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1 | INTRODUCTION

Industrial CH; to CH3;0H conversion,

shown in Figure 1 (black

Abstract

Direct CH4 to CH3OH conversion is a long-standing grand challenge in catalysis. We
present one-step steam reforming of methane to methanol (OSRMtM) by combining
an atmospheric pressure CH4/H,O/Ar plasma with a Cu/Mordenite (Cu/MOR) cata-
lyst at 170°C, achieving 77% CH3;OH selectivity with 3.0% CH,4 conversion. Catalyst
characterization and plasma diagnostics, as well as D,O and H,*20O-labeled isotope
tracer experiments reveal that the excellent reaction performance is attributed to
Cu-O active sites confined by MOR zeolite. During plasma-catalytic OSRMtM, both
CH,4 and H,O are activated in the plasma and dissociated to produce radicals (CH3,
OH, and H). These radicals drive the redox process between Cu?> and Cu™, playing
an important role in plasma-catalytic OSRMtM. Although a gradual reduction of Cu?*
to Cu' leads to slow deactivation, the catalytic performance can be completely
recovered through simple calcination, which enables a continuous plasma-catalytic

OSRMtM process using a fluidized-bed reactor.

KEYWORDS
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clusters,”° transition-metal (TM)-exchange zeolite,"*"*° and Au-Pd
nanoparticle,’*"*¢ have also been proposed in combination with dif-
ferent oxidants (H,O,, N,O, O,) to realize DOMtM.

arrows), is energy-intensive and costly, motivating researchers to
develop novel direct oxidation of methane to methanol (DOMtM)
approaches.!™ CH;OH protection is the key issue in DOMtM,
because the produced methanol is not stable under the operative
reaction conditions and might suffer over-oxidation to CO,/CO.*
Early studies by Periana and coworkers showed that electrophilic Hg
and Pt complexes can oxidize methane in oleum, forming methyl
hydrogen sulfate, which has to be hydrolyzed separately to release
CH3OH and SO,.5 Heterogeneous catalysts such as single-atom cat-

alysts confined in 2D or 3D materials,”® highly dispersed oxide

Yingzi Hao, Shangkun Li, and Wei Fang contributed equally to this study.

Compared to the above DOMtM routes, direct anaerobic oxi-
dation of CH4 to CH3OH and Hs is a strategy that “kills three birds
with one stone”: the conversion of CH4 to CH30H, the production
of green hydrogen without CO, emission (H,O is a soft oxidant,
which can avoid deep oxidation), and improved safety compared to
the use of other oxidants (e.g., H,O,, N,O, and O,) in commercial
setups when approaching the CH,4 explosion limit. Therefore, step-
wise anaerobic oxidation of CH, to CH3OH and H, has been pro-
posed by Sushkevich et al. using a chemical looping strategy.'”
Subsequently, Lee et al. observed the continuous generation of
CH3OH from CH,4 and H,O on the Cu/MOR,*® while Koishybay
et al. found that oxygen in the methanol product mainly originates
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FIGURE 1

Schematic diagram of methane to methanol conversion: Commercial two-step process (black arrows), direct oxidation of methane

to methanol (DOMtM) method (blue arrows), and our novel plasma-catalytic one-step steam reforming of methane to methanol (OSRMtM)
approach (green arrow), with conceptual design for CH3;OH and H, production from CH,4 and H,O through plasma catalysis.

from H,0, based on H,0 isotope tracer experiments using a Cu-
SSZ-13 catalyst.*?

Although the direct anaerobic oxidation of CH4 to CH;OH and
H, has broad prospects, it remains a topic of controversy.?°?* First,
oxidation of Cu* to Cu?>* by H,0 is thermodynamically unfavorable,
and thus the catalytic cycle is difficult to be completed with H,O as
the sole oxidant. Sun et al., studied the effect of O, (50-3000 ppm)
on the performance of the CH4/H,O reaction system in a Cu-
chabazite catalyst.?? They showed that both H,O and O, can be the
oxygen source of hydroxyl in CH3OH formation, and the introduction
of trace O, in water plays an important role in driving the fast redox
cycle of Cu?*-Cu*-Cu?* to realize the continuous catalytic reaction
of CH4/H,0/05 in order to produce CH3OH and H,. Moreover, the
obtained CH, conversion (single pass) in all reported CH,4/H,O reac-
tion systems is extremely low (<0.1%) for both the stepwise and the
continuous reaction modes. Thus, one-step steam reforming of meth-
ane to methanol (OSRMtM) in continuous catalytic reaction mode
with significant CH4 conversion has not yet been achieved, and
remains a challenge in catalysis.

