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ABSTRACT: In this study, we developed a new type of Ru—N—-C
single-atom catalyst (SAC) with an excellent catalytic performance ~
for CO/CO, selective hydrogenation. RuN SACs were synthesized
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numbers and anchoring Ru species onto these vacancies. Three £ @ ¢ AV Ve
RuN, SACs (x = 2, 3, and 4) were synthesized: RuN, and RuN, % w: y 2::», S
SACs, which were obtained by direct calcination, and RuNj;, which & s N
was obtained by high-temperature shock (HTS). HTS combined =%
electrostatic adsorption and strong thermal coupling to anchor Ru § bg o® *

atoms to N vacancies with a novel three-dimensional structure. The H
resulting RuN SACs exhibited excellent catalytic performance for PSS O SPs b B® ettty

the selective methanation of CO/CO,; in particular, RuNj; achieved Regulating the N coordination environment

a CO conversion of 99% and a CH, selectivity of 95% under a gas

hourly space velocity (GHSV)of 4255 h™" at 150 °C. Electron transfer was observed between the Ru and N species, facilitating the
formation of electron-deficient centers over the catalyst surface, which actively captured CO molecules, even at low CO pressures.
Moreover, RuN SACs facilitated the breakage of the C—O chemical bond during the CO hydrogenation reaction and formation of a
highly selective alkane product (CH,). Although the hydrogenation of CO, was performed simultaneously, its reactivity was lower,
and only a small amount of CO gas was released to the atmosphere. Additionally, Ru atoms in RuNj; possessed a unique protruding
structure supported by the N species, which interacted with the reaction species at a high flux. Therefore, our novel RuN SACs can
completely remove the CO species from H,-rich gas, which is beneficial for the stable operation of proton-exchange membrane fuel

cells (PEMFCs).
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1. INTRODUCTION

In proton-exchange membrane fuel cells (PEMECs), a low CO
concentration in H,-rich gas has a strong toxic effect on the Pt
electrode.' “3As such, the CO concentration should be reduced
to less than 10 ppm, particularly at low temperatures, to ensure
the optimal operation of PEMFC. CO hydroconversion is an
effective method of deep CO removal. In practical applications,
CO, is commonly present in H,-rich gases, and its hydro-
genation process is often accompanied by a reverse water—gas
shift (RWGS) reaction, leading to secondary CO formation.
For example, the Ni-0.15In/CeO, catalyst developed by Xiao
et al.* achieves a CO selectivity of 99.6% at 400 °C, but with a
CO, conversion rate as high as 38.5%, where RWGS-generated
CO weakens the removal efficiency. Similarly, Zhang et al.®
reported that Ni—In,/SBA-15 exhibits 99% CO selectivity at
400 °C, yet with a CO, conversion rate of 29%. These findings
indicate that conventional catalysts struggle to achieve both
efficient CO methanation and CO, suppression, highlighting
the importance of developing catalysts with high CO selectivity
and CO, inertness.
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In nanoparticle (NP) catalysts composed of
Ni® ’Ru'""""Rh'*"*’etc., the hydrogenation of carbon oxides
can produce methane and higher hydrocarbons with low
selectivity during CO/CO, hydrogenation.”' ~*°In this context,
single-atom catalysts (SACs)*° *’owing to their unique
geometric and electronic properties, offer new strategies for
precisely tuning hydrogenation pathways. In SAC synthesis
based on metal—organic frameworks (MOFs),*"**high-tem-
perature pyrolysis facilitates the formation of stable metal-N
coordination bonds,**~*effectively preventing metal atom
aggregation. Studies have shown that the nitrogen coordination
environment plays a crucial role in regulating the competitive
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adsorption of CO and CO,. For instance, Qiao et al.**found
that Au SACs preferentially adsorb CO via 5d orbital
vacancies, while Lou et al.*’demonstrated that different
nitrogen coordination numbers (GN,, x = 1/4, 2, 3, and 4)
differentially modulate the activity of CO, reduction to CO,
providing key insights for selectively inhibiting CO, reactions.

