
Ru1Con Single-Atom Alloy for Enhancing Fischer−Tropsch Synthesis
Ge Meng,∇ Jiaqiang Sun,∇ Lei Tao,∇ Kaiyue Ji, Pengfei Wang, Yu Wang,* Xiaohui Sun, Tingting Cui,
Shixuan Du, Jiangang Chen,* Dingsheng Wang, and Yadong Li*

Cite This: ACS Catal. 2021, 11, 1886−1896 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Fischer−Tropsch synthesis (FTS) is a significant catalytic process for the
production of liquid fuel and fine chemicals from natural gas-, coal-, and biomass-derived
syngas. However, exploring high-performance catalysts and understanding the catalytic
mechanism remain challenging. Herein, we design a Ru1Con single-atom alloy (SAA)
catalyst with isolated Ru atoms anchored onto a Co nanoparticle surface through a two-
dimensional confinement strategy to achieve greatly improved FTS activity (2.6 molCO
molM

−1 h−1) and long-chain hydrocarbon selectivity (C5
+: 86.0%) at a low reaction

temperature of 150 °C. A series of in situ experiments, catalytic tests, and density functional
theory (DFT) calculations reveal that the Ru single-atom sites in Ru1Con SAA are more
active for the FTS reaction than pure Ru and Co surfaces. This is because single-atom Ru
with a much higher electronic density near the Fermi level could effectively and
simultaneously decrease the rate-limiting barriers of both C−O splitting and chain growth processes. This work demonstrates the
possibility of designing Ru single-atom sites to improve FTS performance and provides a deeper understanding of the strategy for
developing other high-performance industrial catalysts.
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1. INTRODUCTION

Fischer−Tropsch synthesis (FTS) is a key technology in the
production of sulfur- and nitrogen-free fuels and high-value
chemicals from multitudinous nonpetroleum feedstocks (e.g.,
natural gas, coal, and biomass) through syngas (CO/H2)-
mediated chemical conversions.1−8 Among the widely used
FTS catalysts, Co and Ru catalysts have attracted substantial
attention due to their higher long-chain paraffin productivity,
longer durability, and lower working temperature (180−240
°C) compared to Fe-based catalysts.1,9−20 In recent years,
researchers have made great effort in designing Co/Ru
catalysts to improve their FTS performance, including
optimizing the particle size,21−27 enhancing reducibility,28−34

regulating the crystal phase,35−39 etc. However, it remains a
great challenge to promote CO hydrogenation reactivity, long-
chain hydrocarbon selectivity, and long-term stability for
widespread commercialization. Moreover, it is critical but
arduous to identify the structure of reactive sites during FTS
via in situ spectroscopy techniques and density functional
theory (DFT) calculations to understand the catalytic
mechanism and guide the catalyst design at the atomic level.
Recently, single-atom site catalysts, including single-atom

alloys (SAAs), with the features of maximum utilization of the
metal atoms,40−44 uniform active sites,45−48 and peculiar
geometric and electronic structures,49−53 have exhibited
unique catalytic behavior for multitudinous heterogeneous
reactions.54−59 This concept has provided new opportunities
for exploring high-performance FTS catalysts. The superiority
of uniform and well-defined active centers in SAA catalysts is

also highly beneficial for studying the catalytic mechanism and
structure−activity relationship in FTS reactions. Nevertheless,
SAA catalysts have never been applied in FTS to date due to
the difficulty in maintaining the isolation of single atoms
against aggregation under a thermal treatment during their
preparation or catalytic process.
Herein, we provide a strategy of layered double hydroxide

(LDH)-based anion intercalation and two-dimensional (2D)
confinement to synthesize a thermally stable and high-
performance Ru1Con SAA catalyst for an FTS reaction. The
formation and catalytic mechanism of Ru1Con SAA were
thoroughly studied by a series of in situ spectroscopy tests,
catalytic experiments, and DFT calculations. It was indicated
that Ru single-atom sites on Ru1Con SAA can facilitate both
CO splitting and chain growth processes, resulting in a high
catalytic activity and a heavy hydrocarbon selectivity at a low
temperature. This work offers an efficient strategy for designing
SAA catalysts with high reactivity and the economic benefit of
low precious metal consumption for FTS and other industrial
catalytic systems.
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2. EXPERIMENTAL SECTION

2.1. Reagents. Potassium pentachloroaquaruthenium(III)
(99.99%, Alfa Aesar), cobalt(II) nitrate hexahydrate (99%, Alfa
Aesar), aluminum(III) nitrate nonahydrate (99%, Alfa Aesar),
sodium hydroxide (Beijing Chemical Reagents, P. R. China),
ruthenium(III) nitrosyl nitrate (Ru 31%, Alfa Aesar), and
poly(N-vinyl-2-pyrrolidone) (PVP, molecular weight (MW) =
10 000, Alfa Aesar) were used without further purification.
2.2. Synthesis of Ru1/CoAl−O and CoAl−O Samples.