Non-thermal plasma offers a potential avenue to activate mole-
cules by energetic electrons instead of heat, which allows thermody-
namically difficult reactions to occur at reduced temperatures.?3-2%
Early studies showed that CH3;0OH can be produced from a CH4/H,O
dielectric barrier discharge (DBD) plasma, with 7.5% CH3;OH selectiv-
ity at 50% water-vapor concentration, where introducing a noble gas
(Kr or Ar) can further enhance the CH3zOH vyield.?” Recently, a CH4/
H,O DBD plasma reactor was also investigated to reveal the role of
electron-induced chemistry and thermochemistry.?® Plasma catalysis,

which incorporates a catalyst into the plasma region, can further

improve the conversion efficiency. Recently, a Cu/MOR catalyst was
shown to exhibit improved performance in steam reforming of CH,4
for CH30H/H, production by plasma, with a reported selectivity of
CH3OH less than 30% (86% in liquid phase). Oxygen addition can
avoid carbon deposition but also lead to CH4 over-oxidation to
CO,.%’ Additionally, the Cu/MOR catalyst demonstrates improved
performance than Cu/ZSM-5, Cu/MCM-41 and Cu/Beta in plasma-
catalytic OSRMtM, attributing to the formation of oligomerized [Cu-
O-Cu] species.30 Based on above mentioned literature results, we can
conclude that the selective synthesis of CH30H by plasma-catalytic
OSRMtM has not been realized with acceptable selectivity and
conversion.

Herein, we combine a CH4/H,O/Ar DBD plasma with a Cu/MOR
catalyst to realize OSRMtM in continuous reaction mode. At 170°C
and atmospheric pressure, we achieve a 3.0% CH,4 conversion (single
pass) and 77% CH3OH selectivity without CO, production. Further-
more, we propose a clear redox catalytic cycle (Figure 1) driven by
radicals, based on systematic characterization of the catalysts, plasma

diagnostics, and isotope tracer experiment.

2 | EXPERIMENTAL SECTION

2.1 | Catalyst preparation

The catalyst was synthesized by the ion-exchange method. MOR
(Mordenite, SiO,/Al,O3 = 17) with weight of 50 g was added into
120 mL of 0.4 mol/L Cu(NOs3), solution and stirred at 90°C for 2 h in
a water bath. The resulting suspension was filtered and extracted,
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then washed with 500 mL of deionized water. The process was
repeated one to five steps to obtain different exchange levels of
Cu/MOR. The Cu/MOR precursors were dried overnight in an oven
at 100°C. Subsequently the samples were calcined in a muffle furnace
at 500°C for 5 h. The obtained samples are denoted as IE-1, IE-2,
IE-3, IE-4, IE-5, corresponding to the different exchange steps of
Cu/MOR.

2.2 | Plasma-catalytic setup

The experimental setup is shown in Figure 2. The dielectric barrier dis-
charge was generated in a cylindrical quartz tube (inner diameter of
9 mm, wall thickness of 2 mm). A stainless-steel rod installed in the
quartz tube serves as an internal electrode, and the external electrode
was an aluminum foil wrapped over the quartz tube. The diameter of
the inner electrode is 2 mm and the discharge gap is 3.5 mm. The dis-
charge length is 50 mm, as determined by the length of the aluminum
foil wrapped around the quartz tube. The discharge gap was filled
with catalyst particles (1.4 g, 20-40 mesh). CH, and Ar were moni-
tored by a calibrated mass flow controller.

The gaseous products were analyzed by an on-line gas chromato-
graph (Tianmei GC-7900, TDX-01 column, alumina-filled column)
equipped with a thermal conductivity detector (TCD) and a flame ioni-
zation detector (FID). Liquid products were collected by a cold trap
(a mixture of isopropanol and liquid nitrogen at temperatures below
—120°C) and then analyzed offline by GC-2014C (Shimadzu,
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polyethylene glycol-2000 column) and GC-MS (Agilent 5975C, DB-
1701 column). The discharge frequency was fixed at 14.5 kHz and the
discharge voltage was kept at about 2.5 kV. The discharge voltage
and current were measured by a digital fluorescence oscilloscope
(Tektronix, DPO 3012) with a high voltage probe (Tektronix P6015)
and a current probe (Pearson 6585). The Lissajous plots represent the
charge in the plasma as function of voltage, and the enclosed area
denotes the average power consumed by the discharge, that is, the
product of energy consumed per cycle and the frequency of the cycle.
A flow meter was used to measure the change in gas volume before
and after the reaction, to account for gas expansion, needed to accu-
rately calculate the conversion and product yields/selectivities.

We estimate the packing volume fraction of the catalyst bed
using the drainage method. First, the amount of catalyst used to pack
the discharge area is poured inside a measuring cylinder. Then, deio-
nized water is slowly added by using a calibrated, adjustable volume
pipette. This was done until the catalyst was completely submerged
and the water level reached the same volume as the discharge area of
the reactor. The total volume of water added is used to determine the
gas volume in the discharge region. In this case, the packing fractions
of Cu/MOR are 0.8 + 0.05.

