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ABSTRACT: Plasma-catalysis systems are complex and require further understanding to
advance the technology. Herein, CO poisoning in CO2 hydrogenation over supported
ruthenium (Ru) catalysts in a nonthermal plasma (NTP)-catalysis system was investigated by
a combined kinetic and diffuse reflectance infrared Fourier transform spectroscopy−mass
spectrometry (DRIFTS−MS) study and compared with the thermal catalytic system. The
relevant findings suggest the coexistence of the Langmuir−Hinshelwood and Eley−Rideal
mechanisms in the NTP-catalysis. Importantly, comparative study of CO poisoning of the Ru
catalyst was performed under the thermal and NTP conditions, showing the advantage of the
hybrid NTP-catalysis system over the thermal counterpart to mitigate CO poisoning of the catalyst. Specifically, compared with the
CO poisoning in thermal catalysis due to strong CO adsorption and associated metal sintering, in situ DRIFTS−MS analysis revealed
that the collisions of reactive plasma-derived species in NTP-catalysis could remove the strongly adsorbed carbon species to recover
the active sites for CO2 activation. Thus, the NTP-catalysis was capable of preventing CO poisoning of the Ru catalyst in CO2
hydrogenation. Additionally, under the NTP conditions, the NTP-enabled water-gas shift reaction of CO with H2O (which was
produced by CO/CO2 hydrogenation) shifted the equilibrium of CO2 hydrogenation toward CH4 production.

KEYWORDS: nonthermal plasma (NTP) catalysis, CO poisoning, Ru catalyst, CO2 hydrogenation, kinetics, DRIFTS−MS

1. INTRODUCTION

Hybrid nonthermal plasma (NTP) and catalysis (NTP-
catalysis) systems can activate and convert a variety of stable
molecules, such as carbon dioxide (CO2), methane (CH4), and
nitrogen (N2), into desired products under mild conditions,
e.g., ambient pressure and low bulk gas temperatures (<200
°C),1−3 but the hybrid system is highly complex. NTP-catalysis
is particularly beneficial to enable kinetically and/or
thermodynamically limited reactions, including dry reforming
of methane,4 water-gas shift,5,6 and CO2 hydrogenation.7 In
comparison with the thermal counterparts, NTP-catalysis has
shown the capability of lowering the energy barrier required for
the catalysis and/or changing the reaction pathways on the
catalyst surface.8,9 Recent studies have shown that, being
similar with the thermal catalysis, the intrinsic nature of
heterogeneous catalysts (including the supports), such as metal
dispersion and pore structure, plays a key role in NTP-
catalysis. For example, a series of Ni supported on silicalite-1
(with different pore structures) catalysts was designed to study
CO2 hydrogenation under NTP conditions. It was found that
the pore structure of the silicalite-1 supports determines the
dispersion and location of Ni sites and, hence, the accessibility
of plasma-generated reactive species, thus affecting the
performance of the NTP-catalysis.10

In addition to the activity, the stability and longevity of the
catalysts are important factors for practical catalysis under both
thermal and NTP conditions. Under thermal conditions during
CO2 hydrogenation, catalyst deactivation is mainly caused by
(i) metal particle sintering due to high reaction temperatures,
(ii) coking caused by carbon deposition, and (iii) catalyst
poisoning resulting from trace impurities in the feed gases such
as carbon monoxide (CO). Due to the low-temperature
activation of catalytic process, NTP-assisted CO2 hydro-
genation intrinsically avoids sintering and coking processes.9

Regarding catalyst poisoning, specifically CO2 hydrogenation,
it is well known that CO poisoning is one of the worst catalyst-
deactivating processes under thermal conditions.11,12 Under
plasma conditions, conversely, previous studies have shown
that the plasma could enable the recovery of poisoned catalytic
sites via dynamic collisions among reactive plasma-derived
species, which lead to the desorption of strongly bound surface
species.13,14 Accordingly, insights into CO poisoning under
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thermal and NTP conditions, especially relevant deactivation
mechanisms, need to be assessed to develop mature NTP-
catalysis technology for potential practical adoptions. NTP-
catalysis is a complex combination of plasma discharge and
surface reactions (and other factors) with multifaceted
interplays between them. Regarding the surface reactions
under NTP conditions, in situ techniques, such as diffuse
reflectance infrared Fourier transform (DRIFTS)7,9 and
extended X-ray absorption fine structure (EXAFS) spectros-
copy,15 have been proved to be powerful tools to gain insights
into the surface dynamics of the catalyst, reaction mechanisms,
and the catalyst state during NTP-catalysis, which can facilitate
the rational design of bespoke catalysts for NTP conditions.
However, relevant in situ studies of NTP-catalysis toward the
understanding of catalyst poisoning are still lacking.
This work presents the comparative study of the effect of

CO on CO2 hydrogenation over a supported Ru catalyst (i.e.,
CO poisoning) under thermal and NTP conditions. The
intrinsic nature of the catalysts on the performance of CO2
hydrogenation was first studied, and the Ru/SiO2 catalyst with
high activity and stability was chosen for further investigation.
To elucidate the mechanism of CO poisoning, the mechanistic
investigation of CO2 hydrogenation including the kinetic and
in situ DRIFTS studies was comparatively performed under
thermal and NTP conditions, which provide useful information
on the intermediates and reaction pathways of CO2 hydro-
genation. Finally, the mechanism of CO poisoning in CO2
hydrogenation over the Ru/SiO2 catalyst was investigated.
Under the thermal conditions, significant catalyst deactivation
due to the strong CO adsorption and metal sintering was
observed; conversely, NTP activation was found to mitigate
the effect of CO on the performance of the catalyst and
regenerate the catalyst efficiently.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of Catalysts.