Ru1/CoAl−O was prepared via an LDH 2D confinement
strategy. First, RuCl5

2− intercalated CoAl-LDHs (referred to as
CoAl-(RuCl5

2−)-LDHs) were prepared using a coprecipitation
process.60 Typically, 16 mmol of Co(NO3)2·6H2O and 5.33
mmol of Al(NO3)3·9H2O were dissolved in a beaker with 20
mL of deionized water to form a clarified pink solution. Then,
34.15 mmol of NaOH and 0.05 mmol of K2RuCl5 were
dissolved in 20 mL of deionized water to form a clarified
solution in another beaker. Afterward, the as-prepared two
solutions were simultaneously added dropwise into 40 mL of
deionized water with magnetic stirring at 600 rpm. The
solution was maintained at a pH value of 8.5 during titration by
virtue of a pH indicator. After titration, the mixed liquid was
stirred for another 12 h and the brown product was collected
and washed via centrifugation at 10 000 rpm with ethanol and
water alternately four times. The product was then dried at 80
°C for at least 4 h and ground to a brown powder.
Then, the thermal reduction of as-prepared CoAl-

(RuCl5
2−)-LDHs was conducted in a tube furnace under a

5% H2/N2 atmosphere at 400 °C for 3 h. Afterward, the
powder was collected under an air atmosphere, during which
the metallic Co and Ru species were reoxidized by O2 to form
a Ru1/CoAl−O sample. CoAl−O was prepared with a
synthetic procedure similar to that of Ru1/CoAl−O, but
without the addition of K2RuCl5.
2.3. Synthesis of Ru Nanoparticles (NPs)/CoAl−O.

First, Ru nanoparticles were prepared according to a previously
reported method.61 Typically, ethylene glycol solutions of
Ru(NO)(NO3)3 (7 mL, 10 mg mL−1), PVP (224 mg, MW =
30 000), and ethylene glycol (193 mL) were mixed in a 500
mL mouth flask to form a homogeneous solution under
stirring, followed by heating and refluxing at 200 °C for 3 h in
air. The as-obtained Ru nanoparticles were collected and
washed with an ethanol−acetone mixture through centrifuga-
tion and redispersed in 20 mL of ethanol. Subsequently, ∼3
mg of the resulting Ru NPs and 1 g of the as-prepared CoAl−
O were dispersed in 40 mL of ethanol under stirring for 6 h.
The product was then collected via centrifugation and dried at
60 °C for 4 h. To remove the surfactants (PVP) adsorbed on
the surface of Ru NPs, the obtained compounds were calcined
at 200 °C for 4 h under an air atmosphere and further
thermally reduced at 400 °C under a 5% H2/N2 atmosphere
for 3 h. Similarly, the final product was collected and
reoxidized via O2 in air, forming a Ru NPs/CoAl−O sample.
2.4. Characterizations. Transmission electron microscopy

(TEM) images of the samples were obtained on a Hitachi H-
800 TEM operated at 100 kV. High-resolution TEM
(HRTEM) images were obtained on an FEI Tecnai G2 F20
S-Twin high-resolution TEM operated at 200 kV. Aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) images were
obtained using an ARM-200CF (JEOL, Tokyo, Japan)
transmission electron microscope operated at 300 kV and

equipped with double-spherical aberration (Cs) correctors.
The attainable resolution of the probe defined by the objective
prefield is 78 pm. The Ru, Co, and Al concentrations were
collected on inductively coupled plasma optical emission
spectrometry (ICP-OES). The Cl and K concentrations were
measured via X-ray fluorescence (XRF) analysis on an S4
Pioneer X-ray fluorescence spectrometer. N2 adsorption−
desorption and Brunauer−Emmett−Teller (BET) experiments
were carried out on an Autosorb-IQ2-MP Instrument.
Hydrogen temperature-programmed reduction (H2-TPR)

experiments were conducted with a Micromeritics AutoChem
II unit. The sample (60 mg) was placed in a quartz tubular
reactor and reduced using 5% H2/N2 gas mixture at a flow rate
of 50 mL min−1. The temperature was raised at a rate of 10 °C
min−1 from 50 to 850 °C. A thermal conductivity detector
(TCD) was used to determine the hydrogen consumption.
The degree of reduction (DOR) was measured using a TPR
approach. The samples were heated to 400 °C at a rate of 10
°C min−1 and held there for 6 h. The reduced cobalt was
measured based on the amount of hydrogen consumed in the
reduction process using CuO as a standard. The DOR was
then calculated by dividing the amount of reduced cobalt by
the total cobalt content from the ICP-OES results.
In situ powder X-ray diffraction (PXRD) experiments were

performed on a Bruker D8 Advance that provided Cu Kα
radiation (λ = 1.5418 Å). The sample (300 mg) packed on a
sintered glass sieve was placed in the center of the in situ cell.
In this cell, the sample was reduced using H2 at a flow rate of
50 mL min−1. The temperature was raised at a rate of 2 °C
min−1 from 25 to 400 °C. The PXRD patterns were recorded
in situ under gas flows at desired temperatures. The measuring
time per PXRD pattern in the 2θ range between 5 and 85° was
40 min.
In situ X-ray photoelectron spectroscopy (XPS) studies were

performed on a Kratos Axis Ultra DLD. The sample was placed
into an in situ cell and reduced using H2 with a flow rate of 50
mL min−1 at 400 °C for 6 h. The XPS tests were conducted
under air isolation conditions after the temperature naturally
decreased to room temperature.
Hydrogen temperature-programmed desorption (H2-TPD)

tests were used to estimate the number of surface metal sites of
the three catalysts using a Micromeritics AutoChem 2920
system. The catalysts (80 mg) (Ru1/CoAl−O, Ru NPs/CoAl−
O and CoAl−O) were first reduced at 400 °C for 6 h under a
flow of high-purity hydrogen (flow rate = 30 mL min−1) to
obtain Ru1Con SAA, Ru/Co NPs and Co NPs samples,
respectively. Then, the samples were cooled to 50 °C and
saturated with H2. After removing the physically adsorbed H2
by flushing with Ar for 1 h, the catalyst was heated to 400 °C at
10 °C min−1 in an Ar flow (30 mL min−1). An adsorption
stoichiometry of H/Co = 1:1 was used to determine the
number of surface metallic sites. The Co dispersion (D) was
then calculated by the following equation

