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Abstract

The catalytic performance for the oxidative coupling of methane (OCM) over
chloride-containing Li/SnO, was investigated experimentally and the mechanism of
OCM was further suggested. C1™ ions exerted remarkable influence on the catalytic
performance of Li/SnO,, with that at 750 °C displaying the highest catalytic activity
(18.5% C, yield) for OCM. The prepared catalysts were characterized with N,
physisorption, X-ray diffraction, O,-temperature programmed desorption, X-ray
photoelectron spectroscopy and H, temperature programmed reduction measure-
ment to elucidate the effect of C1™ ions on its properties and catalytic performance.
The results showed that the enhanced OCM catalytic activity of the chloride-con-
taining Li/SnO, catalysts compared with pure Li/SnO, catalyst may originate from
the higher concentration of anion vacancies, more rapid oxygen mobility and
improved redox ability of tin. In addition, characterization by CO,-temperature
programmed desorption, infrared spectroscopy and O, frequency pulse reactions
results illustrated that adding C1™ ions improved performance of Li/SnO,, which not
only reduced strong basic sites to prevent the formation of poisoning carbonate, but
also facilitated the formed chloromethane to convert quickly to ethylene.

Keywords OCM - Active oxygen - Chloride-containing - Lithium oxide - Pulse
reaction

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11144-
018-1477-y) contains supplementary material, which is available to authorized users.

P4 Lingjun Chou
ljchou@licp.cas.cn

State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China
University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

Suzhou Research Institute of LICP, Chinese Academy of Sciences, Suzhou 215123, People’s
Republic of China

@ Springer


http://orcid.org/0000-0002-1888-7506
https://doi.org/10.1007/s11144-018-1477-y
https://doi.org/10.1007/s11144-018-1477-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-018-1477-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11144-018-1477-y&amp;domain=pdf
https://doi.org/10.1007/s11144-018-1477-y

676 Reaction Kinetics, Mechanisms and Catalysis (2018) 125:675-688

Introduction

The oxidative coupling of methane (OCM) is considered as a promising potential
one-step process for the production of useful basic petrochemicals (ethylene,
ethane) from methane, which has been intensively investigated since the early work
of Keller and Bhasin [1]. Up to date, a large number of composites have been tried
as catalysts for OCM [2-8].

Tin oxide (SnO,) which remains widely used in practice is excellent catalyst
support [9-11], primarily due to its high adsorption capacity, high temperature
resistant, wide band gap and mechanic stability. Moreover, Sn is found to prevent
the evaporation of lithium, improving the stability through the generation of
complex oxides [12, 13].

The chloride-containing lithium oxides have so far been found to be effective in
catalyzing the OCM. According to a considerable number of studies [14, 15], the
chloride-containing lithium oxide catalysts supported on metal oxides caused an
increase in methane conversion, yield and total selectivity of C, hydrocarbons. In
some cases, a direct correlation between the C1™ ions and the catalytic activity was
observed. In some other cases, however, the relationship between the C1™ ions and
catalytic activity was shown to be rather ambiguous. Although a number of
investigations [16—18] in the OCM process are tested on the chloride-containing
catalysts, not much attention have been given by researchers to the changes in the
structures, morphologies and properties of the catalyst surface. Hence, there are still
some controversies as to the role of their structures, oxygen mobility, active oxygen,
basicity and redox ability in creating their own catalytic effectiveness and the
performance of the catalysts containing C1~ ions.

Here, we report the application of chloride and lithium modified SnO, as catalyst
for the OCM reaction and the catalyst system was found to be excellent candidates
for C, formation. The characteristics of the pathway for the formation of C, and the
method including critical factors were discussed. We also reported how we came to
and consequently characterized the chloride-containing lithium-doped SnO, catalyst
using techniques such as N, physisorption, X-ray diffraction (XRD), CO,-
temperature programmed desorption (CO,-TPD), O,-temperature programmed
desorption (O,-TPD), X-ray photoelectron spectroscopy (XPS), H,-temperature
programmed reduction measurement (H,-TPR), infrared spectroscopy (FT-IR) and
mass spectrometry (MS). The aim of the study was to find out the role of chloride
ions addition to Li/SnO, catalysts in the OCM process, as well as to concentrate our
attention on the oxidant activation process over catalyst surface.