Ruthenium (III) chloride trihydrate (RuCl3·3H2O), silicon
dioxide, and γ-Al2O3 were purchased from Sigma-Aldrich and
used without further purification.
Supported Ru catalysts including Ru/SiO2 and Ru/γ-Al2O3

(with the theoretical metal loading of 2 wt %) were prepared
using the wet impregnation method. First, the support (1.5 g)
was suspended in water (30 mL), and then 6.2 mL of RuCl3·
3H2O solution (10 mg mL−1) was added dropwise. The
mixture was vigorously stirred for 3 h and then evaporated
using a rotary evaporator. The resulting precipitate was dried at
70 °C in a convection oven for 12 h. The obtained dry solid
was subsequently reduced in pure H2 at 300 °C for 2 h with a
heating rate of 5 °C min−1. After reduction, the sample was
cooled down to room temperature (RT) naturally under the
H2 flow (at 100 mL min−1). The actual metal loading was
determined by inductively coupled plasma optical emission
spectrometry (ICP-OES; Supporting information). The
prepared catalysts were characterized to understand their
physical and chemical properties by bright-field transmission
electron microscopy (TEM), N2 physisorption (using the
Brunauer−Emmett−Teller (BET) method), hydrogen temper-
ature programmed reduction (H2-TPR), and CO chemisorp-
tion, and the relevant experimental details are provided in the
Supporting Information.
2.2. Catalysis. A dielectric barrier discharge (DBD) flow

reactor was used for NTP-activated CO2 hydrogenation, which
is depicted in Figure S1, and the details of the DBD reactor

have been described elsewhere.9 Parameters of the NTP-
catalysis system were measured using an oscilloscope
(Tektronix TBS1072B) connected with a high-voltage probe
(Tektronix, P6015) and current monitor. NTP-catalysis was
performed at atmospheric pressure without a heating source.
Briefly, ∼100 mg of catalyst (pellet sizes of 250−425 μm) was
packed into a quartz tube (6 mm o.d. × 4 mm i.d.), where an
aluminum foil wrapped outside of the tube served as the high-
voltage electrode and a tungsten rod (1 mm o.d.) in the center
of reactor acted as the ground electrode. Since the catalyst was
exposed to air at RT before being loaded to the DBD reactor, it
was treated in situ by NTP (at 6.5 kV) using 50% H2/Ar as the
discharge gas for 20 min before catalysis. The feed of CO2, H2,
and Ar balance (molar ratio of 1:3:3) was introduced by mass
flow controllers (Bronkhorst, F-201CV-500-RAD-11-V) with
the flowrate of 50 mL min−1. The applied voltage was from 5.5
to 7.5 kV at a constant frequency of 21.0 kHz. The product
was analyzed by using online mass spectrometry (MS, Hiden
HPR-20) and two-channel online gas chromatography (GC)
equipped with a Porapak Q packed column, thermal
conductivity detector (TCD), and flame ionization detector
(FID). An Ar balance was used in the system to avoid the
signal saturation of MS signal. For each measurement, three
samples of gas products were analyzed under steady-state
conditions for an average value and error determination.
Control experiments using the empty reactor (catalyst-free)
and the reactor with the bare supports as a packing were
performed under the same NTP conditions.
CO poisoning study under the NTP condition (at 6.5 kV

and 21.0 kHz) was investigated by varying the inlet molar ratio
of CO/CO2 between 0 and 2. The total gas feed flowrate was
50 mL min−1, corresponding to a space velocity of 30,000 mL
(STP) gcat

−1 h−1, which included CO2, CO, H2, and Ar balance
(molar ratio of H2/(CO2 + CO) = 3). Catalyst deactivation
was monitored as a function of time-on-stream (ToS) by
switching the CO on and off in the feed. The average bulk
temperature of the system between 5.5 and 7.5 kV was
measured using an infrared (IR) thermometer and was in the
range of 110−135 °C. Specifically, the average bulk temper-
ature at 6.5 kV was ∼129 °C, which could not activate CO2
conversion thermally, according to a previous study.9

For comparison, thermal catalysis was carried out at 250−
430 °C at atmospheric pressure. Prior to catalysis, the catalyst
(pellets, about 100 mg) was first treated at 300 °C for 1 h in
50% H2/Ar. Then, the feed (CO2/H2/Ar = 1:3:3) was
introduced into the reactor at 50 mL min−1. The temperature
of the catalyst bed was monitored by a K-type thermocouple
embedded in the catalyst bed.
CO poisoning of the catalyst under the thermal condition

(at 330 °C) was studied using the same gas condition as in the
relevant NTP-catalysis. The catalyst deactivation experiment
was performed at 330 °C with the same gas conditions as
described in the NTP-catalysis (for CO poisoning study).
CO2 (XCO2

) conversion, CO (XCO) conversion, carbon (XC

= XCO2
+ XCO) conversion, selectivity toward CH4 (SCH4

), and

CH4 yield (YCH4
) were determined accordingly to evaluate the

catalytic performance (all the performance parameters are
defined in the Supporting Information).

2.3. Kinetic Study. The kinetic study of thermal catalysis
was performed at 260−320 °C with ∼30 mg of catalyst
(diluted with inert glass beads to prevent hot spots) to ensure
low CO2 conversions of <20%. The feed mixture containing
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CO2/H2/Ar (molar ratio = 1:3:3) was fed into the reactor for
the kinetic study. To extract the reaction order with respect to
H2 and CO2 partial pressures, the composition of the feed was
varied; i.e., H2 partial pressure was changed with a constant
partial pressure of CO2 and vice versa.
Kinetic study of the NTP-catalysis was performed using

similar procedures and conditions as described above (about
30 mg of catalyst diluted with glass beads, at 5.0−6.5 kV and
21.0 kHz). The gas conditions were the same as in the kinetic
study of the thermal catalysis. Due to the low bulk temperature
under the NTP conditions (<129 °C), thermal activation of
CO2 was not possible. Considering the effect of support
packing and discharge volume, control experiments using the
same amount of the bare supports and inert glass beads were
performed to extract the information on the relevant gas phase
and surface (over the bare supports) reactions under NTP,
which was subsequently used to correct the kinetic data of the
NTP-catalysis (Supporting Information).
2.4. In Situ DRIFTS−MS. The experimental setup of

DRIFTS−MS for NTP-catalysis was described elsewhere.9 The
catalyst was pretreated with 50% H2/Ar gas under NTP at 6.0
kV and 27.0 kHz for 20 min in the flow cell. Then, the gas
mixture containing CO2, CO, H2, and Ar balance was fed into
the cell for the reaction. Kr at 10 mL min−1 was also
introduced as the internal standard. The use of Ar balance in
DRIFTS experiments was to avoid the signal saturation of IR
spectra and MS signal. NTP-catalysis in the DRIFTS cell was
performed at a constant peak voltage of 5.5 kV to avoid arcing
between the electrodes. The IR spectra were recorded every 60
s with a resolution of 4 cm−1 and analyzed by OPUS software.