= ×D
moles of metallic Co atoms on surface
moles of metallic Co atoms in sample

100%

The mean particle size (dparticles, Å) was calculated based on the
following equation

= ×D
v a
d

6
/m m

particles
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where am is the area occupied by a surface Co atom and vm is
the volume occupied by a Co atom in bulk metal. For face-
centered cubic (fcc) Co, am = 6.59 Å2 and vm = 11.00 Å3.62

2.5. Catalytic Testing. The catalytic behavior was
investigated in a fixed-bed reactor. The gas flow is controlled
by Books 5850E mass flow controllers (MFCs). The pressure
is controlled via a back pressure regulator. First, 0.6 g of the
catalyst was diluted with 1 mL of quartz powder (60−80
mesh). The as-synthesized samples (Ru1/CoAl−O, Ru NPs/
CoAl−O and CoAl−O) were reduced at 400 °C and 0.3 MPa
H2 for 6 h with an hourly gas space velocity (HGSV) of 2.0 L
g−1 h−1 to transform into Ru1Con SAA, Ru/Co NPs, and Co
NPs catalysts, respectively. After in situ reduction, the reactor
was cooled to 50 °C, and syngas (nH2

/nCO = 2, GHSV = 2.0 L
g−1 h−1) was fed into the catalyst bed with the temperature
increasing at a 2.0 °C min−1 heating rate. During testing, the
pressure of the syngas was maintained at 2.0 MPa, and the
reaction products passed a 130 °C hot trap and a 5 °C cooling
trap at a working pressure. The composition of the reactants
and tail gas were analyzed online via gas chromatography
(GC). CO, CO2, CH4, and N2 were analyzed by a carbon
molecular sieve column and a TCD. The light hydrocarbons
were analyzed using a capillary Porapak-Q column with a flame
ionization detector (FID). The oil and wax were analyzed
offline using GC with an OV-101 capillary column and an FID.
The catalytic activity was determined as moles of CO
converted to hydrocarbons per gram of metal per second.
The hydrocarbon selectivities were calculated on a carbon
basis. An average of 3% and a maximum of 5% mass and
carbon balance errors were calculated for the run. The activity
values (molCO molM

−1 h−1) were calculated by the equation

= F C nactivity /mh v M

where Fmh is the molar flow of CO (mol h−1), Cv is the CO
conversion in %, and nM is the number of metallic Co and Ru
atoms in the reactor in moles. The chain growth probability
(α) was evaluated from the straight-line slopes determined by
the following equation based on the C10−C24 products

α α= −−W n (1 )n
n

1 2

The environmental transmission electron microscopy (ETEM)
test, X-ray absorption fine structure (XAFS) measurements
and analysis details, computational details, and Fourier
transform infrared (FTIR) spectra tests are described in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Catalyst Synthesis and Characterization. LDHs

are typical 2D functional materials with multimetal hydroxide
layers and abundant interlayer anions.63,64 Taking advantage of
their unique layered structure, the Ru1Con SAA was prepared
via a CoAl-LDH-based 2D space confinement strategy. As
shown in Figure 1a, first, a coprecipitation method was used to
prepare CoAl-(RuCl5

2−)-LDHs, in which the RuCl5
2− ions

with OH−, CO3
2− and H2O species were confined in the

subnanometer 2D spaces between the electropositive CoAl
hydroxide laminates. The interlayered anions with electrostatic
repulsion can serve as a fence to prevent the agglomeration of
RuCl5

2− species and assist in maintaining the atomic dispersion
of Ru atoms in the following thermal reduction processes. The
TEM image in Figure 1b shows the irregular nanosheet
morphology of CoAl-(RuCl5

2−)-LDHs with an ∼3 nm

thickness. Their crystalline phase was demonstrated by the
PXRD pattern (Figure 1c) with the characteristic (003), (006),
(100), and (110) diffraction peaks of layered double
hydroxides. The TEM and PXRD results are identical to
those of CoAl-LDHs without RuCl5

2− addition (Figure S1),
confirming the formation of 2D LDH nanosheets. The
crystallographic thickness of a single-layer LDH is approx-
imately 0.48 nm, and the interlayer distance of CoAl-LDH
(NO3

−) is approximately 0.89 nm, as reported in the
literature.65,66 Thus, our LDH samples contain approximately
three crystallographic layers with two interlayers. Second, the
CoAl-(RuCl5

2−)-LDHs were reduced under an H2 atmosphere
at 400 °C to decompose the OH−, CO3

2−, and H2O species
and discharge them. Then, the LDH structure was transformed
into an Al3+-doped or substituted CoO phase (CoAl−O).
Meanwhile, the ionic RuCl5