Experimental
Catalysts synthesis
Chloride-containing Li/SnO, catalysts were prepared from tin(II) chloride dihydrate

(SnCl,-2H,0, Shanghai Reagent Factory) and lithiumnitrate (LiNOsj, Sichuan
Longxi Chemical Co., Ltd.). A certain amount of SnCl,-2H,0 was dissolved in
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100 mL distilled water under constant stirring and the pH was adjusted to about 2 by
adding ammonia water. An aging treatment process was undertaken at room
temperature for 5 h. Then the obtained mixture was washed with distilled water
(50 ml) with different times (0, 1, 3 and 20 times) to obtain the precursors with
different chlorine contents. Then the precursors were dried in an oven with a
temperature of 80 °C. The catalysts were obtained through a wet impregnation of
the chloride-containing SnO, with a lithiumnitrate solution. After drying at 80 °C
overnight, the catalyst was calcinated at 800 °C for 3 h. The catalysts with different
surface chloride contents were denoted as Li/SnO,(x) (wt(Li) = 10%, x stands for
CI/Li atomic ratio). X (x stands for CI/Li atomic ratio of sample) was 0.7, 0.5, 0.2
and 0 when the washing times of the precursors were 0, 1, 3, and 20, respectively.
The Li/Sn0O,(0.5) after 14 h of the OCM reaction were denoted as Li/SnO,(spent),
where spent represents the CI/Li atomic ratio was 0.02. The CI/Li atomic ratio
determined by XPS.

Catalytic activity

OCM reaction was carried out with catalyst (0.20 g, 40-60 mesh) at atmospheric
pressure in a quartz fixed bed system (I.d. 10 mm). In all experiments, CH, and O,
(2.5:1) were passed through the reactor and the gas hourly space velocity (GHSV)
was 7200 h™' during the OCM reaction. The reaction temperature was measured by
a thermocouple inserted outside of the quartz reactor. The effluent gases were
analyzed on-line by the gas chromatography equipped with a hydrogen flame
ionization detector (FID) and a thermal conductivity detector (TCD). The
conversion of methane and the selectivity were calculated based on the balance
of carbon (100 £ 2%). All the data were obtained after 30 min reaction.

O, frequency pulse reactions were performed using the U-shaped quartz reactor
over the series catalysts. The catalyst was heated in methane atmosphere (99.99%,
7.1 mL-min™") to the temperature of 750 °C for 40 min and then the different
frequency pulse of O, was introduced. The time intervals of O, pulses were varied
from 15 to 300 s. The reaction products were monitored with an LC-D200 M
quadruple mass spectrometer (MS, TILON).

Catalyst characterization

XRD patterns were recorded on an X’Pert Pro Multipurpose diffractometer
(PANalytical, Inc.) using the Ni-filtered Cu K, radiation (0.15406 nm) from 10.0°
to 80.0°.

The N, adsorption—desorption isotherms were carried out on an Autosorb-iQ
analyzer (Quantachrome Instruments U.S.). Prior to the measurements, all the
catalyst samples were outgassed at 200 °C for 4 h. The specific surface areas were
calculated via the Brunauer—-Emmett-Teller (BET) method in the relative pressure
ranging from 0.05 to 0.3. Pore size distributions were calculated by the Barrett—
Joyner—Halenda (BJH) method from the adsorption isotherms of the samples.

CO,-TPD, O,-TPD and H,-TPR were all performed on an Autosorb-iQ analyzer
(Quantachrome Instruments U.S.).
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The CO,-TPD analysis was carried out as follows: The calcined catalyst sample
(150 mg) was first treated with He stream (30 mL/min) at 300 °C for 1 h to remove
adsorbed impurities. After cooling to room temperature, CO, (30 mL/min) was
adsorbed on the catalyst sample for 1 h. Finally, the sample was heated from room
temperature to 980 °C at a heating rate of 10 °C/min in He gas (30 mL/min) to
proceed the CO,-TPD and CO, consumption was measured by a TCD.

The O,-TPD analysis was carried out as follows: The sample (100 mg) was first
treated with He stream (30 mL/min) at 500 °C for 1 h to remove adsorbed
impurities. After cooling to room temperature, the catalyst sample was exposed to
0O, stream (30 mL/min) for 1 h. Finally, the sample was heated from room
temperature to 980 °C at a heating rate of 20 °C/min in He gas (30 mL/min) to
proceed the O,-TPD and O, consumption was measured by a TCD.

The H,-TPR analysis was carried out as follows: The sample (10 mg) was first
treated with Ar stream (40 mL/min) at 300 °C for 1 h to remove adsorbed
impurities. After cooling to 40 °C, the H, (40 mL/min) was adsorbed on the catalyst
sample for 30 min. Finally, the sample was heated from room temperature to
980 °C at a heating rate of 20 °C/min in a flowing H, gas (30 mL/min) to proceed
the H,-TPR and H, consumption was measured by a TCD.

XPS analyses were carried out with a Thermo Fisher Scientific ESCALAB250xi
spectrometer with Mg Ko radiation.