For CO hydrogenation mechanisms,”*'Zhao et al."’eval-
evaluated the intermediates during CO methanation to
determine the optimal metal pairs that can effectively break
C—O0 bonds and simultaneously hydrogenate *C/*O with low
energy barriers, which is crucial for achieving high methanation
under mild conditions. CO tends to be independently
adsorbed at the top sites. For Ru-based catalysts, C atoms
adopt sp hybridization to form a short 6(Ru—C) bond (1.88
A), resulting in their high adsorption capacity. Zhang et al.”*
obtained the activation barrier of 1.29 eV for the hydro-
genation of the C end of CO to form a CHO intermediate with
a reaction energy of 0.93 eV, which was significantly lower than
that through a COH intermediate. This suggests that *CHO is
the mainstream reaction pathway for CO hydrogenation,
whereas *CO is the mainstream reaction pathway for the
hydrogenation of CO, on Ru-based catalysts.

Although several studies have investigated the factors
affecting the catalytic activity of oxide-supported Ru systems,
the catalytic activity of a single Ru atom for the CO/CO,
hydrogenation is rarely reported. For instance, Song et al.**
constructed a CeZrO/Ni inverse interface under low-temper-
ature (200 °C) and high space velocity (15,000 mL-g~"-h™")
conditions, enabling the efficient conversion of CO via dual
formate and *CO pathways while preventing intermediate self-
poisoning at low temperatures, achieving a CO conversion rate
of 90% (close to the thermodynamic equilibrium value).
Additionally, Zhou et al.* demonstrated that under 200 °C
light irradiation, the Ru/CeO,—H catalyst exhibited a methane
production rate of 275.1 mmol-g™"+h™", 1.5 times higher than
that of pure thermal catalysis. In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) analysis
confirmed that the formate pathway was dominant, while the
*CO pathway also contributed. To address this research gap,
we simulated an N-coordinated Ru SAC using density
functional theory (DFT) to predict its catalytic activity for
CO/CO, hydrogenation. We then synthesized Ru SACs with
different N coordination numbers using a MOEF. Finally, we
performed catalytic performance tests, characterizations, and
DFT calculations to explore the relationship between the
structure and performance of the catalysts. The resulting RuN
SACs satisfied the demand for CO removal in small H,-
production machines.

2. EXPERIMENTAL SECTION

2.1. Synthesis of RuN SACs. RuN SACs were synthesized via a
ZIF-8-derived protocol combining controlled pyrolysis and rapid
thermal shock to modulate the Ru—N coordination environment.
First, a Zn**/Ru®*-doped ZIF-8 precursor was obtained by
coprecipitating Zn>* and Ru** with 2-methylimidazole, which confines
Ru within the MOF cages. Pyrolysis at 1100 °C under N, removed Zn
and collapsed the framework, yielding an N-doped carbon matrix with
atomically dispersed RuN, sites (RuN,(C)). Subsequent NH;
treatment at 900 °C enriched surface nitrogen, converting RuN,(C)
into a four-coordinate RuN,(C) phase. For RuN;(C), a ZnN,@SAC
intermediate was formed by low-temperature pyrolysis (400 °C),
followed by Zn removal, Ru*>* adsorption, and a 1200 °C/100 ms Ar
thermal shock to lock Ru into a trigonal N; coordination. For
comparison, Ru nanoparticles were synthesized by a conventional wet

impregnation on SiO,. This hierarchical approach—tuning atmos-
phere, temperature profile, and kinetics—enables precise control over
Ru—N coordination numbers (2—4) for rational SAC design. Detailed
experimental procedures are provided in Supporting Information S1.1.

2.2. Catalytic Performance Measurements. The catalytic
performance of Ru SACs and Ru NPs was evaluated in a fixed-bed
flow reactor under conditions simulating the crude gas from methanol
reforming. Catalyst loadings (0.1—10.0 g) were chosen according to
the surface active-site density determined by chemisorption, and were
diluted 1:10* (w/w) with quartz sand to ensure differential (<10%)
conversion. The mixture was packed into a quartz tube (i.d. & 6 mm),
secured by quartz wool, and a thermocouple was inserted at the bed
center for real-time temperature control and monitoring of endo/
exothermic signals. After in situ reduction with 5 vol % H,/N, at 2
°C/min, the feed was switched to a quaternary gas (70% H,, 20%
CO,, 1% CO, balance N,) at 100 mL/min (GHSV =~ 4255 h™%).
Effluent gases were sampled (50 uL) and analyzed online by GC
(Beifen Ruili SP-3420A) with a flame-ionization detector. CO and
CO, conversions were calculated as

FCO in — FCO,out

Xeg = ——— X 100%
<0 Feo,in (1)
XCOZ — FCOZ,i;_ FCOZ,out % 100%
COy,in (2)

where Feg iy Feo,ou are the molar flow rates of CO at the reactor inlet
and outlet, respectively, Fc i, and Fco, oy are the molar flow rates of

CO, at the reactor inlet and outlet, respectively. For further
experimental details, see Supporting Information Section S1.2.