2− and some surface Co2+ ions were
reduced to the metallic state, forming Ru1Con structures with
isolated single-atom Ru anchored on the Co nanoparticle
surface. It is worth mentioning that the metallic Ru and Co in
the sample are liable to be oxidized by O2 in air at room
temperature, forming a high oxidation state sample (labeled
Ru1/CoAl−O). Thus, before FTS testing, the Ru1/CoAl−O
sample should be prereduced in H2 at 400 °C to obtain
Ru1Con SAA loaded on the CoAl−O substrate as the active
FTS catalyst.
The structure of the Ru1/CoAl−O precursor was charac-

terized as shown in Figure 2. Figure 2a reveals that the
morphology becomes more aggregate with irregular nano-
sheets or nanoparticles after the thermal reduction process.
The lattice spacings of 2.33 and 2.11 Å in the HRTEM image
of Ru1/CoAl−O (Figure 2b) are close to, but slightly smaller
than, those of the (111) and (200) planes of Pm3̅m cubic CoO
(2.46 and 2.13 Å, respectively). These phenomena indicate the
substitution of Al3+ ions into CoO crystals, leading to lattice
contraction, as also confirmed by the PXRD results (Figure
S2a). The corresponding fast Fourier transform (FFT) pattern
(Figure 2c) oriented along the [220] Z-axis further reveals the
simple cubic (sc) structure. In addition, no distinct brighter Ru

Figure 1. (a) Schematic illustration of the strategy of anion
intercalation and 2D confinement to synthesize Ru1Con SAA. (b)
TEM image of CoAl-(RuCl5

2−)-LDHs. (c) PXRD patterns of CoAl-
LDHs and CoAl-(RuCl5

2−)-LDHs.
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nanoparticles can be observed in the HAADF-STEM image
(Figure 2d), and all of the Ru, Co, Al, and O elements are
uniformly distributed, as demonstrated by the energy-
dispersive X-ray spectroscopy analysis (EDXA) (Figures 2e
and S2b). AC-HAADF-STEM was further used to discern the
atomic structure of Ru1/CoAl−O (Figure 2f). Several atom-
sized bright dots (Ru atoms) can be clearly distinguished on
the CoAl−O matrix marked by orange circles. These results
provide clear evidence of the existence of isolated Ru atoms on
the surface of the CoAl−O substrate. The Ru content in Ru1/
CoAl−O is 0.2 wt %, as measured by ICP-OES. In addition,
Ru NPs/CoAl−O (Ru content: 0.32 wt %) (Figure S3a,b) and
pure CoAl−O (Figure S3c) precursor samples were also
synthesized for comparison, which showed similar surface areas
and porosity properties to Ru1/CoAl−O via N2 adsorption/
desorption analysis (Figure S4).
TPR and a series of in situ techniques were performed to

evaluate the thermal reduction behaviors of Ru1/CoAl−O, Ru
NPs/CoAl−O, and CoAl−O to Ru1Con SAA, Ru/Co NPs, and
Co NPs samples, respectively. As shown in the TPR profiles in
Figure 3a, the three samples give similar reduction profiles.
Two isolated peaks show the reduction of CoO to metallic Co
(250−380 °C) and the reduction of CoAl compound oxide
(550−750 °C). In addition, it can be noted that the addition of

Ru single atoms or nanoparticles results in a shift in their
reduction peaks to lower temperatures and enhances the area
of the first reduction peak, compared to the Co NP sample.
This phenomenon can be explained by the hydrogen spillover
effect of Ru species for facilitating the reduction of the CoAl−
O substrate.33 To further elucidate the phase evolution of these
samples during thermal reduction, an in situ PXRD study was
performed under a hydrogen atmosphere at gradient temper-
atures. As shown in Figure 3b−d, at temperatures below 200
°C, all diffraction peaks of the three samples agree well with a
right-shifted CoO phase (JCPDS no. 43-1004). This can be
due to the substitution of Al3+ to Co2+ cation sites in the CoO
lattice, thus causing lattice contraction. When the temperature
is elevated to 300 and 400 °C, weak characteristic peaks
corresponding to Fm3m cubic Co (JCPDS no. 15-0806)
emerge for all three samples, demonstrating the formation of
metallic Co species. Ex situ and in situ XPS (Figures 3e,f and
S5) were performed to investigate the surface chemical
properties of those samples. The oxidation state of cobalt
species in air at an ambient temperature is mainly 2+, as shown
in Figure 3e. However, in the reductive H2 environment at 400
°C, apart from the existence of Co2+ characteristic peaks, the
observed peaks at 778.0 and 793.0 eV corresponding to
metallic Co0 (Figure 3f) indicate that some cobalt species in
CoAl−O substrates were transformed into metallic Co0 in the
reduction process. The peak deconvolution results show that
metallic Co0 contributes 16.9, 12.0, and 11.5% of the Co 2p
peaks’ areas of the Ru1Con SAA, Ru/Co NPs, and Co NPs

Figure 2. (a) TEM image, (b) HRTEM image, and (c) FFT pattern
oriented along the [220] Z-axis of the Ru1/CoAl−O sample. (d)
HAADF-STEM image and (e) element maps of Ru (blue), Co (red),
Al (green), and O (yellow). (f) AC-HAADF-STEM image of Ru1/
CoAl−O.