The oxygenate products are analyzed offline using a cold trap to
condense the liquid products, preventing overlap with large H,O
peaks in the online GC analysis. The calculations of conversion/
selectivity remain accurate if only based on carbon-based, in case of
low CH4 conversion with negligible carbon deposition. The detailed

calculation of conversion, product selectivity, and energy efficiency
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FIGURE 2 Schematic diagram of the experimental setup for plasma-catalytic OSRMtM.
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are calculated by Equations (S1-S10) in the SI, while the energy con-
sumption of the process was defined by Equation (511). All product

concentrations were obtained by standard curves (Table S1).

2.3 | Improvements on CH,/H,0 plasma stability

H,0 can be activated by DBD plasma at room temperature, but low
temperature might lead to non-uniformity mixing of CH,4 and H,O
and restrain the heat transfer in the fixed-bed to drive the endother-
mic OSRMtM reaction. To avoid the above mentioned problems in
this study, we used a steam generator to supply water vapor, which
was homogeneously mixed with CH, before passing through the
plasma reactor. In addition, the gas line was heated with a heating rib-
bon, and the temperature was maintained at 115°C to avoid conden-
sation of the water vapor. The wall temperature of the DBD reactor
(130, 170, 210, 250, or 290°C) was maintained by a heating furnace.
Also, noble gases (Ar) were added into the feed stock to ignite and
stabilize the plasma because CH,4 and H,O are both inert molecules.
Ar is not consumed during the reaction process, and thus Ar can be

recycled with the unreacted CH4 to reduce the cost.

2.4 | Catalyst characterization
The chemical composition of the Cu/MOR catalysts with different
copper exchange steps was analyzed by x-ray fluorescence (XRF) on
AXS Bruker's S8 TICER. N,-physisorption was performed at —196°C
on a Micromeritics ASAP 2020 instrument to obtain texture informa-
tion. Prior to the measurements, the samples were degassed under
vacuum at 400°C for 6 h. The surface area was calculated by the Bru-
nauer, Emmett, and Teller (BET) method and the pore volume was
obtained by the t-plot method. The crystal structures of Cu/MOR
samples were measured by x-ray powder diffraction (XRD) using an
x-ray diffractometer (Rigaku D-Max 2400) with Cu Ko radiation
(A = 0.15406 nm). We scanned data in the range of 5-80° in steps of
0.01 and at a scanning speed of 10°C/min. H,-temperature pro-
grammed reduction (H,-TPR) was performed on a Quanta chrome
ChemBET Pulsar Chemisorption instrument. Prior to analysis, the
samples (0.15 g) were pretreated with a helium flow from ambient
temperature to 550°C for 60 min. Subsequently, the samples were
cooled to 50°C in helium. Finally, H,-TPR was carried out in a flow of
a Hy/Ar mixture (120 mL/min, 10% H,). The temperature was
increased from 50 to 800°C with a heating rate of 10°C/min. Thermo-
gravimetric analysis of the samples was performed by a Netzsch STA
449 F3 connected to a Balzers QMG 403D mass spectrometer. Prior
to TG-MS analysis, 0.02 g samples were put in an alumina crucible
and pretreated for 90 min at 110°C. TG-MS experiments were carried
out in an O,/He mixture (20% O,) with a flow rate of 50 mL/min and
a heating rate of 10°C/min.

The catalyst acidity was tested by ammonia temperature-
programmed desorption (NH3-TPD) on a Quantachrome Chembet
3000 chemisorption apparatus. The sample pellets (0.15 g, 20-40

mesh) were loaded into a quartz U-shaped reactor and purged with
helium for 1 h at 600°C. Subsequently, the temperature was lowered
to 373 K in order to adsorb ammonia for 30 min with a mixture of 5%
NH; in He. After adsorption, the sample was washed with a stream of
helium at 50 mL/min for 30 min to physically remove any adsorbed
NHs. Meanwhile, the desorption curve was recorded from 100 to
600°C with a ramp rate of 17°C/min. Infrared spectroscopy was car-
ried out on a Nicolet 6700 infrared spectrometer with a scan range of
4000 ~ 400 cm™* and a scan number of 64 steps. The catalyst sam-
ples (15 mg) were pressed into 15 mm self-supporting sheets in a
stainless-steel mold and loaded into an IR cell with CaF,. It was
vacuumed to 3.5 x 10~° Pa at 400°C. After cooling to room tempera-
ture, the scanned spectrum was used as the background. Pyridine was
adsorbed at room temperature for 30 min, then warmed up to 350°C
for vacuum desorption for 30 min and cooled to room temperature to
scan the spectrum.