2.3. Materials Characterization. Powder X-ray diffraction
(XRD) patterns were collected on a Beijing Puxi XD-6 diffractometer
using Cu Ka radiation (4 = 0.15406 nm) at 36 kV and 20 mA over 26
= 10—80° with a scan rate of 4°/min; crystallite sizes were estimated
via the Scherrer equation (K = 0.89). Textural properties were
evaluated by N, physisorption on a Micromeritics ASAP 2020 HD88
Plus after degassing (350 °C, 4 h), with surface areas calculated by
Brunauer—Emmett—Teller (BET) and pore distributions calculated
by BJH. Ru loadings were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (PerkinElmer Optima 3000
DV). Morphology and dispersion were examined by transmission
electron microscopy (TEM) (FEI Talos F200X, 200 kV), high-angle
annular dark-field-scanning TEM/energy dispersive X-ray spectros-
copy (HAADF-STEM/EDS) (Hitachi HD3000C, 200 kV, aberration-
corrected), and STEM-EDX mapping; samples were drop-cast from
ethanol suspensions. High resolution TEM (HRTEM) image
simulations were carried out in Dr. Probe (100—300 kV, Cs = 1
mm, Cc = 1.5 mm) and benchmarked against DFT-relaxed structures.
Surface chemical states were probed by X-ray photoelectron
spectroscopy (XPS) (SPECS MCD-10, Al Ka, 1486.6 eV), with Ru
3d/N 2p spectra deconvoluted in Peak-Fit 6.0 and referenced to
adventitious C 1s (284.8 eV). In situ Ru K-edge XAS was performed
at NSRF beamlines 8-ID and 8-BM (10 keV, 2 scans min™') under
reaction conditions, using a Ru foil for energy calibration and
IFEFFIT/EaVX for data processing. In situ Fourier transform infrared
spectroscopy (FTIR) spectra were recorded in transmission mode
(PerkinElmer, MCT detector, 0.1 cm™" resolution) on catalyst wafers
(~1 cm ©) under heating and CO pulse adsorption; full
deconvolution details are provided in the Supporting Information.
The detailed information on these measurements is described in
Supporting Information S1.3.

2.4. DFT Calculation Details. DFT calculations were conducted
using the Vienna Ab initio Simulation Package (VASP) with the
projector-augmented wave (PAW) method and the Perdew—Burke—
Ernzerhof (PBE) functional under the generalized gradient approx-
imation (GGA). A plane-wave energy cutoff of 400 eV was applied,
and spin polarization along with dipole corrections were included.
The Ru SACs were modeled on a single-layer (3 X 3) graphene
substrate with a vacuum region of ~15 A to avoid interlayer

https://doi.org/10.1021/acssuschemeng.5c01497
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01497/suppl_file/sc5c01497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01497/suppl_file/sc5c01497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01497/suppl_file/sc5c01497_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.5c01497/suppl_file/sc5c01497_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c01497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Simulation
= Experiment

-
=
= =
z 2.7
n
= Simulation
5-; Rl! = Experiment
= N. ", .N
- =
2.186 A
-~

6 4 2 0 2 4 6
Distance (A)

- == Experiment
Ru = Experiment

Simulation
Ru
N c
2.145 A
-
2 0 2 4 6
Distance (A)
—— Simulation
Rll_l = Experiment

Simulation

Ru = Experiment
Ne TLN
2 0 2 6
Distance (A)

Figure 1. Morphology of Ru SACs characterized by 2D HRTEM and EDS method. (a—c) HRTEM images of Ru SAC; (al—cl) representative Ru
active site (single atom) and the distances of Ru—N and Ru—C species; (a2—c2) DFT calculation models for Ru SACs; (a3—c3) comparison of
intensity vs distance in a selected region between experimental and simulation results; (a4—c4) distribution of Ru, N, and C species characterized

by the EDS method.