Figure 3. (a) TPR results of Ru1Con SAA, Ru/Co NPs, and Co NPs
samples. In situ PXRD profiles of (b) Ru1Con SAA, (c) Ru/Co NPs,
and (d) Co NPs samples under H2 reduction conditions. (e) Co 2p
XPS spectra of the Ru1/CoAl−O, Ru NPs/CoAl−O, and CoAl−O
samples. (f) In situ Co 2p XPS spectra of Ru1Con SAA, Ru/Co NPs,
and Co NPs samples.
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samples on the CoAl−O substrates, respectively (Table S1).
To track the morphology evolution in the thermal reduction
process, ETEM under an H2 atmosphere was conducted on the
Ru1/CoAl−O sample (Figure 4). A similar mesoporous

nanosheet morphology can be observed in the representative
images acquired at 25 and 200 °C. However, as the
temperature is elevated to 300 or 400 °C, the surfaces become
rougher and higher-contrast nanoparticles with a diameter of
6−8 nm emerge, as typically marked by orange circles. This
phenomenon indicates the formation of metallic Co nano-
particles on the surface of CoAl−O, which agrees well with the
TPR, in situ PXRD, and in situ XPS results.
H2-TPD tests were performed to estimate the number of

surface metal sites of the three catalysts (Figure S6). The
corresponding metallic dispersion (D) and the size of the
particles (dparticles) can be calculated based on the desorbed
hydrogen amount from the H2-TPD profiles and the DOR
from the TPR results, as shown in Table 1. The observed

sequence of the hydrogen desorption amount is Ru1Con SAA >
Ru/Co NPs > Co NPs, which can be attributed to the
enhanced reduction of Co via the hydrogen spillover effect of
Ru. The smallest particle size (8.5 nm, close to the ETEM
observation) and highest dispersion (11.8%) of Ru1Con SAA
indicate that single-atom Ru can facilitate the dispersion and
stabilization of Co nanoparticles, which is consistent with
previous reports.20,29,30

3.2. Catalytic Performance. The reduction and catalytic
tests were performed in a fixed-bed reactor under typical
industrial conditions. First, Ru1/CoAl−O, Ru NPs/CoAl−O,

and CoAl−O samples were reduced at 400 °C for 6 h via H2 to
obtain the Ru1Con SAA, Ru/Co NPs, and Co NPs catalysts,
respectively. Then, catalytic tests were performed at a H2/CO
ratio of 2 and a pressure of 2.0 MPa. Table 2 shows the
catalytic activity and hydrocarbon product distribution (ex-
pressed as C-mol% on a carbon basis) of the catalysts after 24
h of reaction. For all three catalysts, as the reaction
temperature increases, the CO conversions increase distinctly.
Ru1Con SAA shows much higher CO conversions than Ru/Co
NPs and Co NPs samples at any reaction temperature. More
noteworthily, at a low temperature of 150 °C, Ru1Con SAA
shows a CO conversion of 12.5%, outdistancing the counter-
parts of 5.6 and 3.1% for the Ru/Co NPs and Co NPs samples,
respectively. The low reaction temperature (150 °C) reflects
the extra high activity of this system. The activity of the
Ru1Con SAA (2.6 molCO molM

−1 h−1) is much higher than
those of the Ru/Co NPs (1.3 molCO molM

−1 h−1) and Co NPs
(0.9 molCO molM

−1 h−1) samples. More importantly, the
turnover frequency (TOF, moles of CO converted per mol
surface metallic atoms per second) value of the Ru1Con SAA
(6.1 × 10−3 s−1) is 1.8 and 2.5 times those of the Ru/Co NPs
(3.3 × 10−3 s−1) and Co NPs (2.4 × 10−3 s−1) samples at a
reaction temperature of 150 °C, respectively. This result
reveals that Ru single-atom sites in Ru1Con SAA are more
active than pure Ru and Co surfaces for FTS.
Another important requirement for an FTS catalyst is the

maximum production of the heavy hydrocarbon fraction is
obtained while suppressing the formation of methane to the
lowest level possible. Considering the product distributions
over the three catalysts, we determined that the FTS products
can be tuned to higher molecular (C5

+) weights by controlling
the single-atom dispersion of Ru. At a low temperature of 150
°C, Ru1Con SAA exhibits a high C5

+ selectivity of 86.0% and
ultralow CO2 and CH4 selectivities of 0.2 and 3.5%,
respectively. Nevertheless, Ru/Co NPs and Co NPs catalysts
exhibit lower C5

+ selectivities of 81.3 and 77.7%, respectively,
and their CO2 and CH4 selectivities are also much higher than
those of the Ru1Con SAA sample. When the reaction
temperature increased to 200 °C, the C5

+ selectivity of
Ru1Con SAA was maintained at 86.3% with 0.2 and 5.7%
CO2 and CH4, respectively. For the Ru/Co NPs and Co NPs
catalysts, their C5

+ percentages decreased to 69.2 and 60.8%,
and the CO2 and CH4 selectivities dramatically increased to
1.0 and 16.9% for the Ru/Co NPs and 1.7 and 24.6% for the
Co NPs, respectively. To further confirm the effect of the
Ru1Con sites on product distribution, the Anderson−Schulz−
Flory (ASF) distributions for C5

+ hydrocarbons were provided.
Figure 5a shows the FTS product distributions over the three
catalysts at a reaction temperature of 200 °C. Except for the
observed increasing tendency toward the C5

+ selectivity from
the Co NPs and the Ru/Co NPs to the Ru1Con SAA samples,
it can be seen that their maximal selectivities are located at C7,
C8, and C12 for the three samples, respectively. This
phenomenon indicates that Ru1Con SAA can tune the
selectivity of the FTS products to higher molecular weights.
As shown in Figure 5b, the chain growth probability (α) values
of the catalysts evaluated using C10−C24 products increased
from 0.63 of Co NPs to 0.72 of Ru/Co NPs and 0.76 of
Ru1Con SAA. This further reveals that Ru1Con favors chain
growth more than pure Co and Ru surfaces. These results
indicate that the Ru single-atom sites on Ru1Con SAA can not
only improve the CO consumption rate but also favor chain
growth, resulting in both a higher catalytic activity and a heavy

Figure 4. Representative TEM images from Ru1/CoAl−O to Ru1Con
SAA in a H2 atmosphere acquired at (a) 25 °C, (b) 200 °C, (c) 300
°C, and (d) 400 °C with ETEM.