3. RESULTS AND DISCUSSION
3.1. Effect of Catalysts in the NTP-Catalysis. CO2

hydrogenation over the two supported Ru catalysts under
NTP conditions was investigated in reference to the control
experiments (i.e., the empty tube for NTP-alone experiments
and the reactor with the bare γ-Al2O3 and SiO2 support
packing under the NTP conditions) to screen the candidate for
the following study (as shown in Figure 1). Under the NTP
conditions without a catalyst, CO2 was decomposed to CO
with a trivial conversion of ∼6% at 6.5 kV (with the specific
input energy (SIE) of 2.0 J mL−1). Similarly, NTP systems

with the bare γ-Al2O3 and SiO2 supports were only selective to
CO with relevant CO2 conversions of ∼13 and ∼15%,
respectively, at 6.5 kV. In comparison with the system without
a packing, that is, the blank experiment with an empty tube, the
higher CO2 conversions with the bare supports can be
attributed to the enhanced average electric field strength,
benefiting CO2 dissociation.16 Conversely, in NTP-catalysis
with the voltage above 7.0 kV (SIE > 2.5 J mL−1), regardless of
the Ru catalysts used in this work, CO2 conversion and CH4
yield increased significantly to >57%. However, Ru catalysts
based on different supports showed different behaviors under
the NTP conditions, demonstrating the effect of catalyst design
on NTP-catalysis.17 Specifically, the Ru/SiO2 catalyst showed a
higher activity as compared with the Ru/γ-Al2O3 catalyst,
especially at the lower voltage of <6.5 kV (SIE < 2.5 J mL−1).
The highest CO2 conversion (∼65%) and CH4 yield (∼63%)
at 6.5 kV were achieved by Ru/SiO2, while the Ru/γ-Al2O3
catalyst only showed about 35% CO2 conversion and 29% CH4
yield, being less active for NTP-activated CO2 hydrogenation.
Similarly, under thermal conditions (Figure S2), Ru/SiO2
outperformed Ru/γ-Al2O3 as well, suggesting that the intrinsic
nature of catalysts dominated the performance of CO2
hydrogenation regardless of the means of activation. In detail,
the corresponding TEM and CO chemisorption analysis of the
Ru/SiO2 and Ru/γ-Al2O3 catalysts (Figure S3 and Table S3)
showed that the two catalysts presented similar average particle
sizes and Ru dispersions. Additionally, the metal−support
interaction of the two catalysts was also similar, as revealed by
H2-TPR (Figure S5). These findings show that the property of
the supported active Ru phases of the two catalysts under study
is similar, thus suggesting that the supported Ru might not
affect the activity of the two catalysts significantly under NTP
conditions.
Under NTP conditions, the effect of dielectric property of

the bare supports on the catalysis was deemed insignificant
since γ-Al2O3 and SiO2 have different dielectric constants
(∼9.1 and ∼4.2, respectively), while the reaction results were
similar.18 In addition to the dielectric constant, the porous
property of the packing material can also influence the plasma
discharge and reaction performance under the NTP con-
ditions.19 N2 physisorption analysis showed that the Ru/SiO2
catalyst and Ru/γ-Al2O3 catalyst had comparable pore volumes

Figure 1. Performance of NTP-activated catalytic CO2 hydrogenation as a function of voltage/input energy over the Ru/SiO2 and Ru/γ-Al2O3
catalysts in reference to the control experiments; (a) CO2 conversion and (b) CH4 yield. Experimental conditions: feed gas composition of CO2/
H2/Ar = 1:3:3 and WHSV of 30,000 mL (STP) gcat

−1 h−1.
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of ∼0.7 cm3 g−1. The average pore sizes of the Ru/SiO2
catalyst and Ru/γ-Al2O3 catalyst were ∼5 and ∼12 nm,
respectively, which are much smaller than the Debye length,
suggesting that the penetration of plasma into the catalyst
pores might be limited. However, a previous study based on
Monte Carlo calculation revealed that microdischarges might
be formed near the pores of mesoporous catalysts with
mesopore sizes of 2−50 nm, and the relatively high surface
area promoted the intensified surface discharge on the
surface.20 This may explain the better catalytic performance
of Ru/SiO2 in CO2 hydrogenation than Ru/γ-Al2O3 since the
high surface area might promote the surface discharge in NTP-
catalysis. The Ru/SiO2 catalyst has a well-developed micro/
mesoporous structure with a higher specific BET surface area
of 557 m2 g−1 than that of the Ru/γ-Al2O3 catalyst (239 m2

g−1). Thus, a high surface area is expected as the key to
determine the catalytic performance of the supported Ru
catalysts under NTP and thermal conditions. The calculated
apparent activation energy (Figure S6) showed that the Ru/
SiO2 catalyst presented lower values, under both conditions,
than the Ru/γ-Al2O3 catalyst (Table S4), e.g., 20 kJ mol−1

versus 71 kJ mol−1 in NTP-catalysis (details of the kinetic
calculations are presented in the Supporting Information).8,9

3.2. Comparative Mechanistic Study of CO2 Hydro-
genation over Ru/SiO2. Preliminary catalytic assessments
have shown that the Ru/SiO2 catalyst presented relatively high
CO2 conversion and CH4 yield for CO2 hydrogenation under
NTP and thermal conditions (in comparison with the Ru/γ-
Al2O3 catalyst); thus, the Ru/SiO2 catalyst was selected for
further investigation. To gain insight into the mechanism of
CO poisoning in CO2 conversions, first, the comparatively
mechanistic study of CO2 hydrogenation over the Ru/SiO2
catalyst was performed. Figure 2 and Table 1 show correlation

between the apparent reaction rate and the CO2/H2 partial
pressures (pH2

and pCO2
) in CO2 hydrogenation under the

thermal and NTP conditions. Under the thermal condition at
330 °C, the CH4 formation rate over the Ru/SiO2 catalyst
showed a stronger dependence on pH2

than pCO2
in the feed.

Specifically, the reaction order with respect to pH2
was

calculated as 1.0, in line with the Langmuir−Hinshelwood
mechanism.21 A previous study showed that H2 dissociation on
the Ru surface was fast with the produced Had being short-
lived,22 and the reaction order regarding pH2

indicated that
CO2 and H2 were adsorbed on the different active sites on the
Ru surface.23,24 The reaction order regarding pCO2

was found to
be −0.03, which can be approximated as zero order, suggesting
that CO2 concentration has a relatively weak influence on the
formation rate of CH4. This finding suggested (i) the CO2
chemisorption on the catalyst and (ii) the saturation of
relevant active sites on the Ru surface by CO2 molecules at
relatively low CO2 concentrations.22 Therefore, under the
thermal condition, CO2 participated in the reaction via the
Langmuir−Hinshelwood mechanism, i.e., CO2 adsorbed on the

Figure 2. Dependence of the reaction rate on pH2
and pCO2

under (a, c) thermal conditions (at 330 °C) and (b, d) NTP conditions.