interactions. A Monkhorst—Pack k-point grid of 4 X 4 X 1 was used
for energy and geometry optimization, and 6 X 6 X 1 was used for
electronic structure analysis. The calculations incorporated zero-point
energy and entropy contributions to obtain Gibbs free energies, and
adsorption energies were determined based on the total energy
differences between the adsorbed and isolated systems. The d-band
centers were calculated from the projected density of states. Detailed
computational parameters and models are provided in Supporting
Information S1.4.

3. RESULTS AND DISCUSSION

This study investigated the properties of Ru SACs, including
their morphology, active sites, coordination, chemical bonds,
etc. Their catalytic performance, electron transfer, and reaction
intermediates were characterized by using a fixed-bed reactor
through in situ techniques, DFT calculations, and other
characterization tests. The Ru SACs exhibited excellent
catalytic performance for CO removal in a H,-rich atmosphere.
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Figure 2. Catalytic performance of CO/CO, cohydrogenation via the three Ru SACs (a), CO conversion and product selectivity (b), CO,
conversion and product selectivity (c), desorption curves of Ru SACs chemisorbed by CO (CO-TPD) (d); R space of EXAFS spectra (Ru K-edge)
for Ru SACs (e), and infrared spectra measured during CO uptake over Ru SACs (f).

3.1. Morphology of Ru SACs. The Ru SACs coordinated
with N species were synthesized by using different types of
vacancies generated by sublimation, adsorption, and high-
temperature shock (HTS) techniques. The specific surface
areas and crystal lattices of the SACs were characterized using
Brunauer—Emmett—Teller (BET) measurements and X-ray
powder diffraction (XRD), as shown in Figures S7 and S8.
Simulated high-resolution transmission electron microscopy
(HRTEM) images of the Ru SACs were obtained using
commercial software Dr. Probe (Figure S9). The HRTEM
simulation results were consistent with the DFT calculation
results.

Figure la—c shows an overview of the Ru SACs. Figure
lal—cl presents representative Ru active sites for the distance
measurement of Ru—N and Ru—C bonds and their
comparison with the DFT simulation data. The two-dimen-
sional (2D) HRTEM images of the representative Ru active
sites are similar to the simulated images in Figure S9. The
distances of the Ru—N bonds are 2.13 A (RuN,) and 2.09 A
(RuN,), which correspond with the DFT calculation results of
2.186 A (RuN,) and 2.181 A (RuN,), respectively. However,
the Ru—N distance of the RuN; sample is only 1.71 A, which is
lower than that of the DFT calculation result (2.145 A). Figure
la3—c3 presents a comparison of the variations in intensity
with the distance. Figure S10 shows the detailed DFT
simulation results of the Ru SACs, in which the Ru active
sites can be observed at horizontal and vertical viewing angles.
The Ru atoms in the RuN, and RuN, samples remain in the
same plane as the surrounding N and C atoms, with the offset

distances of 0.111 and 0.161 A for RuN, and RuN,,
respectively. In the RuN; sample, the Ru atoms are not
retained in the same plane as the surrounding atoms. In
particular, the distance between the Ru atom and the N—C
plane is 1.378 A, explaining the difference in the distance
obtained by the HRTEM and DFT simulations. Such a unique
three-dimensional configuration is beneficial for surface-active
sites to capture CO species and, as a result, promote deep CO
removal during hydrogenation reactions.

Figure la4—c4 displays the Ru, N, and C distribution in the
Ru SAC samples characterized by energy-dispersive X-ray
spectroscopy (EDS). The Ru species were atomically dispersed
on the surface and coordinated with the surrounding N atoms.
The three Ru SAC samples have similar Ru mass loadings of
0.5—0.6 wt %. Meanwhile, the N mass loading increases from
17.16 to 23.63 wt %, enhancing the N vacancies and
coordination number. The C species have the highest
proportion among the three elements. The Ru, N, and C
proportions were measured by using inductively coupled
plasma optical emission spectrometry (ICP-OES) (Table S3).
The C evaporation is lower during high-temperature treat-
ments.