Table 1. ICP-OES, H2-TPD, and TPR Data of the Catalysts

samples
Co loading
(wt %)a

H2 desorption
(μmol gcat.

−1)
DOR
(%)b

dispersion
(%)

dparticles
(nm)

Ru1Con
SAA

60.1 83.2 13.9 11.8 8.5

Ru/Co
NPs

60.0 68.0 12.2 10.9 9.2

Co NPs 60.1 52.8 9.9 10.5 9.5
aEvaluated by ICP-OES. bCalculated from H2-TPR results.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c04162
ACS Catal. 2021, 11, 1886−1896

1890

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04162/suppl_file/cs0c04162_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c04162/suppl_file/cs0c04162_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04162?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c04162?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c04162?ref=pdf


hydrocarbon selectivity. To evaluate the activity and selectivity
of Ru1Con SAA, the recently reported Ru and Co-based
materials for FTS were overviewed (Table S2), and the
promising performance is clear. After the FTS test, the
structures of the spent catalysts were also thoroughly
characterized (Figures S7−S9), showing the good structural
stability of Ru1Con SAA. Moreover, this catalyst was subjected
to an 816 h test at 150 °C for FTS (Figure 5c), during which
the CO conversion and hydrocarbon selectivities on the stream
underwent no significant changes. This demonstrates that
Ru1Con SAA is highly durable for FTS.

3.3. In Situ XAFS Studies of Ru1Con SAA. To identify the
local electronic and geometric structures of Ru atom sites and
uncover their catalytic mechanism, the structural evolution of
Ru species during the high-temperature reduction and FTS
reaction on Ru1Con SAA was investigated via in situ XAFS
measurements. Details of the test and fitting methods are
described in the Supporting Information. Figure 6a presents
the R-space data of the k2-weighted Ru K-edge Fourier
transform (FT) extended X-ray absorption fine structure
(EXAFS) spectra at different reduction stages, as well as during
the FTS reaction. The corresponding FT EXAFS fitting results
are shown in Figure S10 and Table S3. For the nonreduced
Ru1/CoAl−O sample at room temperature (∼25 °C) in an air
atmosphere, a major peak corresponding to Ru−O coordina-

Table 2. Performance Comparison of the Ru1Con SAA, Ru/Co NPs, and Co NPs Samples in FTS Testinga

sel. (%)

catalyst T (°C) CO conv. (%) activity (molCO molM
−1 h−1) TOF (10−3 s−1) CO2 CH4 C2−4 C5

+

Ru1Con SAA 150 12.5 2.6 6.1 0.2 3.5 10.3 86.0
180 37.9 7.8 18.3 0.2 5.5 10.1 84.2
200 62.0 12.8 30.0 0.2 5.7 7.8 86.3

Ru/Co NPs 150 5.6 1.3 3.3 0.3 7.9 10.5 81.3
180 18.5 4.2 10.7 0.7 12.5 11.7 75.1
200 33.1 7.6 19.3 1.0 16.9 12.9 69.2

Co NPs 150 3.1 0.9 2.4 1.0 8.0 13.3 77.7
180 11.2 3.3 8.8 1.5 17.0 13.4 68.1
200 22.0 6.4 17.1 1.7 24.6 12.9 60.8

aFixed-bed reactor, 2.0 MPa, H2/CO = 2/1, space velocity = 2.0 L g−1 h−1.

Figure 5. (a) Distributions of the C5
+ products of the Ru1Con SAA,

Ru/Co NPs, and Co NPs samples. (b) ASF distributions for the three
catalysts. (c) Durability test of Ru1Con SAA. The tests were
performed under the conditions of 2.0 MPa, 2.0 L gcat

−1 h−1, and
2/1 H2/CO ratio.

