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ABSTRACT: Fischer−Tropsch synthesis (FTS) converts carbon mon-
oxide and hydrogen to liquid fuels and chemicals and is usually operated
under high temperature ranges, which results in an evident increase of
energy consumption and CO2 emission. A photocatalytic FTS route was
proposed to efficiently harvest solar energy. Worm-like ruthenium
nanostructures dispersed on graphene sheets can effectively catalyze FTS
at mild conditions (150 °C, 2.0 MPa H2, and 1.0 MPa CO) under
irradiation of visible light and achieve a catalytic activity as high as 14.4
molCO·molRu

−1·h−1. The reaction rate of FTS can be enhanced by
increasing the irradiation intensity or decreasing the irradiation wavelength.
The work provides a green and efficient photocatalytic route for FTS.
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Fischer−Tropsch synthesis (FTS), which converts carbon
monoxide and hydrogen (syngas) to hydrocarbons, is an

important process to produce liquid fuels and chemicals.1−3

Traditional FTS employs coal-based syngas as the feedstock,
and thus, it is hard to compete with the petroleum industry.
With the increasing shortage of global fossil resources, the
source of syngas has become diversified, including coal, natural
gas, biomass, among others.4−6 Meanwhile, the price of crude
oil has also stayed at a high level. Therefore, FTS has gathered
attention again for its ability to produce liquid fuels and
chemicals from nonfossil resources. As syngas can be easily
produced by biomass resource now, it would be a significant
breakthrough if FTS could harvest sunlightthe most
abundant energy source on the Earth.
Industrial FTS catalysts are usually based upon iron or cobalt

conducting under high temperatures (310−340 °C for Fe
catalysts or 210−260 °C for Co catalysts).7 The high
temperature leads to not only high energy consumption but
also increased CO2 emission due to the water−gas shift
reaction.8 Compared to Fe and Co, Ru catalysts are somewhat
expensive, but they exhibit higher intrinsic activity, higher
stability, and higher selectivity to long-chain hydrocarbons.9,10

Besides, they are capable of operating in the presence of large
amounts of water.9,10 The presence of water, whether
indigenous or co-fed, can lead to a significant increase in the
reaction rate of FTS over Ru-based catalysts with decreasing
CH4 selectivity and increasing C5+ selectivity.10 Ru is a
nonplasmonic metal. Although it does not own the character-
istic of so-called surface plasmon resonance,11,12 its nano-
particles can also significantly absorb UV and visible light.13,14

The light absorption of metal nanoparticles is generally

attributed to the interband transition of bound electrons.
Individual bound electrons gain the energy of incident photons
and become “hot” electrons with high energy via the interband
transition. These light-excited hot electrons in nanoparticles
can facilitate chemical transformations of molecules adsorbed
on the nanoparticles.15−17 Recently, we found that graphene
can stabilize some metastable nanoparticles, such as Cu2O and
Cu, and enable them to exhibit stable catalytic behavior.17,18

Graphene is a two-dimensional network of sp2-bonded carbon
atoms,19, and the delocalized electrons in graphene can move
freely in the network with a low resistance.21 The carbon
vacancies or dangling bonds in graphene can influence the
electronic structure of metal atoms on graphene and improve
their chemical stability.22−24 Recent work by Moussa et al.
shows that graphene as a support for FTS can exhibit a tunable
metal−support interaction and lower water−gas shift activity.25
Herein we report a novel visible light enhanced photocatalytic
FTS (PFTS) process that employs graphene-supported worm-
like Ru nanostructures as the catalyst.
The Ru/graphene catalyst was prepared by reducing

ruthenium trichloride (RuCl3) in the presence of poly(N-
vinyl-2-pyrrolidone) (PVP) using 2.0 MPa H2. The trans-
mission electron microscope (TEM) images (Figure 1A, B and
Figure S1) show that worm-like Ru nanostructures with a
diameter of 2.2 nm and length of ∼10 nm are homogeneously
dispersed on the graphene sheets. From the X-ray diffraction