Table 1. Reaction Order with Respect to pH2
and pCO2

for
Catalytic CO2 Hydrogenation over Ru/SiO2 under the
Thermal (at 330 °C) and NTP Conditions

NTP

reaction order 6.0 kV 6.5 kV 7.0 kV thermal

pH2
1.40 1.60 1.50 1.0

pCO2
0.30 0.30 0.25 −0.03
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catalyst, and then dissociated to active intermediates under
heating, which further react with Had to form methane.
In comparison, under the NTP conditions, the reaction

orders with respect to pH2
and pCO2

were 1.50 ± 0.10 and 0.30
± 0.05, respectively. Additionally, both reaction orders
remained almost constant as a function of the input power,
suggesting the same surface reaction mechanism at different
input powers. The comparatively strong dependence on pH2

and pCO2
under NTP conditions (compared with the thermal

condition) indicates the presence of multiple reaction
pathways for CO2 hydrogenation in NTP-catalysis. In addition
to the surface reactions under the thermal catalysis, the
vibrationally activated and dissociated active species (e.g.,
electronically excited H radical) in the gas-phase reaction
under NTP conditions might also participate in the surface
hydrogenation reactions via the Eley−Rideal mechanism.25 To
clarify the relationship between the reaction order and reaction
mechanism under NTP and thermal conditions, in situ
DRIFTS−MS was performed, and the relevant results were
correlated with the kinetic data.
In situ DRIFTS coupled with MS characterization of CO2

hydrogenation over the Ru/SiO2 catalyst was comparatively
performed under thermal and NTP conditions to investigate
the mechanism of CO2 hydrogenation. Under the thermal
condition at 250 °C (Figure S7), characteristic peaks of surface
hydroxyls (OHad, from ∼3596 to ∼3730 cm−1), CHx species
(CH3,ad, at ∼3015 cm−1), carbonyl (COad, at ∼1997 cm−1),
and surface-adsorbed CH4 (at ∼3047 cm−1) were detected on
the catalyst surface. It was observed that after changing the

feed to inert Ar, the COad band decreased slowly (within 10
min, Figure S7b), whereas the intensity of methane decreased
rapidly (Figure S7c), suggesting that the gradual decrease of
COad band was only due to the desorption under the condition
used. Conversely, when the feed was changed to H2, the
intensity of COad band declined fast (within 2 min) with the
associated rapid emergence of peak in the CH4 signal, which
gradually decreased after 2 min. This phenomenon confirms
COad as the active intermediate, which further reacted with H2

to produce CH4, being in line with the kinetic data discussed
above (Figure 2). Under thermal conditions, catalytic CO2

hydrogenation is commonly thought to proceed via a direct
carbon−oxygen bond dissociation mechanism,26,27 which
involves the dissociation of CO2 on the catalyst surface (to
adsorbed COad and surface C) and the subsequent hydro-
genation of surface C. Under the thermal condition used in this
work, DRIFTS only probed COad species on the Ru surface,
confirming the direct carbon−oxygen bond dissociation
mechanism.
Under the NTP condition with a CO2/Ar mixture, the gas-

phase CO2 dissociation was confirmed, as shown in Figure S8.
With the NTP on (Figure S8b), the linearly and bridged
adsorbed COad species (at ∼2092, 2041, and 1881 cm−1) and
bidentate and monodentate carbonate (at ∼1274 and ∼1311
cm−1, respectively) were measured. Since carbonate species
were not observed under the thermal condition, the presence
of carbonate species under the NTP condition was due to the
plasma excitation and could be ascribed to the adsorption of
vibrationally excited CO2 species on the catalyst surface.

Figure 3. In situ DRIFTS spectra of surface species for CO2 hydrogenation over the Ru/SiO2 catalyst under (a) the NTP-off condition with the
feed gas of 3% CO2 + 9% H2 + Ar, (b) NTP-on condition with the feed gas (at 5.5 kV and 27.0 kHz), and (c) NTP-off condition with the feed gas.
(d) Relative intensities of surface species as a function of time-on-stream recorded by in situ DRIFTS from (b) and relative intensity change of
methane recorded in MS (Figure S9) during CO2 hydrogenation by NTP activation (at 5.5 kV and 27.0 kHz).
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Under the NTP-off condition, with the reaction gas feed
(i.e., 3% CO2/9% H2/Ar), in addition to the CO2 gas-phase
peak (at ∼2360 and 2342 cm−1, as shown in Figure 3a),
surface carbon species were not detected by DRIFTS and no
reaction was observed (according to MS). Upon the ignition of
plasma, the MS profile showed the instantaneous appearance
of CH4 signal (Figure S9a), confirming the formation of CH4
over the catalyst under NTP activation. At the same time,
surface formyl species (CHxO, at about 1284, 1270, and 1111
cm−1) and carbonyl species (i.e., linearly adsorbed COad on
Ru0 at 2034 cm−1 and linear form Ruδ+-CO at 2084 cm−1),28 as
shown in Figure 3b, were measured by DRIFTS. Compared
with the COad bands formed under CO2/Ar (Figure S8b), the
two peaks shifted toward lower frequency by about 10 cm−1

and the bridged adsorbed COad peak disappeared, which could
be attributed to the electron donation of Had on the Ru
surface.29 On switching off the plasma, the CH4 concentration
decreased immediately (Figure S9), while the formyl species
decreased slowly (within 4 min), indicating that the system
without plasma discharge was inactive for CH4 formation
(Figure S9b). The gradual decrease of formyl band (within 4
min) reflects its desorption under the NTP-off condition. CO2
hydrogenation can undergo the formyl pathway over Ru-based
catalysts,30,31 which involves the direct CO2 dissociation to
carbonyl (COad) and Oad, followed by the hydrogenation of
COad. The subsequent hydrogenation of COad will form the
formyl species as the intermediates for CH4 production. As
compared with the DRIFTS findings from the thermal system
(i.e., only carbonyl species were observed, Figure S7), the
appearance of carbonyl species and formyl species under NTP
conditions suggested the presence of an alternative reaction
pathway (i.e., formyl pathways) for CO2 hydrogenation under
NTP. Thus, evolution of the surface species as a function of
ToS coupled with the change in CH4 signal intensity (from
MS) was correlated, as presented in Figure 3d. The COad
species increased at a steeper rate than gas CH4, which could
be explained by the plasma-assisted CO2 dissociation in the gas
phase and the dissociation of adsorbed CO2 on the catalyst
surface. The same phenomenon was found between the
formation rates of surface formyl species and CH4, indicating
CHxO species originating from reactions between COad and
Had and as the surface intermediate for CH4 production.