Figure 6. In situ XAFS measurements collected under different conditions on Ru1Con SAA. (a) Ru K-edge FT EXAFS spectra and (b) Ru K-edge
X-ray absorption near-edge structure (XANES) spectra. The plots are not corrected for phase shift. (c) Schematic structural evolution of the single-
atom Ru site at different stages. The brown, red, blue, and gray balls represent Ru, O, Co, and C atoms, respectively.
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tion is observed at ∼1.5 Å. The FT EXAFS fitting results show
that the coordination number (CN) of O atoms to a Ru atom
is approximately 4.0, with a mean bond length of 2.05 Å.
Moreover, the FT EXAFS of Ru1/CoAl−O also shows a minor
signal at 2.4 Å. The best-fitting analysis clearly shows that this
peak is satisfactorily interpreted as a Ru−O−Co contribution
with a Ru−Co distance of 2.96 Å and a CN of 1.9. Together,
these analyses reveal the isolated dispersion of Ru atoms with a
Ru−O4−Co2 moiety, as shown in Figure 6c. The FT EXAFS
spectra for Ru1/CoAl−O below 200 °C are very analogous,
suggesting an unchanged local structure of the Ru species.
Then, as the temperature increases to higher than 300 °C, the
FT EXAFS data show a shift of the first nearest neighbor peak
to a larger distance. The intensity of the major peak first
descends and then rises, indicating that a phase transformation
of the sample occurred during the reduction treatment in H2.
The FT EXAFS data remain unchanged after reaching 400 °C,
and the peak for Ru−O disappears. The major peak at 1.9 Å
could be attributed to the backscattering between the Ru and
Co atoms. This suggests a reconstruction of single-atom Ru
and its neighboring atoms, during which Ru−O bonds are
ruptured and Ru−Co bonds are formed. The FT EXAFS fitting
results of the Ru1Con SAA sample after a 400 °C reduction in
H2 manifest that the Ru−Co CN is 3.0, showing an
unsaturated coordinated environment of the Ru atoms. In
addition, the Ru−Co bond length is 2.46 Å, which is
significantly shorter than that of the RuCo alloys (2.56−2.58
Å),67 indicating that Ru atoms bond to Co nanoparticles with
strong electronic interactions. The best-fitting analyses for the
minor peak at ∼2.5 Å reveal that this peak could be attributed
to the backscattering contribution between Ru and the second
layer Co atoms with a bond length of 2.96 Å and a CN of 1.2.
Thus, isolated Ru atoms in the Ru1Con SAA sample are
anchored on the Co nanoparticle surface with a definite
coordination-unsaturated Ru−Co3 structure, as shown in
Figure 6c. Afterward, the temperature was decreased to 180
°C and the atmosphere was switched from H2 to syngas (CO +
H2) to examine the chemical evolution of active Ru centers
during the FTS reaction. As shown in Figure 6a, there is still no
Ru−Ru bond formation under the reaction conditions,
suggesting that these Ru atoms on the surface of Co
nanoparticles retain single-atom dispersion during catalysis. A
minor peak at ∼1.5 Å can be clearly observed, which could be
dominated by the Ru−C scattering path. This indicates the
adsorption of some carbon-containing species on single-atom
Ru sites during FTS. The quantitative fitting analyses show
that the first-shell CN of Ru−C is 2.8, with a bond length of
2.01 Å. In addition, the intensity of the main peak at ∼2.0 Å
increases remarkably after syngas injection, which could be
related to the increase in CN. The best-fitting analyses reveal
that, except for the Ru−Co bonds with a CN of 3.4, the
increase in this peak could be attributed to the backscattering
contribution between Ru and the second layer C/O atoms
(Ru−C−C(O)) with a bond length of 2.71 Å and a CN of 3.6.
These results indicate that the single Ru atom in the Ru−Co3
site would adsorb three C-containing species (CO or other
CnHx species) when exposed to syngas under the FTS reaction,
forming a sixfold coordination structure (Ru−Co3C3), as
schematically shown in Figure 6c. It should be noted that the
bond length of Ru−C (averaging 2.01 Å) is longer than that in
ruthenium carbonyls (Ru3(CO)12, Ru−C bond length
averaging 1.932 Å),68 suggesting that the Ru−C bonds are
weak and unstable. The generation of Ru−C intermediate

species during the FTS reaction was further confirmed by
hydrogen treatment of the catalyst after the syngas tests, in
which the Ru−C coordination peak disappeared, as shown in
Figure S11a. These results reveal that single-atom Ru in
Ru1Con SAA can work as the active catalytic sites involved in
the FTS reaction, in which three C species (C1−Cn) can be
adsorbed onto one Ru atom for the C−O rupture and chain
growth reactions.
The oxidation state and electronic structure changes of

single Ru atoms during the reduction and catalysis processes
were further analyzed via X-ray absorption near-edge structure
(XANES). Figure 6b presents the set of Ru K-edge XANES
spectra recorded under different reduction and FTS reaction
stages. It can be seen that the near-edge absorption energies
(E0) of the sample from all stages are located between those of
RuO2 and the Ru foil, implying the positively charged feature
of single Ru atoms. It can be observed in the inset of Figure 6b
that the XANES spectra below 200 °C are very similar,
demonstrating the unchanged oxidation state of the Ru species,
which agrees well with the in situ EXAFS results. Then, as the
temperature increases from 300 to 400 °C, a distinct shift of
the absorption edge toward a lower energy is observed,
indicating the stepwise reduced oxidation state of Ru atoms. In
comparison to metallic Ru foil, the electron deficiency of Ru
atoms in Ru1Con SAA after a 400 °C reduction is likely due to
the electron transfer from Ru atoms to Co nanoparticles with
strong electronic interactions. This further explains the
shortened Ru−Co bond length (2.46 Å) and the outstanding
structural stability of single-atom Ru−Co3 sites. After switching
to a syngas atmosphere at 180 °C, the absorption edge shifts to
a higher energy. This phenomenon reveals the increased
oxidation state of Ru atoms after adsorption of C species under
FTS, as demonstrated by the in situ EXAFS results. In addition,
as shown in Figure S11b, the hydrogen treatment of the
catalyst after syngas tests can make the absorption edge shift to
a lower energy, revealing the decreased oxidation state of the
Ru atoms after desorption of the C species, which further
confirms the generation of Ru−C intermediate species during
the FTS reaction. The phenomenon of carrying positive charge
for Ru atoms in Ru−Co3 and Ru−Co3C3 structures is also well
confirmed via DFT calculations (Figure S12). The lower
electronic density over Ru is accompanied by an increase in the
electronic density over Co in the Ru1Con SAA, as confirmed by
the XPS, FTIR CO adsorption, and DFT results, as shown in
Figure S13. These results clearly show the formation of single-
atom Ru−Co3 active sites on Ru1Con SAA from Ru−O4−Co2
sites on the CoAl−O substrate via H2 reduction and
demonstrate their Ru−Co3C3 configuration during FTS. In
addition, the residual Cl in the sample was also measured via
XRF analysis, and its possible effect on the electronic property
and FTS performance of the Ru1Con SAA is discussed in the
Supporting Information.

