one to three, according to eqn (3)
and (4). Thus, the reduction curves of the catalysts can be
decomposed as three peaks (noted as a, b, and g), with the
hypothesis that a proportion of one part by the rst peak areas
at low temperatures to three parts by another peak area can be
used, as presented in Table S1 (details in the ESI†). Based on
this assumption, the results of the TPR proles showed that the
reduction temperature of Co–xGSi catalysts decreased from
335 �C to 326 �C (a: Co3+ to Co2+), 376 �C to 368 �C (b: partial
Co2+ to Co0), and 410 �C to 390 �C (g: remaining Co2+ to Co0).

Moreover, the hydrogen consumption increased from 19% to
42% at the b peak, but decreased from 56% to 33% at the g
Fig. 4 Hydrogen temperature-programmed reduction of the calcined
catalysts: (a) Co–Si, (b) Co–0.1GSi, (c) Co–0.5GSi, and (d) Co–1.0GSi.

This journal is © The Royal Society of Chemistry 2017
peak. From Table S1,† it was observed that the degree of
reduction increased from 86.9% to 97.2% with an increase in
the graphene content. Accordingly, most cobalt oxide was con-
verted into metallic cobalt during the reduction process, which
could provide more metal cobalt clusters and more active sites.
Therefore, it also indicates that the addition of graphene can
decrease the interaction between cobalt oxide and the silica
support and signicantly facilitate the reduction of Co2+ to Co0.
This could be due to the fact that graphene located at the
interface between cobalt and silica decreased the formation
probability of cobalt species, which was difficult to reduce.35,36

3.1.5. X-ray photoelectron spectroscopy. XPS spectra of the
calcined catalysts are presented in Fig. 5, and the binding
energy of cobalt oxide species was referenced to the data ob-
tained from the NIST database.37 XPS spectra of a Co3O4 stan-
dard was applied to conrm the cobalt oxidation species.38 The
most primary cobalt species is Co3O4 in unreduced catalysts,
which is also identied by XRD shown in Fig. 1.

The binding energy of Co 2p3/2 for Co–1.0GSi was 779.9 eV,
slightly larger than that of Co–Si (779.8 eV), as presented in
Table S2,† since the charge transfer became relatively facile in
the presence of graphene.20 Therefore, the charge density of
cobalt atoms on the catalyst surface decreased with the addition
of graphene.

From Table S2 (details in the ESI†), it is apparent that the
atomic ratio of Co/Si for the Co–1.0GSi sample is 8.3% larger
than that (6.7%) of the Co–Si sample. This may be due to the
fact that the exposure probability of cobalt species on the
catalyst surface from silica becomes much larger in the prepa-
ration process with the addition of graphene. Hence, the cata-
lysts with graphene had higher reducibility and higher atomic
ratio of Co/Si, which was consistent with the results of H2-TPR
and EDS-mapping.

3.1.6. H2/CO temperature-programmed desorption. H2

uptake of desorption for the catalysts was measured by H2-TPD,
as summarized in Table 2. With an increase in the amounts of
graphene, H2 uptake of desorption was obviously increased. In
other words, the concentration of hydrogen species was lower
RSC Adv., 2017, 7, 33441–33449 | 33445
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Table 2 The temperature and uptake of CO desorption, degree of reduction (DoR), and H2 desorption uptakes for reduced catalysts

Sample

Temperature (�C)

DoR (%)

CO-des uptake
a (mmol gcat

�1)

H2-des uptake
b

(mmol gcat
�1)Peak I

Peak
II Peak I Peak II

Co–Si 138 638 86.9 7.33 22.05 85.3
Co–0.1GSi 199 668 89.5 13.21 24.57 105.0
Co–0.5GSi 195 640 91.9 10.70 23.85 114.7
Co–1.0GSi 149 648 97.2 8.10 22.41 122.8

a CO-des uptake was corrected by measuring the component of tail gas. b H2-des uptake was measured by H2-TPD.
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than that of the catalyst without graphene. To a certain extent,
graphene could increase the adsorption capacity of H2 on the
cobalt surface via its unique adsorption property.28

In addition, the CO adsorption on cobalt particles was
measured by CO-TPD, and two CO desorption peaks were
observed, as shown in Fig. 6. Based on the carbide mecha-
nism,39 CO was directly dissociated aer adsorption on the
catalysts, resulting in C and O species. Consequently, with the
addition of graphene, the low temperature peaks (peak I) of the
catalysts were attributed to the molecular adsorption of CO,
dramatically increasing from 138 to 199 �C, and the high
temperature peaks (peak II) were ascribed to the dissociation of
adsorbed CO. Moreover, the desorption amount of CO
increased from 7.33 mmol gcat

�1 to 13.21 mmol gcat
�1 with 0.1

wt% content of graphene. However, with the increasing gra-
phene content from 0.1 wt% to 1.0 wt%, the desorption amount
of CO decreased from 13.21 mmol gcat

�1 to 8.10 mmol gcat
�1.