30,32

The findings of this work confirmed the presence of the formyl
pathway in CO2 hydrogenation over Ru/SiO2 under NTP

conditions; i.e., CO2 was dissociated to COad and Oad species
on the catalyst surface, then COad was hydrogenated with Had
into formyl intermediate (CHxO) species, and finally, the
formyl group reacted toward CH4 and H2O. In comparison
with the thermally activated CO2 hydrogenation, the vibra-
tionally activated CO2 molecules under NTP conditions could
adsorb on the catalyst surface with lower energy barriers, which
facilitated the formation of COad species.14 This activation
promoted the hydrogenation of CO2 and formation rate of
CH4, leading to the reaction order of pCO2

increasing slightly.
Additionally, the plasma-induced excited/dissociated H
radicals in the gas phase might also interact with the adsorbed
species to form CH4 (i.e., the formyl pathway) via the Eley−
Rideal mechanism in CO2 hydrogenation under NTP.14,25 Due
to the relatively low dissociation energy of H2 molecules (∼4.5
eV),33 the plasma could activate H2 more efficiently, which
produces more H radicals with an increase in H2 concentration
in the feed. Therefore, under NTP, the H2 partial pressure has
a significant influence on the formation rate of CH4, leading to
a much higher reaction order with respect to pH2

than that in
the thermal catalysis.

3.3. Investigation of CO Poisoning on CO2 Hydro-
genation. Catalyst deactivation is complex and significant for
practical catalysis. As expected, under the NTP condition (at
6.5 kV, 21.0 kHz), the Ru/SiO2 catalyst in CO2 hydrogenation
presented excellent stability over 27 h ToS with CO2
conversions and CH4 selectivity maintained at 64.7 ± 0.7%
and 94.1 ± 0.3%, respectively (Figure S10). Comparative TEM
analysis of the catalyst before and after the longevity test
showed no significant change regarding the particle sizes,
neither the sign of metal sintering, which confirmed the
anticoking and antisintering performance of the NTP-catalysis
(Figure S11).
In addition to coking and sintering, catalyst poisoning is

another major factor to deactivate the catalyst. Accordingly, to
understand CO poisoning in the catalysis under the thermal
and plasma conditions, relevant experiments were performed
by varying CO concentration in the gas feed, keeping the H2/C
(i.e., CO2 + CO) inlet molar ratio constant. Figure 4 shows the
thermal and NTP-activated carbon conversions (CO2, CO,
and overall) as a function of ToS with different CO/CO2 ratios
in the feed gas. Under the thermal condition at 330 °C (Figure
4a), the fresh Ru/SiO2 catalyst showed a stable CO2
conversion (∼47%) without CO in the feed gas (CO/CO2 =

Figure 4. CO2, CO, and carbon conversions as a function of ToS in CO poisoning experiments with different CO/CO2 inlet molar ratios under (a)
thermal condition (at 330 °C) and (b) NTP condition (at 6.5 kV and 21.0 kHz).

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c03620
ACS Catal. 2020, 10, 12828−12840

12833

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c03620/suppl_file/cs0c03620_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03620?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c03620?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c03620?ref=pdf


0, ToS = 0−70 min in Figure 4a). When CO (CO/CO2 =
0.25) was introduced in the gas mixture, CO2 conversion
decreased to 35%, while CO was almost completely consumed,
promoting the overall carbon conversion and CH4 production
due to CO hydrogenation. By switching back to the “CO-free”
feed gas (CO/CO2 = 0, ToS = 165−240 min in Figure 4a),
catalyst deactivation occurred, and the catalyst could not be
fully recovered, as evidenced by the reduced CO2 conversion
(Figure 4a) and CH4 production (Figure S12a), in comparison
with that of the fresh catalyst. By further increasing the CO/
CO2 ratio to 0.5 and 1.0, the decrease in CO2 conversion and
deactivation of catalyst became more significant, while the CO
conversion remained almost complete. The findings showed a
strong inhibiting effect of CO on CO2 conversion. The
condition with CO/CO2 = 0.25 in the feed gas (ToS = 590−
680 min in Figure 4a) was tested again, and carbon conversion
and CH4 production were lower than the previously measured
values, suggesting the permanent deactivation of Ru/SiO2. By
adding more CO in the feed (i.e., CO/CO2 ratio of 2), severe
CO poisoning was measured. Specifically, the CO2 conversion
dropped rapidly below zero, suggesting that CO2 was formed
in the system. This might be attributed to the presence of CO
disproportionation (2CO → C + CO2)

34 and/or water-gas
shift reaction (WGSR, CO + H2O → H2 + CO2)

35 due to the
excessive CO in the feed and strong adsorption of CO on the
Ru surface. Accordingly, in the thermal catalysis system, a
decrease in CO2 conversion with CO cofeeding was not due to
the kinetic effect, that is, the diluted CO2 concentration in the
gas feed, as discussed above (Figure 2). With the presence of
CO in the feed, competitive adsorption of CO and CO2 on
metal active sites occurs.36 Since the adsorption energy of CO
(−2.3 eV) is much lower than that of CO2 (−0.52 eV),37

preferential adsorption of CO and inhibited CO2 adsorption
on the Ru surface are expected and, thus, a decrease in CO2
conversion. It was proposed that the formation of strongly
adsorbed carbonyl species11,38 due to the presence of CO
might be the dominant factor for catalyst deactivation.
Therefore, the mechanism of CO poisoning of the Ru/SiO2
catalyst was investigated by in situ DRIFTS analysis (to be
discussed later).
As shown in Figure 4b, under the NTP condition at 13.0 kV,

54% CO2 conversion over the Ru/SiO2 catalyst was measured
with the absence of CO in the feed (i.e., CO/CO2 = 0, ToS =