X-ray photoelectron spectroscopy (XPS) was conducted by
Thermo Fisher ESCALAB XlI+ with Al Ka x-ray source. The C 1s bind-
ing energy value (284.8 eV) is used as an internal reference to cali-
brate the BE value. We present the XPS data of the copper
(2p) region to provide information about the chemical environment of
copper on the MOR framework. UV-Vis spectra were collected at
200-800 nm using an Agilent Cary 500 UV-Vis-NIR spectrophotom-
eter with a diffuse reflectance integrating sphere attachment (built-in
dra2500). Samples were taken with BaSO, as reference. High resolu-
tion transmission electron microscopy (HRTEM) was performed on
JEM-2100F with an accelerating voltage of 200 kV.

2.5 | Plasma diagnostics

The reactive plasma species in the CH4/H,O plasma were detected
by optical emission spectroscopy (OES). The instrument model was an
SP 2758 spectrometer from Princeton Instruments, USA, (detection
range: 200-1100 nm, slit width: 50 pm, exposure time: 1 s). The light
is collected outside the reactor. In addition, the OH radicals produced
in the plasma were detected by electron paramagnetic resonance
(EPR) spectroscopy on a BRUKER E500 with central magnetic field of
335.5 mT, sweep width of 20 mT, sweep frequency of 9.423234 GHz,
sweep power of 6.325 mW, sweep resolution of 128,000 points and
at room temperature. 10 puL 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a spin trap was added to the collector, diluted with the
aqueous solution collected during the 2 h reaction. A capillary tube
was used to draw about 2 mL of the solution into the paramagnetic
tube and the EPR test was performed at room temperature without
light.

2.6 | Isotope tracer experiment
To trace the origin of methanol and hydrogen formation by the
plasma-catalytic OSRMtM process, we conducted isotope tracing

experiments, by replacing the online GC with mass spectrometry
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(HIDEN) using SEM scanning mode. The Cu/MOR catalyst was ini-
tially heated at 540°C to remove water before the experiment, and
the Cu/MOR catalyst was purged with Ar at 170°C for 30 min to
avoid H,0O impacting the results. When using D,O as an isotope trac-
ing reagent, m/z signals of 3 (HD), 4 (D,), and 33 (CH;OD) were
detected. By using H,*®0 as the isotope tracing reagent, m/z signals
of 31 (CH30) and 33 (CH5'0) were acquired. In each experiment, the
feed gas was introduced into the discharge region and allowed to sta-
bilize before initiating the discharge, and acquisition was terminated

once the m/z signals stabilized.

3 | RESULTS AND DISCUSSION

3.1 | Catalytic performance of OSRMtM

Figure 3A,B demonstrate that there is no chemical activity in the
absence of plasma. In the case of CH4/H,O/Ar plasma, liquid oxygen-
ates can be obtained with a total selectivity of 64.7%, and a CH3;0OH
selectivity of 28.0%. The qualitative analysis of other liquid products
can be found in Figure S1. After packing the MOR support in the
plasma, the total liquid selectivity rapidly decreases, whereas the CH,4
conversion slightly increases. The hydrocarbon selectivities (i.e., CcH,)
including CoHg, CoHa, and C3Hg are rapidly increased with the total
selectivity of 58.7%, indicating C-C coupling reactions dominates on
MOR support rather than CH3OH production. When replacing the
MOR zeolite by the Cu-exchanged MOR (Cu/MOR) catalyst, the total
liquid selectivity rises sharply to 82.7%, and the CH3OH selectivity
reaches 77% with 3.0% CH,4 conversion. In addition, after packing the
plasma by Cu/MOR, the residence time of the feed gas was reduced
into one fifth of the plasma only (the packing fractions of Cu/MOR is
around 0.8 in the plasma). However, the CH, conversion was
improved after packing Cu/MOR, further indicating catalytic role of
Cu/MOR in promoting CH,4 conversion to produce CH3;OH.

We tested the Cu/MOR catalysts prepared by varying the num-
ber of Cu ion exchange steps. The CH4 conversion and CH3;0H selec-
tivity are gradually increased, and reach the peak by four steps of Cu
ion exchange due to increased the Cu content on the MOR support.
However, both the surface area and pore volume (Table S3) signifi-
cantly decrease after five steps of Cu ion exchange, which may reduce
the performance of OSRMtM (Figure 3C). Therefore, we here refer to
Cu/MOR as the sample prepared through four steps of ion-exchange
The reaction conditions, including temperature and CH4/H,O ratio,
are also optimized (Figure S2). Optimal performance is reached at
170°C and a CH4/H,0 ratio of 4:1. with a 77% CH3OH selectivity
and 3.0% CH4 conversion. The energy consumption for CH3OH pro-
duction through plasma-catalytic OSRMtM by the Cu/MOR catalyst is
22.7 kJ/mmol (Figure S3), which is much lower than for plasma only
(79.7 kJ/mmol) or for plasma + MOR (114.3 kJ/mmol). The above-
mentioned results indicate the key role of the Cu/MOR catalyst in
plasma-catalytic OSRMtM.