Figure 2 shows the catalytic performances and relative
properties of the three Ru SACs, as characterized using a fixed-
bed reactor, temperature-programmed reaction (TPR), ex-
tended X-ray absorption fine structure (EXAFS), and infrared
(IR) spectroscopy. The reaction feed gas comprised a 1 kPa
CO, 20 kPa CO,, 70 kPa H,, and N, balance. The feed gas was
injected into the catalyst bed for CO/CO, cohydrogenation
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Figure 3. Structures and electron transfer of Ru SACs under CO chemisorption (a), the in situ XANES spectra (Ru K-edge) measured under CO
hydrogenation for RuN SACs (b), density of state and d-band center calculated from DFT simulations (c), and the in situ XPS spectra (Ru 3p) of

Ru SACs under different reaction conditions (d).

over the Ru SACs. The catalytic performance is shown in
Figure 2a. The CO pressure decreased rapidly, reaching 0.001
kPa at 150—180 °C. At approximately 200 °C, the CO
pressure decreases to the lowest value and then increases again,
owing to CO, hydrogenation, which forms a large amount of
CO and increases the CO concentration.

Figures 2b and S13 show the conversion, pressure,
selectivity, and C distribution during CO hydrogenation with
the feed gas composed of 1 kPa of CO, 70 kPa of H,, and N,
balance. In contrast to the results reported in the literature,
where a CO conversion rate of only 60% is achieved at 200 °C,
in this study, the CO conversion rapidly approaches 100%
within the temperature range of 100—150 °C, significantly
surpassing the typical requirement of over 250 °C to achieve a
conversion rate of more than 80% as reported in the
literature.**™** As the feed gas did not contain CO,, the
hydrogenation of CO, to CO did not occur. As a result, the
CO pressure did not increase at higher temperatures. CH, is
the main product of the RuN SACs, followed by methanol. Ru
NPs exhibit a lower CO conversion rate at 150—200 °C and
notably lower CH, selectivity in comparison to those of the
RuN SACs.

Figures 2¢, S14, and S15 show the conversion, selectivity,
and C distribution during CO, hydrogenation over the Ru
catalysts, respectively. CO, hydrogenation over Ru SACs
requires temperatures of more than 250 °C. The reaction
product is mainly composed of CH,, similar to that for CO
hydrogenation, followed by CH;OH. The catalytic activity of
the Ru NPs for CO, hydrogenation is considerably lower than
that of the Ru SACs. Furthermore, excess CO was formed over
the Ru NPs, whereas low CO selectivity was noted for the Ru
SACs. Such low-concentration CO gases could be continu-
ously hydrogenated and eliminated. Among the three RuN
SACs, RuNj exhibited the best hydrogenation performance
because the Ru atoms, which are active sites, are not in the
same plane as the N and C atoms. In particular, the distance of
the Ru atoms to the C/N plane is 1.378 A for RuN3, which is
considerably higher than that of RuN, (0.111 A) and RuN,
(0.161 A), thereby contributing to variations in the binding
energy, coordination, exposure probability, etc.

Figure 2d shows the desorption curves of the CO gas
chemisorbed onto Ru SACs, as obtained by temperature-
programmed desorption (TPD). The CO species first flows
and is adsorbed over the Ru SACs, and then the physically
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adsorbed CO is detached under vacuum. CO-TPD was
performed in a He atmosphere at increasing temperatures.
The chemisorbed CO species are desorbed from the Ru SACs.
The three Ru SACs display similar CO-TPD curves with the
desorption temperature of approximately 180 °C.

The EXAFS spectra (Ru K-edge) of the fresh RuN SACs
were obtained, as shown in Figures 2e and S16, to demonstrate
the atomically dispersed Ru atoms. The three RuN SACs
exhibit similar R distances of 2.16 A. The coordination
numbers are displayed in Table S4. The coordination numbers
of the Ru—N pair are 2.05, 3.30, and 4.50 for RuN,, RuNj;, and
RuN,, respectively. The coordination numbers are in good
agreement with the DFT simulation and HRTEM results.
Figure S17 shows the good stability of the RuN SACs, whereby
the catalytic performance and EXAFS results remained nearly
unchanged after 800 h of hydrogenation. This stability not only
confirms its reliability in industrial applications but also
highlights its strong resistance to deactivation, which
contributes to reducing catalyst replacement frequency,
thereby minimizing resource consumption and operational
costs.