0−70 min, in Figure 4b). By introducing CO in the feed (with
CO/CO2 = 0.25), CO2 conversion decreased slightly to ∼49%,
and CO conversion was measured at about 70%, being lower
than that under the thermal condition (which was close to
100%). By increasing the CO concentration in the feed gas
(i.e., CO/CO2 = 0.5, 1.0 and 2.0, respectively), a decrease in
CO2 conversions was measured (due to the change of gas
composition); however, catalyst deactivation was insignificant
since the carbon conversion remained stable in stream during
the cofeeding tests. More importantly, the catalyst activity
regarding CO2 conversion and CH4 production in CO2
hydrogenation can be totally recovered when the system was
switched back to the CO-free feed, regardless of the previous
CO concentration in the feed, confirming that (i) NTP could
be able to completely regenerate the catalyst and (ii) NTP is
able to mitigate CO poisoning on CO2 hydrogenation (Figure
S12b). Interestingly, under NTP conditions, in comparison
with ∼100% CO conversions under the thermal condition, CO
conversions increased from 70 to 92% with an increase in the
inlet CO/CO2 ratio from 0.25 to 2. This suggested that the
reasons for the decrease in CO2 conversion in both systems
may be different. As discussed above, in thermal catalysis,
preferred CO adsorption on the Ru surface and the subsequent
CO hydrogenation prevailed, causing the reduction of the CO2
conversion and almost 100% CO conversion. Conversely,
under NTP conditions, the plasma could activate the CO2
molecules in the gas phase and the vibrationally excited CO2
could adsorb on the catalyst surface with lower energy barriers,
which facilitated the adsorption of CO2 on the catalyst
surface.14 Additionally, the collision of reactive plasma species
(such as the vibrationally excited CO2 and the excited state of
CO, H, OH, and CH in the gas phase according to OES and
FTIR9,25,39) might help remove the strongly adsorbed surface
COad and then release the active sites for adsorption.14,40,41

Thus, NTP alleviated CO adsorption and facilitated CO2
adsorption, which result in lower CO conversions and higher
CO2 conversions than those in the thermal catalysis.
The superiority of the NTP-catalysis over the thermal

counterpart, regarding the maintenance and regeneration of
the catalyst activity, was proved by the long-term CO
poisoning study in Figure 5. At 330 °C, the deterioration of
the catalyst performance with the presence of CO in the feed
was evident during the 9 h test. Specifically, CO2 and CO

Figure 5. Long-term deactivation test with the CO2/CO/H2 mixtures, regeneration treatment under Ar, and catalysis in CO2/H2 over the Ru/SiO2
catalyst under (a) the thermal condition (at 330 °C) and (b) NTP condition (at 6.5 kV and 21.0 kHz). Experimental conditions: feed gas
composition of H2/C = 3, CO/CO2 = 0.5, and WHSV of 30,000 mL (STP) gcat

−1 h−1.
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conversions (Figure 5a) and CH4 formation (Figure S13a)
dropped by about 42, 7, and 15%, respectively. By removing
CO from the feed (ToS = 640−790 min in Figure 5a), CO2
conversion and CH4 production over Ru/SiO2 were recovered
to ∼93 and ∼87% only. Considering that flowing inert gases at
high temperature could be used to recover the catalyst
reactivity, the deactivated catalyst was regenerated in situ at
330 °C by sweeping with Ar for 3.5 h, trying to remove the
strongly adsorbed surface species from the catalyst surface.
However, as shown in Figure 5a and Figure S13a, the
deactivation of catalyst due to CO poisoning under the thermal
condition was permanent. Previous theoretical and exper-
imental studies42,43 suggested that the CO molecule could
block the active sites for CO2 and H2 adsorption, thus
decreasing the dissociated Had on the Ru surface and
consequently leading to the deposition of surface carbon
species and metal sintering. Conversely, in NTP-catalysis (at
6.5 kV), the catalyst presented stable performance over 9 h,
with the constant CO2 conversion at about 38% and decreased
CO conversion (by about 6%). Furthermore, after returning to
the CO-free feed (ToS = 640−790 min, Figure 5b), the CO2
conversion was recovered to ∼53% slowly (being comparable
with that of the fresh catalyst at ToS = 0−100 min). During
the same period (ToS = 640−790 min in Figure S13b), the
corresponding CH4 production decreased to the initial level,
confirming that NTP could recover the performance of the
catalyst. The recovery trend of CO2 conversion and CH4
production was attributed to the consumption of residual
adsorbed carbon species under NTP, thus regenerating active
sites available for CO2 hydrogenation. The catalyst was further
treated in situ under Ar and NTP (at 4.0 kV) for 30 min (ToS
= 790−820 min, as shown in Figure 5b). After that, NTP-
activated CO2 hydrogenation was performed again with the

CO-free feed (ToS = 829−945 min in Figure 5b), and the
NTP-catalysis system showed the fully recovered performance.
The corresponding TEM analysis of the catalysts after the
long-term deactivation test (Figure S14) showed the metal
sintering of the catalyst in thermal catalysis; that is, the Ru
particle size increased from ∼1.6 to ∼3.1 nm after the thermal
catalysis. Conversely, the Ru particle size showed no significant
changes after the NTP-catalysis, confirming the antisintering
ability of the hybrid system.

3.4. Mechanisms of CO Poisoning. To understand CO
poisoning in the catalysis, comparative in situ DRIFTS−MS
studies were carried out and compared with the DRIFTS study
of CO2 hydrogenation in Figure 3 and Figure S7. Under the
thermal condition, the DRIFTS spectra measured with CO/H2
mixture (Figure 6a,c) showed that the intensity of the carbonyl
bands was significantly enhanced compared with the case of
CO2 hydrogenation (Figure S7), suggesting the relatively
strong CO binding with the Ru surface. Specifically, in addition
to the gas-phase CO band (at ∼2143 cm−1), the broad
carbonyl bands in a range of 2140−1770 cm−1 can be
deconvoluted into three kinds of COad bonds, i.e., the bands at
1775 and 1950−1980 cm−1 (for the bridged carbonyls), 2005
cm−1 (for the linearly adsorbed CO with monobinding
configuration), and 2030−2075 cm−1 (for the linearly
adsorbed CO with multiple-binding configuration).30 After
changing the feed to inert Ar (Figure 6b,c), the COad bands
decreased much slower than that in CO2 hydrogenation
(Figure S7b), indicating that more strongly adsorbed carbonyl
species formed on the surface when CO was in the feed. By
switching the feed to H2 (Figure 6e,f), surface carbonyl species
disappeared within 10 min, and the CH4 concentration at the
outlet of the DRIFTS cell showed a maximum (at ∼1.3 min,
which was followed by a continuous decline until zero),