The results of CO-TPD show that via a proper content (0.1–
0.5 wt%) of graphene, the molecular adsorption intensity of CO
was signicantly increased, and the adsorbed CO molecules
were more thermally stable, whereas the dissociative adsorption
of CO was evidently increased. Moreover, higher reduction and
smaller particle sizes of the Co–xGSi catalysts can offer more
Fig. 6 Carbon monoxide temperature-programmed desorption
curves of the reduced catalysts: (a) Co–Si, (b) Co–0.1GSi, (c) Co–
0.5GSi, and (d) Co–1.0GSi.

33446 | RSC Adv., 2017, 7, 33441–33449
adsorption sites with more cobalt clusters, veried by the
results of XRD and H2-TPR.

3.1.7. In situ diffuse reectance infrared Fourier transform
spectroscopy. The adsorption of CO as a probe molecule was
applied to identify the inuences of graphene on the adsorption
properties of the catalyst by in situ DRIFTS, as shown in Fig. 7.
Aer in situ reduction with H2 and evacuation, successive
adsorption of CO was conducted for 30 min, and the spectra
were obtained at 0 minutes at 205 �C. Then, H2 was introduced,
and the spectra were obtained at 5, 15, 30, and 60 minutes.

The band at 2176 and 2115 cm�1 was assigned to gaseous CO
and was observed in all the spectra of the catalysts.40 The band
at 3015 cm�1 was attributed to CH4, and the band at 2850–3000
cm�1 was ascribed to the stretching of CHx species. The most
intense band at 2036 cm�1 observed in Fig. 7(a) was attributed
to the adsorption of CO on Cod+ species,41 where the electron
density of cobalt became lower than that of the catalysts with
graphene. However, the band at 2072 cm�1 observed in Fig. 7(c)
was assigned to linear CO adsorption on top of metal Co
particles.40 With an increasing content of graphene, this band
was signicantly shied from 2036 to 2072 cm�1, indicating an
increase of reduced cobalt species,42 which was consistent with
the results of H2-TPR. Moreover, the intensity of this band for
the Co–0.1GSi catalyst was distinctly larger as compared to that
for other catalysts. It was proven that the amount of CO
molecular adsorption was signicantly enhanced by the addi-
tion of 0.1 wt% graphene, conrmed by the results of CO-TPD
shown in Table 2.

Moreover, with the hydrogenation reaction proceeding in
situ in the cell, the gaseous CO was gradually consumed and the
bands of CO adsorption clearly shied towards lower wave-
number because of low coverage at low CO concentrations, as
shown in Fig. 7. This also demonstrated that the presence of H2

accelerated the exclusion of adsorbed CO on weak sites.43
3.2. Catalyst performance

The performance of the graphene-modied catalysts is shown
in Fig. 8, where the activity and selectivity were obtained aer
50 h. In addition, the FTS activity of the Co–xGSi catalysts
measured as the CO consumption rate per unit weight of the
catalysts (weight-time yield, WTY) is presented in Table 3. The
introduction of graphene in cobalt–silica nanocomposites
obviously enhanced the FTS activity and selectivity to C5

+

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 In situ FTIR spectra of the hydrogenation reaction over the reduced catalysts with adsorbed CO at 205 �C in a closed system: (a) Co–Si, (b)
Co–0.1GSi, and (c) Co–1.0GSi. The spectra were obtained at 0, 5, 15, 30, and 60 min.

Fig. 8 CO conversion and product selectivity over Co–xGSi at 205 �C,
2.0 MPa, H2/CO ¼ 2, and 2800 cm3 STP per g per h space velocity.
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products, leading to higher CO conversion and C5
+ product

selectivity. An increase in CO conversion from 41.0% to 56.7%
was observed for the Co–1.0GSi catalyst as compared to that for
the Co–Si catalyst. This was due to the smaller cobalt particle
Table 3 Summary of the Co–graphene–silica catalyst performance and
and 2800 cm3 STP per g per h space velocity after 50 h on-stream)

Samplea XCO (%)

Product selectivity (% C)

CO2 CH4 C2–4 C5
+

Co–Si 41.0 0.7 8.1 6.7 84.
Co–0.1GSi 49.6 0.0 4.2 3.4 92.
Co–0.5GSi 50.8 0.2 4.8 4.1 90.
Co–1.0GSi 56.7 0.5 7.9 6.3 85.
Co/50C–SiO2–air

9 71 — 6.2 5.0 88.
Co/graphene29 �60 1.42 8.2 1.6 88.

a Catalyst weight was 1.00 g. b Activity per unit weight catalyst (weight–tim

This journal is © The Royal Society of Chemistry 2017
sizes and higher reducibility of the catalysts, as reported in
Tables 1 and 2; more hcp cobalt exposed on the catalyst surface
is shown in Fig. 2(e), andmore adsorption amount of H2 and CO
is shown in Table 2.