The catalytic stability of Cu/MOR for OSRMtM with 24 h contin-
uous operation is shown in Figure 3D. Initially, 3.0% CH,4 conversion
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and 77% CH3OH selectivity is achieved. However, the CH;0OH selec-
tivity gradually declines from 77% to 42% after 24 h, and the CH,4
conversion slightly decreases from 3.0% to 2.2%, indicating that the
Cu/MOR catalyst is gradually deactivating during the plasma-catalytic
OSRMtM reaction. To explore the reason of this deactivation, the
spent Cu/MOR catalyst (after 24 h reaction) was re-calcinated in air
atmosphere, and then recovered to the original catalytic performance.
The Cu/MOR sample was re-calcinated three times, and the catalytic
performance could always be restored to that of the fresh catalyst
(Figure 3E).

Finally, we compare our experimental results with reported
OSRMtM results in literature in Figure 3F. The details are presented
in Table S2 in the SI. The CH;OH selectivities obtained by the chemi-
cal looping process are >90%, which is somewhat higher than our
result (77%). However, our CH,4 conversion (3.0%) is at least an order
of magnitude higher than those of the chemical looping process
(<0.1%). Therefore, our plasma-catalytic OSRMtM process has great
potential for CH30OH production in a continuous flow reactor, that is,
a fluidized bed reactor, in which the Cu/MOR catalyst can be regener-

ated continuously through easy calcination.

3.2 | Catalyst characterization

To reveal the role of the Cu/MOR catalyst in plasma-catalytic
OSRMtM, we characterized the catalysts in detail. The XRD patterns
of the Cu/MOR samples are shown in Figure 4A. These
patterns exhibit the typical characteristics of a highly crystalline MOR
phase, but the peaks of CuO, Cu,0O, and Cu are absent. This means
that Cu species were highly dispersed on the MOR, and that the lattice
structure of the MOR was not disrupted during both catalyst preparation
and catalytic tests. Figure 4B shows the H,-TPR profiles of the Cu/MOR
samples with different steps of ion-exchange. According to the
literature,3* the reduction of isolated Cu®" species on a zeolite structure
is usually achieved through a two-step mechanism, that is, Cu®* + 1/2
H, — Cu* + H* and Cu*+ 1/2 Hy, — Cu® + H™. In the Hy-TPR profiles,
two distinct peaks are indeed observed, in the range of 150-350°C and
550-700°C, respectively. The former peak is attributed to the reduction
of isolated Cu®* to Cu™, while the latter peak is attributed to the reduc-
tion of Cu* to Cu®3? Furthermore, with increasing the number of ion-
exchange steps, the former peak of H, consumption shifts towards the
low temperature region, indicating more Cu-O species formation com-
pared to the isolated copper species on the MOR during multiple ion
exchange, which can be reduced by H, at a relatively low temperature.
The texture and composition information on the Cu/MOR sample are
summarized in Table S3 and Figure S4. The results show that the chan-
nels of the Cu/MOR are not destroyed after four-time Cu exchange. The
HRTEM images (Figure S5) shows no evident copper particles on the
Cu/MOR surface. Generally, several typical Cu-O species, that is, such as
di-copper ([Cu(u-O)%", [Cu,(u-O),1%*, and bent [Cu,(u-0),1%") and tri-
copper ([Cus(p-0)3]%%), as indicated by experimental and modeling results
from literature, can be formed in the channels and pores of the
MOR,1133-36
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CH, Conversion (%)

Experimental results of OSRMtM. (A) CH,4 conversion and total gas or liquid product selectivity (carbon-based) in the case of

Cu/MOR catalyst only, plasma only, plasma + MOR support, and plasma + Cu/MOR catalyst; (B) Detailed gas and liquid selectivity;

(C) Performance of Cu/MOR prepared by varying the number of Cu ion-exchange steps; (D) Stability test of plasma-catalytic OSRMtM for 24 h;
(E) Catalyst regeneration tests of spent Cu/MOR catalysts after calcination at 500°C; (F) Comparison of our work with literature results using
H,0 as oxidant, with detailed information in Table S2 of the Supporting Information (Sl). The light blue and red circles indicate thermal and
plasma (catalysis) experiments, respectively, showing a high selectivity but very low conversion, versus a reasonable conversion but very low
selectivity, in contrast to this work. Reaction conditions: 1.7 wt% Cu loading; CH,4: 20 mL/min; H,O(g); 80 mL/min; Ar: 40 mL/min; discharge

length: 5 cm; discharge power: 7 W; temperature of catalyst bed: 170°C.

The acidity of the MOR and Cu-MOR samples was measured by
NH; temperature programmed desorption (NH5-TPD) and infrared spec-
troscopy of pyridine adsorption (Py-IR). The NH3-TPD profile (Figure S6)
shows the central temperature of weak acidic sites shifts to lower tem-
peratures after increasing the number of Cu ion-exchange steps, indicat-
ing weakening of the acidic strength.3” The Py-IR (Figure 4C) results

show two peaks at 1540 and 1450 cm™%, which can be ascribed to
Brgnsted and Lewis acidic sites, respectively. The amount of Lewis acidic
sites increases with increasing number of ion-exchanges, which indicates
that Cu®" is present as Lewis acid by replacing H atoms of MOR catalyst.