Figure 6. In situ DRIFTS spectra of surface species collected at 250 °C in the thermally activated CO hydrogenation over the Ru/SiO2 catalyst. (a)
Initial feed composition: 3% CO + 9% H2+ Ar; (b) change to inert Ar; (c) variations of COad intensity from in situ DRIFTS and CH4 intensity
from MS after switching to Ar at 250 °C; (d) change back to the feed: 3% CO + 9% H2 + Ar; (e) change to H2/Ar; (f) variations of COad intensity
from in situ DRIFTS and CH4 intensity from MS after switching the feed to H2/Ar at 250 °C.
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showing that the adsorbed CO was converted to CH4 in the
presence of H2. The evolution of the respective surface species
as a function of time (Figure 6f) showed that the intensity of
the carbonyl group at 2030−2050 cm−1 quickly decayed
(within 2 min) under H2, being the most reactive surface
species, while the bridged carbonyl at 1775 cm−1 and linear
monocarbonyl at 2005 cm−1 disappeared completely with
comparatively slow rates. In contrast, the intensity of the peak
at 1950−1980 cm−1, corresponding to geminal dicarbonyls
adsorbed on the low coordination Ru sites, remained constant
within the initial 2 min and then decreased slowly, being
relatively stable on the Ru surface and less reactive for
hydrogenation.44 The presence of these stable and less reactive
surface species might block the active sites and hence
contributed to the catalyst deactivation. Based on the findings
from in situ DRIFTS−MS, one can conclude that, under the
thermal condition, CO hydrogenation proceeded with similar
pathways to those of the catalytic CO2 hydrogenation.45

However, the strong adsorption of CO on the catalyst surface
could saturate the active sites, inhibiting CO2 and H2
adsorption.
With the CO2 + CO + H2 feed under the thermal condition,

the associated DRIFTS spectra showed the combined features
of the CO2-/CO-alone hydrogenation system (as shown in
Figure S15a,c), which was substantiated by the presence of
strongly adsorbed COad and CxHy species on the surface. After
the introduction of CO into the feed, CO coverage increased
significantly and could not be completely removed by Ar
sweeping (Figure S15d), indicating that the strongly adsorbed
COad occupied the active sites for CO2 and H2 adsorption.
Accordingly, based on the findings obtained from the thermal
catalysis and relevant in situ DRIFTS characterization, it was

plausible that the presence of CO in the system produced
strongly adsorbed CO species on the Ru sites, which inhibited
both CO2 and H2 adsorption, thus suppressing CO2 hydro-
genation. Due to the limited concentration of surface Had
species, the relatively stable and inactive carbon-containing
species, such as carbonyl deposition, were encouraged to be
formed on the catalyst surface, and they might progressively
block the active sites. Thus, the associated carbonaceous
species deposition and metal sintering lead to the permanent
catalyst deactivation,46 which confirms the results in Figures 4a
and 5a.
Without plasma discharge at RT, the Ru/SiO2 catalyst

showed no activity for CO hydrogenation, that is, (i) no CO
conversion by MS as shown in Figure 7a and (ii) the only
presence of gas-phase CO (at ∼2143 cm−1) according to
DRIFTS (Figure 7b). Upon the ignition of NTP, the MS
profiles (Figure 7a) showed the instant decrease of CO signal
and simultaneous increase of CO2 and CH4 signals, confirming
the production of CH4 and CO2 in the NTP-catalysis. CO2
formation was due to WGSR, which could be activated by
NTP.5 Water was the product from the NTP-activated
catalytic CO hydrogenation. As discussed above (Figure 4b),
when CO was introduced into the feed for NTP-activated CO2
hydrogenation, a decrease in CO2 conversion was measured,
which might be partly caused by the water-gas shift reaction.
Simultaneously, the gas-phase CO2 peak at about 2350 cm−1

was measured by DRIFTS (Figure 7c), in line with the
intensity change from MS. In the OCO region (Figure 7c,d),
the peak for gas-phase CO at 2143 cm−1 disappeared, and the
continuous development of the IR bands at 2095 and 2160
cm−1 could be attributed to the linearly adsorbed carbonyl
species on Ruδ+ with Ruδ+-CO and Ruδ+-(CO)n configurations,

Figure 7. (a) Corresponding MS signals collected simultaneously from the DRIFTS cell as a function of time during the NTP-assisted CO
hydrogenation over the Ru/SiO2 catalyst. In situ DRIFTS spectra of surface species for CO hydrogenation over the Ru/SiO2 catalyst under (b) the
NTP-off condition with the feed gas of 3% CO + 9% H2 + Ar, (c, d) NTP-on condition with the feed gas (at 5.5 kV and 27.0 kHz), and (e) NTP-
off condition with the feed gas. (f) Relative intensities of surface species as a function of ToS recorded in the in situ DRIFTS from (c) and (d)
during CO hydrogenation under NTP (at 5.5 kV and 27.0 kHz).
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respectively. Another characteristic peak at 2040 cm−1 was
assigned to the CO linearly adsorbed on Ru0, while the
gradually increased peaks at about 1272 and 1306 cm−1

corresponded to formyl species (CHxO). The evolution of
the surface carbon species recorded by DRIFTS as a function
of time is correlated (Figure 7f). The increasing rate of
carbonyl bands at 2095 and 2160 cm−1 was comparable with
that of formyl species, which supported the fact that CO is the
intermediate toward formyl species. Also, the formation rate of
COad band at 2040 cm−1 increased relatively fast, which might
be due to CO2 dissociation (formed by water-gas shift
reaction) and CO adsorption. By switching off NTP, the
peak of the gas-phase CO2 decreased quickly, and the system
was not active again for CO hydrogenation, which was in good
agreement with the MS profile. Regarding the carbon species,
the formyl species disappeared gradually due to desorption
after the extinction of plasma (Figure S16), while COad band
intensity barely changed, indicating the strong interaction
between the COad species and catalyst surface. Furthermore,
when the feed was switched to H2/Ar (from 3% CO + 9% H2
+ Ar), DRIFTS characterization (Figure S17a) showed that the
surface COad species at 2090 cm−1 (due to gas-phase CO
adsorption) decreased immediately, while the intensity of
formyl species increased initially and then decreased slowly.
The initial increase of the formyl species on the catalyst surface
could be ascribed to the reaction between COad and Had (to
form the formyl), while the subsequent decrease of the formyl

species was due to the consumption of residual formyl species
to form CH4. As shown in Figure S17b, the rate of decrease of
formyl species and CH4 concentration (at the outlet of the
DRIFTS cell by MS) was similar, confirming that the formyl
species originated from the reaction between COad and Had

and were the active intermediate for CH4 formation. DRIFTS
analysis of CO hydrogenation under the NTP condition
showed that CO hydrogenation to CH4 proceeded via CO
adsorption and the formyl pathway, being similar with that of
CO2 hydrogenation (Figure 3).
NTP-catalysis with the CO2/CO/H2 feed was examined by