With the addition of 0.1 wt% and 0.5 wt% graphene, the
selectivity to C5

+ products was 92.4% and 90.9%, respectively,
probably due to the fact that the concentration and stability of
adsorbed CO was increased under the reaction conditions,
which was in agreement with the results of CO desorption
presented in Fig. 6 and Table 2. While a decline in the selectivity
to methane from 8.1% to 4.2% was seen for the Co–0.1GSi
catalyst in comparison with that in the Co–Si catalyst, probably
due to the stronger intensity of adsorbed CO and higher
concentrations of carbon species. Fig. 8 also shows that the CO2

formation rate slightly decreased, but increased at higher gra-
phene contents, which can be ascribed to the increased partial
pressure of water due to the higher CO conversion in the FTS
reaction.44

The performance of the Co–0.1GSi catalyst at the tempera-
tures of 205–235 �C was investigated, as shown in Fig. 9. With
the increasing temperatures, the conversion of CO and the
selectivity to CH4 and CO2 notably increased, and the selectivity
to C5

+ products slightly decreased. The CO conversion of the
Co–0.1GSi catalyst at 225 �C was 78.9% larger than that of Co/
product distribution for the FTS reaction (205 �C, 2.0 MPa, H2/CO ¼ 2,

WTYb a

Product distribution (wt%)

C5–12 C13–18 C19–29 C30
+

5 5.1 0.88 27.7 23.0 28.3 21.0
4 5.7 0.91 25.4 22.9 29.7 22.0
9 6.3 0.92 23.6 21.7 31.5 23.2
3 6.6 0.94 17.7 20.2 36.0 26.1
8 — — — — — —
7 — 0.85 — — — —

e yield, WTY), (mmol CO per gcat per s).

RSC Adv., 2017, 7, 33441–33449 | 33447
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Fig. 9 The CO conversion and product selectivity over the Co–0.1GSi
catalyst at different reaction temperatures, 2.0 MPa, H2/CO ¼ 2, and
2800 cm3 STP per g per h space velocity.

Fig. 10 The ASF distribution of the hydrocarbon products over the
Co–xGSi catalysts: (a) Co–Si, (b) Co–0.1GSi, (c) Co–0.5GSi, and (d)
Co–1.0GSi.
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graphene and Co/50C–SiO2–air under similar reaction condi-
tions, as listed in Table 3. Moreover, the selectivity to CH4 of the
Co–0.1GSi catalyst was 6.0% lower than that of the graphene-
supported cobalt catalyst. Compared to the Co/graphene cata-
lyst, the Co–0.1GSi catalyst had a lower water gas-shi reaction.
The samples with an addition of small amount of graphene
possess high activity and high selectivity and avoid high cost
and low mechanical strength of graphene. Therefore, this study
provides a possible method for the industrial application of
graphene in FTS.

The heightened FTS performance of cobalt–graphene–silica
nanocomposites was attributed to their larger surface area,
providing more active surface, higher reducing properties, and
smaller cobalt particle sizes; this resulted in a larger density of
active sites, more stable CO adsorbed on the catalyst surface,
33448 | RSC Adv., 2017, 7, 33441–33449
and higher concentrations of hydrogen species, promoting
hydrogenation of CO.

The hydrocarbon chain growth probability factor (a)
described by the Anderson–Schulz–Flory (ASF) distribution
model was determined for the catalysts based on the weight
fraction of hydrocarbon species, as shown in Fig. 10. The a value
was estimated via the ASF plot from the C10–35 hydrocarbon
range due to the fact that the corresponding correlation coef-
cients were comparatively high (greater than 0.99). However,
the a value of the C36

+ hydrocarbon for each sample was almost
the same. The a value increased from 0.89 for the Co–Si catalyst
to 0.94 for the Co–0.1GSi catalyst, as shown in Table 3.

The product distribution presents a variation for heavy
hydrocarbons, as detailed in Table 3. Compared to that for the
Co–Si catalyst, the fraction of C19–29 for the Co–1.0GSi catalyst
signicantly increased to 36.0%, but the fraction of naphtha
(C5–12) was clearly reduced to 17.7%. As for the Co–xGSi cata-
lysts, higher amounts of adsorbed CO could reduce the H2/CO
ratio on the catalyst surface, resulting in lower concentrations
of adsorbed hydrogen species, which in turn led to the
production of heavier hydrocarbons.45 Therefore, it was
demonstrated that graphene not only inuenced the selectivity,
but also affected the distribution of products in FTS.

4. Conclusions

Herein, catalysts, cobalt–graphene–silica nanocomposites, were
prepared by a sol–gel method and investigated for FTS. Surface
areas and pore volumes slightly enhanced due to the textural
properties of the catalysts with the addition of graphene.
Moreover, smaller cobalt particle sizes were obtained. The
introduction of graphene could weaken the interaction between
cobalt oxide and the silica support and visibly facilitate the
reduction of the Co–xGSi catalyst from Co2+ to Co0. This
reduction was due to the fact that graphene located at the
interface between cobalt and silica decreased the probability of
the formation of cobalt species that were difficult to reduce. The
concentration of hydrogen species and adsorbed CO species
was higher than those of the catalyst without graphene. More-
over, the amount and stability of adsorbed CO were signicantly
enhanced by 0.1–0.5 wt% graphene. In addition, graphene
could distinctly increase the FTS reaction activity, C5

+ product
selectivity, and the fraction of heavier hydrocarbons (C19

+).
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