Furthermore, we characterized the spent Cu/MOR catalysts by
thermogravimetric mass spectrometry (TG-MS, Figure 4D), and we
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FIGURE 4 Characterization of the Cu/MOR catalysts prepared with a different number of ion-exchange steps. (A) XRD patterns; (B) H,-TPR

profiles; (C) Infrared spectroscopy patterns; (D) TG-MS patterns.

measured very limited carbon deposition. The weight lost between
100 and 200°C comes from water.%® First order differentiation of the
weight loss curves for the spent Cu/MOR catalyst shows that there is
only one peak between 100 and 200°C, indicating that the carbon
accumulation in the reaction process is negligible. In general, the rea-
sons of catalyst deactivation include poisoning, carbon deposition and
sintering.3” The purity of the feed gas used in the reaction process is
99.99%, which can help prevent poisoning of the Cu/MOR catalysts
by impurities. In addition, the calcination temperature for preparing
the catalyst is 540°C, while the reaction temperature is only 170°C,
indicating that the sintering of Cu species on MOR is unlikely under
the reaction conditions.

It should be mentioned that in the chemical looping process there
is a redox reaction for converting CH, to CHzOH.” Hence, it is rea-
sonable to speculate that the main reason for the gradual deactivation
of the Cu/MOR catalyst during our stability test may be a gradual
reduction of Cu?" active centers, because the reaction atmosphere
not only contains a large amount of CHy, but also produces abundant
H,, capable of reducing Cu?* to Cu* under NTP conditions. Thus, we
designed three sets of experiments (Figure S7) to demonstrate the
above scientific hypothesis: (A) A fresh Cu/MOR sample was placed
on the catalyst bed, and Ar flow was used to purge the catalyst bed at
room temperature for 30 min. After that, a CH4/Ar/H,O mixture
replaced the Ar and the plasma was turned on to maintain the plasma-

catalytic OSRMtM reaction for 3, 6, or 9 h; (B) A fresh Cu/MOR sam-
ple was again placed on the catalyst bed, and an Ar flow was used to
purge the catalyst bed at room temperature for 30 min. After that, a
CHg4/Ar mixture replaced the Ar and the plasma was turned on to
maintain the treatment for 20, 30, or 40 min. (C) After 40 min CH,4
plasma treatment, the Cu/MOR sample was purged with an Ar flow at
room temperature for 30 min. After that, a H,O/Ar gaseous mixture
replaced the Ar, and the plasma was turned on to maintain the treat-
ment for 3, 6, or 9 h. Finally, the above samples were characterized by
x-ray photoelectron spectroscopy (XPS) and Ultraviolet-visible spec-
troscopy (UV-Vis), as shown in Figure 5.

For the Cu 2p results of the Cu/MOR samples, the XPS peaks at
933.5 and 936.3 eV are attributed to Cu?* (with a satellite peak
at 943.5 eV), while the XPS peak at 932.5 eV is attributed to Cu™ or
Cu®.4° Furthermore, the XPS peak at 933.5 eV corresponds to the
Cu?* ion coordinated to the zeolite framework oxygen, and the peak
at 936.3 eV includes mono(u-oxo) di-copper, bis(u-oxo) di-copper, tri-
copper species, and Cu-OH".** As shown in Figure 5A, for the
Cu/MOR samples that were used for the 3, 6, and 9 h plasma-catalytic
OSRMtM reaction, we observe a significant increase of the Cu™ peak
intensity but an obvious decrease of the Cu?* intensity, compared
with the fresh Cu/MOR sample. In addition, similar results were
obtained for the Cu/MOR sample treated by the CH,4/Ar plasma for a
much shorter time (Figure 5B). Furthermore, for the Cu/MOR sample
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H,O/Ar plasma; (E) CH,4/Ar plasma; (F) 40 min CH4/Ar plasma followed by H,O/Ar plasma.

after 40 min of treatment by CH,4/Ar plasma, the H,O/Ar plasma
treatment obviously increases the relative intensity of Cu?" but
lowers the relative intensity of the Cu™ peak (Figure 5C). The above
XPS results demonstrate that CH,4 in the CH4/Ar/H,0 plasma exhibits
a strong reducing character, while H,O exhibits a weak oxidizing char-
acter. In addition, the CH4/Ar plasma shows a stronger reducing
character than the CH4/Ar/H,O plasma, because the former needed a
much shorter treatment time for the same effect (i.e., 20, 30, and
40 min, vs. 3, 6, and 9 h), which suggests that the reduction of Cu?*
species during the plasma-catalytic OSRMtM reaction is mainly
caused by the reducing character of CH, in the plasma.