Received: April 2, 2015
Revised: May 18, 2015
Published: May 19, 2015

Letter

pubs.acs.org/acscatalysis

© 2015 American Chemical Society 3836 DOI: 10.1021/acscatal.5b00697
ACS Catal. 2015, 5, 3836−3840

http://pubs.acs.org/doi/suppl/10.1021/acscatal.5b00697/suppl_file/cs5b00697_si_001.pdf
pubs.acs.org/acscatalysis
http://dx.doi.org/10.1021/acscatal.5b00697


patterns (Figure S2), the diffractions corresponding to Ru(002)
and Ru(101) can be observed at 42.1° and 44°. However, both
diffraction peaks are so broad due to the small size of Ru
crystals that they overlap with each other. From the XPS
profiles (Figure 1C), the binding energies of Ru 3d5/2 and Ru
3d3/2 at 280.1 and 284.2 eV, respectively, can be attributed to
the Ru0 state. The above results confirm that Ru on the
graphene sheets exists as the metallic phase. From the UV−vis
spectra (Figure 1D), the Ru/graphene shows stronger light
absorption than pure graphene, indicating that the enhanced
light absorption originates from the worm-like Ru nanostruc-
tures dispersed on graphene sheets.
The PFTS process of Ru/graphene was carried out under

mild conditions (2.0 MPa H2, 1.0 MPa CO) and the irradiation
of a 300 W Xe lamp, whose wavelength ranges from 400 to 800
nm. The reaction results are summarized in Table 1. The Ru/
graphene exhibits high photocatalytic activity for FTS at 150
°C. The conversion of CO over the Ru/graphene is 43%, and
the activity is 14.4 molCO·molRu

−1·h−1 (Table 1, entry 1).
Without irradiation (dark reaction), the catalyst under the same
temperature and pressure only shows an activity of 7.8 molCO·
molRu

−1·h−1. This value is close to the result from Kou’s group,8

who developed an aqueous-phase process for FTS over Ru
nanocluster catalyst. Therefore, the light-enhanced activity (the
difference between the activity of light-irradiated reaction and
reaction in the dark) is 6.6 molCO·molRu

−1·h−1.The above
results indicate that the irradiation of visible light can
significantly enhance the intrinsic catalytic ability of Ru/
graphene for FTS. When CO molecules are adsorbed on Ru
active sites, the electrons in the 5σ molecular orbitals of CO can
transfer into the empty d orbitals of Ru to form Ru−C bonds.26

Meanwhile, the back-donation of Ru d-orbital electrons into the
empty 2π* orbitals of CO molecules can weaken the C−O
strength and thus activate and dissociate CO molecules, a key
step that largely determines the activity of FTS.9,27 Bonn et al.
found that laser pulse excitation of a ruthenium surface on
which CO and atomic oxygen are coadsorbed gives rise to the
formation of CO2, whereas heating leads exclusively to
desorption of carbon monoxide.28,29 The CO oxidation
reaction is mainly initiated by energetic hot electrons exciting
by laser pulse, whereas the CO desorption is caused by
coupling of the adsorbate to the phonon bath of the ruthenium
substrate. Therefore, irradiation can effectively promote the
activation of CO. In our case, the light irradiation usually
excites bound electrons to a high-energy band through
interband transitions. The excited electrons with sufficiently
high energy are injected into the 2π* orbitals of CO molecules
adsorbed on Ru sites, and this can significantly increase the rate
of CO dissociation and then improve the catalytic activity.
The impact of the light intensity on the catalytic reaction rate

was investigated by varying the irradiance while maintaining
other experimental conditions unchanged at 150 °C.When the
light intensity decreases from 0.5 to 0.4, 0.3, 0.2, and 0.1 W/
cm2, the catalytic activity linearly decreases from 14.4 to 13.2,
12.0, 10.5, and 9.4 molCO·molRu

−1·h−1, respectively (Table 1,
entries 1−5, Figure S3A). The damping in the catalytic activity
is due to the decrease in the number of energetic electrons at
lower irradiation intensity. The product distributions under
different light intensities have not evident difference (Figure
S3B). However, all the C5+ hydrocarbon selectivities under
irradiation are higher than that without irradiation, while the
CH4 and C2−C4 selectivities are lower (Figure S3B), suggesting
that the irradiation can benefit the chain growth in PFTS.
Hensen et al. found that the preferred chain growth of FTS
over Ru base catalysts is the carbide mechanism (preferred path
CH + CH coupling) because its overall barrier is lower than

Figure 1. TEM images (A, B) and XPS profiles (C) of Ru/graphene
and UV−vis absorption spectra of Ru/graphene and graphene (D).
The inset in (B) is a HRTEM image of worm-like Ru nanostructures.