Figure 2f shows the IR spectrum measured from the Ru
SACs chemisorbed by the CO species. CO chemisorption can
be classified as linear, bridged, or multiple adsorption (Table
S6). For the Ru SACs, linear CO adsorption is the main
adsorption mechanism because highly dispersed sites can be
adsorbed only point-to-point. Ru crystal facets can be obtained
from Ru NPs, and the infrared spectra in Figure S18 show the
adsorption of various CO species. However, such adsorption of
various forms is unsuitable for evaluating surface-active sites
using CO probes. As bridged and multiple adsorptions exist on
the catalyst surface, the quantitative relationship between the
CO and surface sites is unclear. Thus, the CO probe can be
used only to evaluate the number of Ru surface sites of the Ru
SACs. The results of CO chemisorption are presented in
Figure S19 and Table S7. We compared the results obtained
with those of the ICP-OES method, where good agreement
was depicted.

Based on the number of active sites, we normalized the
reaction rate over each active site and obtained the variations
in activation energies under catalytic conditions (Figure S20).
From the perspective of the catalytic mechanism, the RuNj site
exhibits the lowest activation energy (73 kJ/mol), which is
closely related to its unique electronic structure. The three-
coordination structure not only maintains an appropriate
electron density at the metal center but also provides an
optimal geometric configuration for substrate adsorption,
thereby effectively reducing the energy barrier for transition
state formation. In contrast, the relatively higher activation
energy of the RuNj site (84 kJ/mol) may be attributed to its
rigid coordination structure, which diminishes the substrate
proximity. Meanwhile, the intermediate activation energy of
the RuN, site (77 kJ/mol) reflects the electron-enriching effect
at the metal center due to a reduction in the coordination
number. Overall, these differences in kinetic parameters
validate, from an energetic perspective, the role of the nitrogen
coordination environment in electronically modulating the
catalytic active centers, thereby providing key thermodynamic
insights for the rational design of efficient Ru-based catalysts.

The electronic structures of the surface-active sites
determine the adsorption and reaction behaviors of the
reactants. Owing to the interaction between Ru and the
coordinated N atoms, charge transfer and electric cloud

distribution can be controlled by varying the N coordination
number. Figure 3a shows the structures and electron transfer of
the Ru SACs under CO chemisorption, as obtained by a DFT
simulation. From the Ru active sites to the CO molecules,
0.10e, 0.23¢, and 0.15e electrons transfer for the RuN,, RuNj,
and RuN, samples, respectively. CO chemisorption causes
variations in the surface electronic structures of the Ru SACs,
as compared in Figure S21 and Table S8. In particular, some
electrons transfer to the CO molecules, whereas others are
transferred to the N atoms, resulting in greater losses of Ru
electrons. The RuNj; SAC, with the highest electron loss, has
the highest binding energy toward adsorbed molecules (Figure
$22), such as CO and CO,. A strong combination is conducive
to the selective capture of CO molecules and their deep
removal.

Figure 3b shows the in situ X-ray absorption near-edge
structure (XANES) spectra (Ru K-edge) measured during CO
hydrogenation with the feed gas composed of 1 kPa of CO, 10
kPa of H,, and Ar balance. The three RuN SACs exhibit similar
chemical states under CO hydrogenation. The reduced
electron transfer in the Ru foil resulted in its lower K-edge
energy than that of the RuN SACs. Figure S23 displays the
XANES Spectra (Ru K-edge) of the Ru SACs measured under
H,-reduced, CO hydrogenation, and fully covered conditions.
The RuNj; sample has the largest energy variation with and
without CO chemisorption.