Dynamic changes of Cu/MOR were also investigated by
Ultraviolet-Visible spectroscopy (UV-Vis, Figure 5D-F) for the above
three experiments. A weak absorption peak at 12,200 cm™?
sponds to the d-d transition of the hydrated monomer Cu?* (3d”) with

corre-

distorted octahedral coordination.??#?>%3 Electronic spectroscopic

analysis involving the d-d leap is only applicable to Cu?* (3d°) since

the Cu™ ion has a fully occupied d-shell layer (3d%°).** Additionally,
ligands to metals charge transfer (LMCT) for isolated Cu?*
(0% Cu?* — O Cu") between 40,000 and 50,000 cm~! are also
observed.??>*?*3 Compared to the fresh catalyst, the catalyst treated
by plasma shows a new absorption peak at 33,000 cm™?, which corre-
sponds to the Cus(u-O); species.®® Moreover, prolonging the reaction
time (Figure 5D) and treating the catalyst with CH4/Ar plasma with
different duration (Figure 5E) results in a significant decrease in the
intensity of the spectral bands at 12200, 33,000, and 47,000 cm L,
indicating a continuous reduction of Cu?". However, the intensity of
the spectral bands at 12200 and 47,000 cm™* increases after H,O/Ar
plasma treatment (Figure 5F), indicating that Cu™ can be oxidized to
Cu?*, which agrees with the XPS results. Interestingly, we found that
it took around 6 h for the H,O/Ar plasma treatment to recover the
intensity of the absorption peak at 12,000 cm~* when the Cu-MOR
catalyst was treated by the CH,/Ar plasma for 40 min, suggesting that
the oxidizing character of the H,O/Ar plasma is not strong enough.
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reaction.

Indeed, the characterization of the spent Cu/MOR sample after 24 h
continuous plasma-catalytic OSRMtM reaction demonstrates an obvi-
ous reduction of Cu?* to Cu*t species (Figure 6A,B). Therefore, the
reduction of Cu?* to Cu™ species is faster than the oxidation of Cu™
to Cu?* species, resulting in a net reduction of Cu?>* to Cu™, which
explains why the Cu/MOR catalyst gradually deactivates during the
plasma-catalytic OSRMtM reaction. In other words, the oxidizing
character of H,O in the plasma is not strong enough to drive the con-
tinuous plasma-catalytic OSRMtM reaction with stable catalytic activ-
ity and selectivity. Fortunately, the Cu/MOR catalyst can be
regenerated continuously through an easy calcination process, which
enables a continuous plasma-catalytic OSRMtM process in a
fluidized-bed reactor.

3.3 | Reactive species diagnostics and isotope
tracer experiment

Non-thermal plasma, capable of activating inert molecules through
inelastic collisions with energetic electrons, provides new possibilities
for CH, conversion.***? Our experimental results demonstrate that
the plasma-catalytic OSRMtM process can be realized by using a
Cu/MOR catalyst at 170°C and atmospheric pressure. In order to
reveal the reaction mechanism, we investigated the active species by
optical emission spectroscopy (OES) and electron paramagnetic reso-
nance (EPR), as well as isotope tracer experiments.

Figure 7A shows the OES results. Because the light signal is col-
lected outside the reactor, where there is a weak air discharge, N, and
O signals appear. Notably, we collected spectral lines of CH (431.4
and 434 nm), H (656.3 nm), and OH (308 nm) radicals. CH radicals
are usually generated by the stepwise dehydrogenation of CHy,
that is, CH4 — CH3z — CH, — CH, and the probability of generat-
ing CH3, CH5, and CH radicals was estimated to be 79%, 15%, and
5%, respectively.*>#447 Therefore, the OES signals of the CH radi-
cals indicate that CH3 radicals should be abundant in the CH4/H>O

plasma. The appearance of spectral lines of OH radicals proves
that H,O is dissociated to form OH radicals in the CH4/Ar/H,O
plasma.

We also carried out electron paramagnetic resonance (EPR) stud-
ies to detect radical species produced from the plasma. We selected
5,5'-Dimethyl-1-pyrroline-N-oxide (DMPO) as a radical trap in CH4/
H,O/Ar plasma and H,O/Ar plasma, as shown in Figure 7B. For the
EPR spectra of CH4/H,O/Ar plasma, we do not observe peaks of
CHs- or -OH radicals. However, we observe an obvious -OH radical
signal for the spectra of H,O/Ar plasma.® This result further demon-
strates that H,O is dissociated to form -OH radicals in the plasma,
consistent with the OES results. The absence of -OH radicals in the
CH,4/H,0/Ar plasma might be caused by the rapid reaction of -OH
with CH3-to form CH;OH.