Table 1. Performances of Ru/Graphene for PFTS under Different Reaction Conditionsa

entry catalyst light intensity (W/cm2) temperature (°C) activity (molCO·molRu
−1·h−1)

1 Ru/graphene 0.5 150 14.4(7.8)b

2 Ru/graphene 0.4 150 13.2
3 Ru/graphene 0.3 150 12.0
4 Ru/graphene 0.2 150 10.5
5 Ru/graphene 0.1 150 9.4
6 graphene 0.5 150 not detected
7 Ru/graphene 0.5 140 10.2(4.6)
8 Ru/graphene 0.5 130 7.1(3.0)
9 Ru/graphene 0.5 120 4.2(1.8)
10 Ru/graphene 0.5 110 2.9(0.9)
11 Ru/graphene 0.5 100 1.7(0.5)

aCatalytic tests were performed over 30 mg Ru/graphene (containing 0.2 mmol Ru) under 2.0 MPa H2 and 1.0 MPa CO and the irradiation of a 300
W Xe lamp, whose wavelengths range from 400 to 800 nm. The catalytic activity is represented by moles of CO converted to hydrocarbons per mol
of Ru per hour. bValues in parentheses show the catalytic activity without irradiation (dark reaction).
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that for chain growth in the CO insertion mechanism
(preferred path C + CO coupling).30,31 The main surface
intermediate for chain propagating is CH via CH + CH and
CH + CR (R = alkyl) coupling. In the transition state for CH +
CH coupling, Pauli repulsion will be decreased by electron
donation from two CH fragments to metal centers due to the
overlap between bonding C−C orbitals and Ru d-band, which
is in favor of the coupling. Under irradiation, the interband
transition of Ru-bound electrons resulting form light exciation
will increase the unsaturation of d-band.16 This results in the
donation of more electrons from two CH fragments to metal
centers, which can further decrease the Pauli repulsion and then
lower the energy barrier and increase the rate of the chain
growth.
To test the role of graphene in the reaction, control

experiments were conducted. No reaction product was detected
in the blank experiment using only graphene as the photo-
catalyst (Table 1, entry 6). SiO2 is a dielectric support, and it
does not actively take part in the chemical reaction,32 and
therefore, Ru/SiO2 (TEM images showing in Figure S4) with
the same Ru loadings as Ru/graphene was also prepared and
used as catalyst for FTS. The catalytic activities of 13.5 and 7.6
molCO·molRu

−1·h−1 were obtained with and without irradiation,
respectively. The light-enhanced activity is 5.9 molCO·molRu

−1·
h−1, which is smaller than that over Ru/graphene, indicating
that graphene as support also can improve the reaction activity.
Jarillo-Herrero et al. found that hot carrier-assisted intrinsic
photoresponse in graphene can generate strong photocurrent.33

The work function (WF) of graphene is about 4.5 eV, and the
WF of Ru is 4.71 eV. Due to the different WFs, a built-in
potential of 0.21 eV is formed near the junction between
graphene and Ru. Because the WF of graphene is lower than
Ru, the hot electrons with high energy can easily transfer to Ru
from graphene. This can also result in a collection of energetic
electrons at the Ru sites to further accelerate the reaction.
Generally, the reaction temperature greatly affects the

catalytic activity. When the temperature decreases, the activity
sharply reduces whether under irradiation or not (Table 1,
entries 1 and 7−11). These results suggest that the reaction
temperature also plays an important role in PFTS. Higher
temperature can give rise to an increase in the quantity of
adsorbed reactant molecules in excited states as dictated by the
Bose−Einstein distribution,34 which means that the reactant
molecules require less energy to overcome the reaction barrier.
Meanwhile, increasing the reaction temperature can also lead to
a redistribution of electrons in Ru nanoparticles to higher
energy levels.34,35 The increased number of energetic electrons
results in an enlarged probability that the energetic electrons
activate the reactant molecules adsorbed on the Ru surface and
to overcome the reaction barrier. The catalytic activity of Ru/
graphene under irradiation is nearly two or three times as that
without irradiation at experimental temperatures. Graphene has
an excellent thermal conductivity.36−38 Employing graphene as
the support can effectively transfer the reaction heat of Ru
surface. Moreover, the reaction temperature was strictly
controlled by oil bath to ensure the temperature uniformity
in the whole system. Therefore, the enhanced activity mainly
results from the light irradiation rather than the local
temperature increasing of catalyst. This suggests that the
energy of electrons can be further raised by absorbing
irradiation light, which further enhance the reaction activity.
Therefore, the PFTS on the Ru/graphene is driven by effective
coupling of thermal and light energy sources.