DRIFTS−MS (Figure 8 and Figure S18). Being different from
CO hydrogenation, the COad peak at 2080 cm−1, due to CO2

dissociation, appeared first and then combined with the peak at
2097 cm−1 (originating from the gas-phase CO adsorption).
Accordingly, the evolution profile of the surface carbon species
(Figure 8c) showed that the COad species had higher
increasing rates than that of formyl species initially (within 8
min) due to CO2 dissociation and CO adsorption on the Ru
sites. The subsequent change in the increasing rate was due to
saturation of relevant active sites on the Ru surface by CO2/
CO adsorption.30 This finding suggested that CO2 and CO
coadsorption existed in the NTP-catalysis. In contrast, the
formyl species presented a constant formation rate, confirming
that the formyl species originated from the reaction between
COad and Had. In addition, by switching CO feed on and off
alternatively, DRIFTS−MS characterization of the catalysis

Figure 8. In situ DRIFTS spectra of surface species for hydrogenation of CO2/CO over the Ru/SiO2 catalyst under (a, b) the NTP-on condition
with the feed gas of 1.5% CO2 + 1.5% CO + 9% H2 + Ar (at 5.5 kV and 27.0 kHz), (c) relative intensities of surface species as a function of ToS
recorded in the in situ DRIFTS from (a) and (b), and (d) NTP-off condition with the feed gas.
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(Figure S19) showed that the CO2 MS signal increased with
CO in the feed (i.e., production of CO2), which confirms the
presence of WGSR under the NTP condition with the CO2/
CO/H2 mixture. Therefore, under NTP conditions, the
presence of CO in the feed affected CO2 conversions, which
was due to (i) the occurrence of WGSR in the system for CO2
formation and (ii) the relatively strong adsorption of CO, in
line with the result in Figure 4b. Based on the in situ DRIFTS
characterization and relevant discussion, the presence of CO in
the feed did not alter the reaction pathways for CO2
hydrogenation under thermal and NTP conditions. However,
in comparison with the CO poisoning under the thermal
conditions (as discussed before, i.e., due to strong CO
adsorption and associated metal sintering of the catalyst), the
collisions between reactive plasma-derived species in NTP
could recover the active sites by removing the adsorbed carbon
species effectively, which lead to the sites available for CO2
adsorption.40,41,47 This is confirmed by the comparison of the
relevant IR spectra (Figure S20), which showed the
comparatively low intensity of the adsorbed COad on the Ru
catalyst under NTP. Therefore, NTP-catalysis promoted the
adsorption of CO2 and alleviated CO adsorption on the
catalyst surface in the presence of CO, mitigating the CO
poisoning effect on the performance of CO2 hydrogenation
and being opposite to that experienced by the thermal
catalysis. More importantly, according to the literature,48−50

H2O molecules will occupy the active sites and present an
inhibiting effect on the CO2 hydrogenation. Conversely, NTP
enabled WGSR of CO with the produced H2O, which shifted
the equilibrium of CO2 hydrogenation toward CH4 produc-
tion. The phenomenon observed in the system under
investigation showed the interesting effect of CO on NTP-
catalytic CO2 hydrogenation, that is, as a reaction promoter
rather than a catalyst poison, due to the copresence of WGSR,
CO2 hydrogenation, and CO hydrogenation under NTP
conditions.

4. CONCLUSIONS
In this study, the NTP-catalysis system was demonstrated to be
efficient for CO2 hydrogenations under atmospheric con-
ditions, in which 65% CO2 conversion and 63% CH4 yield can
be achieved over the Ru/SiO2 catalyst. Also, the intrinsic
nature of catalyst such as surface area is crucial under both
thermal and NTP conditions. The comparative kinetic and in
situ DRIFTS−MS study revealed that the NTP-catalysis could
lower the energy barrier required for catalysis and enable both
Langmuir−Hinshelwood and Eley−Rideal mechanisms.
The effect of CO on the catalysis under both thermal and

NTP conditions was investigated to understand CO poisoning
comparatively. In the thermal catalysis, the catalyst suffered
from a significant decrease in CO2 conversion and deactivation
due to CO poisoning, while in the NTP-catalysis, the CO
played a different role in the system, and the catalyst showed
comparatively good stability and regenerability by NTP. In situ
DRIFTS−MS study of the thermal catalysis showed that (i)
CO preferred to adsorb on the Ru surface strongly to inhibit
CO2 and H2 adsorption and decrease CO2 conversion
significantly and (ii) the formation of less reactive and strongly
adsorbed carbon species (e.g., COad) due to CO strong
adsorption and metal sintering deactivates the catalyst
permanently. Conversely, in NTP-catalysis, collisions of
reactive plasma-derived species contributed to the recovery
of the active sites by removing the strongly adsorbed COad,

which facilitated CO2 adsorption and, hence, CO2 hydro-
genation. Therefore, NTP-catalysis could alleviate the CO
effect on CO2 hydrogenation and regenerate the catalyst in situ
in the presence of CO during the catalysis. Importantly, the
NTP-induced WGSR of CO with the produced H2O also
promoted the equilibrium shift of CO2 hydrogenation toward
CH4 production. This work demonstrates that, under NTP
conditions, the role played by CO in Ru-catalyzed CO2
hydrogenation is fundamentally different from its positioning
role in thermal catalysis, showing the potential of NTP-
catalysis to address some of the challenges in conventional
heterogeneous catalysis, specifically, the development of
advanced hybrid NTP-catalysis systems to solve the chemical
deactivation issues for practical catalysis.
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