Finally, we performed isotope tracing experiments during the
plasma-catalytic OSRMtM reaction, and we used online mass spec-
trometry (MS) to detect the products. As shown in Figure 7C, Hy, HD,
and D, were detected when using D,O as an isotope tracing reagent
(CH4/Ar/D,0 plasma reaction), and three signals simultaneously rise,
with decreasing intensity trend HD > D, > H,, when the plasma is
switched on. These results indicate the generated hydrogen comes
from both H,O and CH,4 during plasma-catalytic OSRMtM. As shown
in Figure 7D, by using H,*80 as an isotope tracing reagent (CH./Ar/
H,*0 plasma reaction), signals of two methanol molecules, that is,
CH3!®OH and CH3'®OH, were acquired. However, the signal of
CH3*0H is delayed for around 3 min with respect to the CH;°OH
signal after plasma-on, indicating that the methanol production is
mainly caused by surface reaction between oxygen species from
Cu/MOR and CH,4 plasma-produced species (such as CH3:). In addi-
tion, the intensity of the CH5*8OH signal gradually rises and eventu-
ally it becomes higher than that of CH3'®OH, which means that 20
from H,80 gradually dominates the surface oxygen species on the
Cu/MOR with time on stream. Furthermore, after switching
the plasma off, the CH3'®OH signal immediately drops, while the
CH3*®OH signal decreases slowly. This suggests that most of
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spectra, showing radicals in H,O/Ar plasma and CH4/H,O/Ar plasma, with DMPO added to the reaction mixture as the radical trapping agent.
(C) Online mass spectral responses for unlabeled H, (m/z = 2), labeled HD (m/z = 3) and D, (m/z = 4) in the plasma-catalytic OSRMtM process
using D,0 as an isotope tracing reagent. (D) Online mass spectral responses for unlabeled methanol (CH3160H, m/z = 31) and 8O-labeled
methanol (CH580H, m/z = 33) using H,80 as an isotope tracing reagent in the plasma-catalytic OSRMtM process.

the active oxygen species inside the pores of Cu/MOR are gradually
replaced by 80 from H,'®0 during the CH4/Ar/H,*80 plasma reac-
tion, and thus the produced methanol in the pore is dominated by
CH3®0H, which needs more time to desorb from the pores into the
gas phase.

To sum up, the Cu-O species confined by the framework of the
MOR zeolite can be formed using the ion-exchange method, which
can significantly improve CH3;OH production on plasma-catalytic
OSRMtM. On the one hand, the zeolite-confined Cu-O species can
significantly improve the adsorption of radicals (i.e., CHz, H, and OH)
generated by the plasma, indicated by the results of EPR and isotope
tracing experiments. On the other hand, these radicals produced from
plasma can also change the property of Cu/MOR catalyst. By design-
ing three sets of experiments, we investigate the dynamic changes of
Cu/MOR catalyst treated by CH4/Ar/H,O plasma, CH4/Ar plasma,
and H,O/Ar plasma. Interestingly, we found there is a catalytic cycle
from Cu?" to Cu™ between CH4/H,0/Ar plasma and Cu/MOR cata-
lyst, which is involved in plasma-catalytic OSRMtM process, as shown
in Figure 1. The catalytic cycle driven by reactive radicals generated

by plasma enables the reaction to occur at lower temperatures,

offering a new pathway for CH3;0OH production through plasma catal-
ysis. However, the low CH4 conversion is indeed the limitation of
plasma-catalytic OSRMtM in this work. Thermodynamically, CH;OH
is not a favorable product, as CO and CO, are more stable. High tem-
perature or high specific energy input can improve CH,4 conversion,
but will also result in over-oxidation of CH3OH. Future efforts will
aim to enhance the yield of CH30H by further optimizing plasma
parameters and catalytic active sites.

4 | CONCLUSION

We demonstrated that the one-step anaerobic oxidation of methane
to methanol by combining CH4/H,O/Ar plasma with a Cu/MOR cata-
lyst at 170°C and atmospheric pressure can achieve 77% CH3;OH
selectivity with 3.0% CH,4 conversion. The energy consumption of
plasma catalysis by Cu/MOR was reduced compared to plasma alone,
from 79.7 to 22.7 kJ/mmol. The excellent reaction performance is
attributed to Cu-O active sites confined by the MOR zeolite. As indi-
cated by our XPS and UV-Vis results, there is a catalytic cycle from
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Cu?* to Cu™ between CH4/H,O/Ar plasma and the Cu/MOR catalyst.
Due to insufficient oxidizing ability of the H,O plasma, we observed a
slow deactivation of the Cu/MOR catalyst, which can however be
recycled by calcination. Plasma diagnostics of the reactive species and
isotope tracer experiments suggest that CH, and H,O are dissociated
in the plasma and the main radicals include CHs, OH, and H. This work
presents a potential new technology for direct CH4 to CH30H con-
version by plasma catalysis and provides the practical insight in the

mutual interactions between plasma and zeolite-confined catalysts.
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