From Table 1, it is apparent that the activity of dark reaction
at 120 °C (or 130 °C) is similar to that of light reaction at 100
°C (or 110 °C), but the product distributions under these
reaction conditions are totally different (Figure 2, Table S1).

C5+ hydrocarbons have higher selectivities under irradiation,
which further confirms the above. Whether under irradiation or
not, the selectivity of C5+ hydrocarbons decreases with the
increase of temperature, while the trend of CH4 and C2−C4
selectivities are opposite. According to density functional
theory study, the CH4 formation has the highest barrier
among the CHx (x = 0−3) active species hydrogenation steps,
and the barrier is also more than that of CH + CH or CH + CR
(R = alkyl) coupling, indicating that CH4 formation needs more
energy.31 In addition, CH + CR coupling is easier than coupling
reactions of the type CH + CH because of the σ-donating effect
of the alkyl substituent.31 That is, the formation of light
hydrocarbons also needs more energy to overcome the barrier.
Therefore, the selectivity of light hydrocarbons is lower that of
higher hydrocarbons at lower temperature. However, increased
temperature can enhance the selectivity of light hydrocarbons.
The apparent activation energy of the FTS reaction under

light irradiation and in the dark can be obtained by fitting the
reaction data taken at different temperatures in the range of
100−150 °C to the Arrhenius eq (Figure S5). The apparent
activation energy for the FTS in the dark is ∼72 kJ/mol, while
it is ∼56 kJ/mol for the reaction under irradiation. The
difference (ΔEa = 16 kJ/mol) between them is the activation
energy reduction by irradiation.
The distribution of PFTS products over Ru/graphene is

shown in Table 2 and Figure S6. The selectivity of CO2 over
the catalyst is less than 1 mol %. This is mainly because the
relatively low reaction temperature can effectively suppress the
water−gas shift reaction.2 Meanwhile, from the literature,25

graphene as the catalyst support for FTS can also be conducive
to reducing water−gas shift activity even at higher temperature.
The hydrocarbons are the main products with a selectivity of
86.9 wt %, whereas the selectivity toward oxygenates (mainly
alcohol) is 13.1 wt %. Among the hydrocarbons,
C5+hydrocarbons take the majority (81.7 wt %) of the
products, and only 2.6 wt % of methane was formed. It is
notable that the more useful olefins represent 56.4% of the
whole C2−C4 hydrocarbons (gaseous products) (Figure 3A),
suggesting that the Ru/graphene is a desirable catalyst for light
olefins in the gaseous range. From Figure 3B, the selectivities of
different hydrocarbon products follow the Anderson−Schulz−

Figure 2. Selectivities of PFTS hydrocarbons with or without
irradiation at different temperatures.
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Flory (ASF) distribution, with a growth factor (α) of
hydrocarbon products of 0.78.
The dependence of the catalytic performance on the

wavelength range of light was investigated. Without any filters,
the light intensity and the reaction temperature was strictly
controlled at 0.5 W/cm2 and 150 °C, respectively. Then, a
series of optical low-pass filters were employed to block light
below specific cutoff wavelengths. The irradiation of the light
with wavelengths ranging from 400 to 800 nm gives an activity
of 14.4 molCO·molRu

−1·h−1. The activity decreases to 11.3 and
8.9 molCO·molRu

−1·h−1 when the wavelength range of the
irradiation is 500−800 and 600−800 nm, respectively (Table
2). Because the activity in the dark is 7.8 molCO·molRu

−1·h−1,

the light in the 600−800 nm wavelength range contributes 1.1
molCO·molRu

−1·h−1 (8.9−7.8), accounting for 7.6% (1.1/14.4 ×
100%) of the total activity and 16.7% (1.1/(14.4−7.8) × 100%)
of the light-induced activity. Similarly, the irradiation in the
wavelength ranges of 400−500 and 500−600 contributes 3.1
(14.4−11.3) and 2.4 (11.3−8.9) molCO·molRu

−1·h−1, which
acount for 46.9% and 36.4% of the light-induced activity,
respectively. It can be seen that the highest activity in visible
light range is observed in 400−500 nm, where the Ru
nanochains strongly absorb the light (Figure S7A).
The impact of the specific irradiation wavelength on the

catalytic activity was also studied. The method was the same as
the study of dependence of activity on wavelength range, but
the narrow band-pass filters were instead the low-pass filters.
The light-enhaced activity decreases with the wavelength
increase (Figure S7B). When the wavelength increases from
(450 ± 10) to (500 ± 10), (550 ± 10), (600 ± 10), and (650 ±
10) nm, the light-enhaced activity decreases from 0.31 to 0.27,
0.21, 0.13, and 0.07 molCO·molRu