In the RuN, (x = 2—4) coordination system, the d-band
center of Ru atoms exhibits a nonmonotonic trend, initially
shifting upward and then downward as the nitrogen
coordination number increases. This behavior is directly
related to changes in the occupancy of the CO 2z*
antibonding orbitals. Previous research has shown that if the
energy level of the electron is close to the Fermi level, they are
more active and prone to interacting with reactant molecules,
primarily because of their higher energy and lower energy
barriers. These electrons can easily migrate from the solid to
the reactant molecules, thereby promoting catalytic perform-
ance. The density of states (DOS) distributions of the three Ru
single-atom catalysts, as shown in Figure 3c, indicate that the
d-band centers are —1.204, — 0.798, and — 0.919 eV for RuN,,
RuN;, and RuN,, respectively. Among them, RuNj has the d-
band center closest to the Fermi level, suggesting higher
catalytic activity. This is corroborated by activity tests, which
demonstrate that RuNj achieves the highest CO conversion at
a lower reaction temperature. These findings confirm that
RuNj, with its unique conical coordination structure, optimizes
the d-band center position and surface charge distribution,
selectively promoting hydrogenation of CO to CH, rather than
deep carbon-chain growth. This coordination configuration
represents the optimal balance among activity, selectivity, and
stability.

Figure 3d shows the in situ X-ray photoelectron spectros-
copy (XPS) spectra (Ru 3p) of the Ru SACs measured under
different reaction conditions. The samples were reduced in H,
and kept under vacuum for the XPS measurements. “CO + H,”
indicates CO hydrogenation with 0.01 mbar of CO and 0.1
mbar of H, at 150 °C. The CO-covered samples were kept in a
0.02 mbar of CO atmosphere to achieve full chemisorption.
With increasing CO coverage, the binding energies of Ru 3p'/
and Ru 3p>? both increase, indicating that the 6—7 interaction
of CO induces electron transfer from Ru to CO, leading to
partial oxidation of Ru (Ru®*—CO%"). The increase in binding
energy shows a dependence on the coordination environment:
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Figure 4. DFT simulation of the hydrogenation of CO to methane or to methanol over Ru SACs: RuN, (a), RuNj; (b), and RuN, (c). The “in situ”

DRIFTS spectra measured under reaction conditions (d).

RuN, (484.9 eV) < RuN, (485.0 eV) < RuN, (4852 eV),
suggesting that as the number of coordinated nitrogen atoms
increases, the electron feedback capability of Ru decreases,
thus exacerbating the oxidation state shift induced by CO
adsorption. This electronic state change affects the CO
activation process: the high electron density of Ru weakens
the C=O bond by z-back-donation, providing a thermody-
namic driving force for CO activation. Furthermore, as shown
in the in situ XPS spectrum of Ru 3p (Figure S24), Ru species
can be divided into three chemical valences: Ru’, Ru**, and
Ru*". Ru in RuN SACs is mainly composed of ionic Ru species
(Ru®"), whereas metallic Ru species (Ru’) comprise a large
portion of Ru NPs. In addition, the N 1s XPS spectrum
(Figure S25) reveals that five types of nitrogen species are
present in the RuN SACs: oxidized graphitic N, graphitic N,
pyrrolic N, Ru—N, and pyridinic N. The Ru—N states
comprised a large proportion of the total N species.

We performed DFT simulations to display all of the reaction
pathways and elucidate the reaction mechanisms of the RuN
SACs during CO hydrogenation, as shown in Figure 4a—c.
Two hydrogenation pathways were identified: the methane and
methanol pathways. CO chemisorption onto the Ru active sites
(*CO) was the initial reaction step for CO hydrogenation.
Several intermediates, such as *CO, *CH;OH, *OH, and
*CH,, may accumulate on the surface, owing to their low
reactivity. Among these, *CH,OH is an important inter-
mediate species that produces CH, upon its breakdown into
*CH, and *OH. The energies of the CH, pathway are lower
than those of the methanol pathway with differences of 0.90,
1.54, and 0.61 eV for RuN,, RuNj;, and RuN,, respectively. The
values and optimized stable configurations are shown in