3.4. DFT-Calculated FTS Mechanism. To further clarify
the main factor that improves the catalytic performance of
Ru1Con SAA, DFT calculations were performed to investigate
the FTS reaction mechanism that occurred on the Ru1Con
SAA, Co(111), and Ru(0001) surfaces. Generally, the reaction
involves a sequence of steps, including adsorption and
activation of CO and H2, hydrogenation of CO to CHx
species, and chain growth processes. Initially, the reactants
(CO and H2) are adsorbed on the catalyst surface, followed by
the formation of metal−C and metal−H bonds. It is worth
mentioning that the most stable configuration before reaction
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on Ru1Con SAA is the structure of three CO molecules
adsorbed onto a single Ru atom with one atomic H adsorbed
onto the adjacent Co surface, as confirmed by the in situ
EXAFS results. On Co(111) and Ru(0001), the initial state is
the structure of a CO molecule and an atomic H adsorbed at
the hollow sites of the metal surface. After adsorption, the
conversion of CO to the Cn product occurs through a series of
steps. The transition from CO to CHx includes hydrogenation
of CO to CHO (CO + H → HCO) and cleavage of the C−O
bond (HCO → CH + O). On Ru1Con SAA, after the
hydrogenation of the CO molecule, the intermediate HCO
adsorbs between the Ru and Co atoms. Finally, both CH and
O adsorb on the Co surface, leaving two CO molecules on the
Ru atom. For Co(111) and Ru(0001), the intermediate HCO
adsorbs at the hollow site. To simplify the calculation, the
transformation from CH to CHx (x ≥ 2) is not included. The
transition-state energies 1 and 2 (TS1 and TS2) in Figure 7a

indicate that, in all cases, the bottleneck of the entire process is
the splitting of the C−O bond (TS2), which is consistent with
previous studies.69 Compared to 1.81 and 1.39 eV for the
Co(111) and Ru(0001) surfaces, the Ru1Con SAA system has
the lowest reaction barrier (1.22 eV), resulting in the highest
activity in the CO conversion.
In the chain growth process, two reaction mechanisms are

proposed: a carbide mechanism and a CO insertion
mechanism.70 Herein, we only consider the CO insertion
pathways, which are the most likely to occur on the Co surface
according to previous studies.71,72 From C1 to C2 products, the

C−C bond is formed (CO + CH2 → CH2CO) followed by the
cleavage of the C−O bond (CH2CO → C2H2 + O). On
Ru1Con SAA, the initial state is the structure of three CO
molecules bonding to the Ru atom with a CH2 species
adsorbed on the hollow site of Co(111). The CH2CO bonds
to both Ru and Co, which is similar to the intermediate state in
the first conversion of the CO to CHx species. For Co(111)
and Ru(0001), the intermediate CH2CO adsorbs at the hollow
site, followed by cleavage of the C−O bond. After that, the
following step could be the hydrogenation of the C2H2 species
or the transformation from C2 to Cn. The transition-state
energy from C1 to C2 on Ru1Con SAA (0.33 eV) is much lower
than that on pure Co(111) (1.14 eV) and Ru(0001) (1.42
eV). Thus, the formation of long carbon chains prefers to
occur on Ru1Con SAA at a low temperature, resulting in a
much lower C1 (CO2 and CH4) selectivity than those on Ru/
Co NPs and Co NPs samples.
To reveal the origin of the high catalytic activity of Ru1Con

SAA, we show the projected density of states (PDOS) in the
Co(111), Ru(0001), and Ru1Con SAA systems in Figure 7b,c.
Figure 7b shows the similar PDOS of the Co atom in Co(111)
and Ru1Con SAA. However, as shown in Figure 7c, the PDOS
of the Ru atom in Ru1Con SAA shows a much higher electron
density near the Fermi level, compared to that in Ru(0001).
Thus, the atomic Ru has a much stronger interaction with the
reactants, resulting in an enhanced catalytic performance.73 In
conclusion, we can infer that the single Ru atoms with a unique
electron density state and the surrounding Co atoms in
Ru1Con SAA play a cooperative role in FTS catalysis, resulting
in high catalytic activity and long-chain hydrocarbon
selectivity.

4. CONCLUSIONS
In summary, a Ru1Con SAA with a trace amount of single Ru
atoms immobilized on Co nanoparticles was synthesized using
an LDH-based anion intercalation and 2D space confinement
strategy, which exhibited a high catalytic performance toward
FTS. The formation process as well as the electronic and
geometric structure of Ru1Con SAA were thoroughly studied
using AC-HAADF-STEM, in situ PXRD, in situ XPS, ETEM, in
situ XAFS, FTIR CO adsorption technologies, etc. The
correlation of the catalytic evaluation, in situ XAFS, and the
DFT calculations demonstrates that the Ru1Con interface is
more active than those of pure Co and Ru surfaces. Both the
C−O splitting and C−C augmentation processes in FTS can
be promoted by the cooperative effect of Ru atoms with a high
electronic density near the Fermi level and the adjacent Co
atoms, resulting in a high CO conversion and a long-chain
hydrocarbon selectivity. These results offer an effective strategy
for preparing thermally stable SAAs for diverse reactions and
provide insights into the feasibility of the atomic-level interface
design to optimize the performance of industrial catalysts.
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