−1·h−1, respectively. This trend
is similar to the absorption spectra of Ru/graphene. The
photons with a shorter wavelength are able to excite metal
electrons to higher energy levels, and these electrons are thus
more effective in enhancing the reaction than those excited by
photons with a longer wavelength. Therefore, the wavelength of
light absorbed by the catalyst strongly influences the activity of
PFTS reaction. For the Ru/graphene catalyst, however, the
irradiation wavelength does not show significant impact on the
distribution of PFTS products (Table 2). An experiment under
the irradiation of ultraviolet light (<350 nm) was also
conducted under the identical conditions. High activity of
16.5 molCO·molRu

−1·h−1(Table 2) is achieved. It is mainly
because excited electrons with higher energy can accelerate the
PFTS reaction.
To examine the stability of the Ru/graphene catalyst, the

reaction was carried out in a semibatch mode for 30 h; that is,
additional syngas was supplied to the reactor to restore the
pressure to the initial value of 3.0 MPa every 5 h. The activity
slightly dropped from 14.4 molCO·molRu

−1·h−1 at the beginning
of the reaction to about 12.5 molCO·molRu

−1·h−1 after 10 h and
then remained at this level over the next 20 h, thus
demonstrating the long-term stability of the catalyst. The
TEM image (Figure S8) of the catalyst used for 30 h showed
no obvious change in morphology and aggregation of the
worm-like Ru nanostructures. The X-ray diffraction results of
the used catalyst did not show observable changes in the Ru

Table 2. Product Selectivity of Ru/Graphene in Different Wavelength Rangesa

wavelength range (nm) 400−800 500−800 600−800

total activity (molCO·molRu
−1·h−1) 14.4 11.3 8.9

light-enhanced activity (molCO·molRu
−1·h−1) 6.6 3.5 1.1

selectivities of products (wt %)
hydrocarbons 86.9 85.4 85.0
oxygenates 13.1 14.6 15.0

distribution of hydrocarbon products (wt %)
CH4 2.6 3.1 3.9
C2−C4 15.7 16.3 17.1
C5−C12 59.1 57.0 58.2
C13−C20 19.1 19.7 17.6
C20+ 3.5 3.9 3.2

aCatalytic tests were performed over 30 mg Ru/graphene (containing 0.2 mmol Ru) under 2.0 MPa H2 and 1.0 MPa CO at 150 °C and the
irradiation of a 300 W Xe lamp, whose wavelengths range from 400 to 800 nm and light intensity is 0.5 W/cm2. The product mixture consists of C1
to C24 hydrocarbons. The selectivity of CO2 over this catalyst is less than 1 mol %.

Figure 3. Selectivities of PFTS hydrocarbons (A) showing that the
content of alkenes accounts for 56.4 wt % in C2−C4 hydrocarbons, and
it rapidly decreases with the increase of carbon number. The
Anderson−Schulz−Flory distribution of hydrocarbon products (B),
suggesting a growth factor of 0.78.
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phase either (Figure S2). When the used catalyst was treated in
hydrogen atmosphere at 500 °C, its activity was restored to the
level of the fresh Ru/graphene catalyst. This indicates that a
slight oxidation of Ru nanostructures took place, most possibly
at the surface of the Ru nanostructures during the photo-
catalytic process. The oxidation of Ru nanostructures led to the
decline in their photocatalytic activity.
In summary, the present work demonstrates that Fischer−

Tropsch synthesis, a very important artificial process for
production of liquid fuels and chemicals, can be realized by
an efficient photocatalytic route using Ru/graphene as the
photocatalyst. The bound electrons in Ru nanostructures can
absorb irradiation light via interband transitions and become
energetic. These energetic electrons can transfer to reactant
molecules and promote the chemical transformations between
these molecules, and therefore, high temperature for promoting
the reaction can be avoided. Moreover, the reaction rate of FTS
can be enhanced by increasing the irradiation intensity or
decreasing the irradiation wavelength. Because the non-
plasmonic metals (such as Ru) have been widely used as the
catalysts for various reactions, the reported discovery may
significantly broaden the applications of catalytic processes
driven by light.
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