Figures S26—31. Figures S32 and S33 present the CO
hydrogenation over Ru NPs for comparison.
Various free radicals, such as *OH, *CH,, *CHO, and *CO,
are detected in in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) spectra. The spectral
variations as the temperature was increased from 120 to 200
°C are shown in Figure S34. The CO absorption peak
gradually decreases as the temperature increases. High
temperatures increase the reactivity of CO hydrogenation
and consumption of *CO species, decreasing the intensity of
the CO peak. Figure 4d presents the results at a representative
temperature of 200 °C to compare the three RuN SACs. In the
2850—3000 cm™* region, a weak yet reproducible C—H
stretching vibration peak was detected, indicating the
formation of alkyl species within the system. The low signal
intensity may be attributed to the rapid conversion of *CHj
into CH,, preventing the accumulation of alkyl intermediates.
This observation aligns with the computational results of the
free energy profile, which suggest a low energy barrier for the
*CH;—CH, transition. Additionally, a broadened absorption
band observed at 1678 cm™" corresponds to the OH stretching
vibration of surface hydroxyl radicals (*OH), suggesting the
dissociation of oxygen atoms from hydrocarbon groups.
Notably, the RuNj; catalyst exhibits a stronger absorption
signal in this region, which may indicate its enhanced ability to
stabilize oxygen-containing intermediates, thereby influencing
the catalytic reaction pathway.

The reaction pathway analysis during CO, hydrogenation is
important because it involves the formation of a CO product
that should be restricted. The main products of the CO,
hydrogenation are CH,, methanol, and CO. Figures S35—543
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Figure 5. DFT simulation of the hydrogenation of CO, to different carbon products over Ru SACs: RuN, (a), RuNj (b), and RuN, (c). The “in

situ” DRIFTS spectra measured under CO, hydrogenation (d).

displays the variation in the Gibbs free energy of the three RuN
SACs and their optimized intermediate configurations under
CO, hydrogenation. The CO, hydrogenation over each RuN
SACs followed three reaction pathways, namely that of CO,
CH,, and methanol. The reaction pathways are compared in
Figure Sa—5c. Methanation has the lowest energy, making it
the optimal pathway. CO is an intermediate generated during
hydrogenation. However, the desorption of the CO species is
difficult, and a large amount of CO is further converted to
*CHO to form other hydrocarbon products. As a result, few
CO species are released into the atmosphere, ensuring deep
CO removal.

Similar to the CO hydrogenation, the in situ DRIFTS
spectra exhibit various free radicals including *OH, *CH,,
*CO,, *CO, *CHO, and *COOH. Figure 5d presents the
results at a representative temperature of 280 °C for
comparison. The IR spectra obtained at different temperatures
are shown in Figure S44. A characteristic peak at 1710 cm™,
corresponding to the C=O stretching vibration in *COOH,
indicates that CO, preferentially adsorbs on the catalyst surface
and is rapidly protonated to form COOH. Meanwhile, the
signal at 2050 cm™, attributed to the C=O stretching
vibration in *CO, appears only briefly at lower temperatures
before disappearing, suggesting that CO is generated only
during the initial stage of the reaction and is subsequently
hydrogenated to *CHO. As the temperature increases, the
intensities of the peaks at 2920 cm™' (assigned to the C—H
stretching vibration in *CH,) and 2850 cm™" (assigned to the
symmetric stretching of *CH,) gradually increase, concurrent
with the decay of the *COOH signal, indicating that C—O
bond cleavage remains the rate-determining step. Notably, the
RuNj; sample exhibits the strongest *CH, signals during this
process, further confirming its enhanced CH, selectivity in the
CO, hydrogenation.

4. CONCLUSIONS

In this study, we developed novel RuN SACs and investigated
their catalytic performances in terms of conversion, selectivity,
and stability during CO/CO, hydrogenation. The conclusions
are as follows:

1. Three types of Ru—N coordination pairs were observed
over the RuN SACs, namely RuN,, RuNj;, and RuN,.
The RuNj; sample exhibited a unique three-dimensional
structure with its Ru active site offset from the N—C
crystal plane, resulting in its superior catalytic perform-
ance.

2. The RuN SACs, especially the RuN; sample, exhibited
good performance in deep CO removal. Moreover, the
side reaction of CO, hydrogenation did not contribute
to the release of CO to the atmosphere.

3. The electron transfer between the Ru and N species
facilitated the formation of electron-deficient centers on
the catalyst surface, facilitating the breakage of the C—O
chemical bond and producing hydrocarbon species
(CHy).

4. After continuous operation at 170 °C for 800 h, the RuN
SAC system (particularly the RuN; sample) maintained
excellent catalytic activity, with less than a 3% decline.
This result provides a sustainable chemical solution
characterized by high atom economy (metal utilization
>99%) and low-carbon processing, holding promise for
advancing green catalytic manufacturing from laboratory
scale to industrial scale.
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