FT-IR spectra were recorded from 400 to 4000 cm™' on a TENSOR27 FTIR
spectrophotometer (Bruker).
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Fig. 1 Comparison of the catalytic performance of Li/SnO,(0.5) catalysts at different reaction
temperature. Reaction conditions: CH4/O, = 2.5, GHSV = 7200 ml/(h g), 0.20 g catalyst
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Results and discussion
Comparison of performance of catalysts

Fig. 1 shows the results of OCM reactions over Li/SnO,(0.5) catalyst at different
reaction temperatures. CH, conversion and C,Hy selectivity suffered a serious
decrease at the temperature from 750 to 800 °C. It indicated that some surface
active sites benefiting the C, and C,H, selectivity were not stable at temperature
above 750 °C. Raising the reaction temperature up to 750 °C, the maximum C,
yield of 18.5% was obtained with the CH,4 conversion of 33.0% and C, selectivity of
55.9%, had an overall beneficial effect on the catalytic capability of the Li/
Sn0,(0.5) catalyst. However, the CH4 conversion and C, selectivity decayed
gradually at even higher temperatures because of the complete oxygen conversion
and non-oxidative side reactions.

Fig. 2 shows the results of OCM reactions over Li/SnO, catalysts with various
CI/Li atomic ratios. Compared with the Li/SnO,(0) catalyst, the addition of C1™ ions
significantly improved the CH,4 conversion, C, selectivity, CoHy selectivity and C,
yield over all the chloride-containing Li/SnO, at 750 °C. It suggested that high
activity for OCM of the chloride-containing Li/SnO, catalysts should be ascribed to
the addition of CI~ ions. Comparable results have been obtained for the OCM
reaction where the C, yield reached a maximum value (18.5%) at a nominal ratio of
CI/Li = 0.5. The C, yield decreased from its maximum as CI/Li atomic ratios
increased to 0.7. This result suggested that excessive chloride ions were certainly
unfavorable.

To study the performance of Li/SnO, during long-term use, the Li/Sn0O,(0.5)
were selected as representative for catalysts under the optimal conditions. It can be
found from Fig. 3 that the performance of Li/SnO,(0.5) decreased remarkably after
14 h of the OCM reaction. Decreasing chlorine content of the catalyst after the
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Fig. 2 Comparison of the catalytic performance of Li/SnO, catalysts with various CI/Li atomic ratios at
750 °C. Reaction conditions: CH4/O, = 2.5, GHSV = 7200 ml/(h g), 0.20 g catalyst
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Fig. 3 Long term stability test over Li/Sn0O,(0.5) catalyst. Reaction conditions: CH,/O, = 2.5,
GHSV = 7200 ml/(h g), 0.20 g catalyst

OCM reaction had been reported in previous studies [13]. It was generally suggested
that the reduction on the catalytic performance contributed to the loss of chlorine
from the chloride-containing Li/SnO,. This was also in good agreement with the
above-mentioned XPS results. It was particularly noted that the C,H, selectivity
drastically decreased while the C, selectivity decreased slightly. The result
indicated that OCM reaction involving chlorine were largely responsible for
ethylene formation on chloride-containing Li/SnO, and would be further evidenced
by O, frequency pulse reaction.

Catalyst characterization

The BET specific surface area and surface composition of a series of catalysts are
given in Table 1. It should be noted that all catalysts were provided with low
specific surface area low to 3.0 m?/g, and narrow average pore size in a small range
of 3.1-3.4 nm. For Li/SnO, catalyst, the BET specific surface area increased from
3.0 to 5.1 m*/g when the CI/Li atomic ratios increased. Thus, lithium promoted
sintering of the SnO,_while chloride ions inhibited this effect [16]. Comparing the

Table 1 The specific BET

surface area and pore size of Li/ Catalyst BE2T S_pleciﬁc surface area Pore size

SnO, catalyst (m~g™) (nm)
SnO, 10.7 3.1
Li/Sn0O,(0) 3.0 3.1
Li/Sn0,(0.2) 3.4 3.4
Li/Sn0,(0.5) 4.9 3.1
Li/Sn0,(0.7) 5.1 34
Li/SnOy(spent) 3.5 3.1
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data in Table 1, the specific surface areas of the Chloride-containing Li/SnO,
catalysts were higher than Li/SnO,(0), this might be beneficial for improving the
OCM catalytic activity of the Li/SnO, catalyst [19]. After OCM reaction, Li/
SnO2(spent) was 3.5 m?%/g, indicating that the specific surface areas of the catalyst
reduced during OCM reactions. However, these low specific surface areas, typical
for most of the OCM catalysts, seemed not having a determinant effect on the OCM
catalytic behavior.

Fig. 4 shows the XRD patterns of Li/SnO, catalysts with various CI/Li atomic
ratios. The XRD results confirmed that two different phases, i.e. the tetragonal SnO,
(JCPDS No. 88-0287) and the Li,SnO5; (JCPDS No. 31-0761), co-existed in the
product. It was noticeable that the diffraction peaks of 26 = 18° shifted to lower
angle with increasing Cl/Li atomic ratios, which implied lattice expansion. The
lattice expansion might be owing to the replacement of the O*~ (R = 1.4 A) sites by
Cl- (R=1.81 A) ions. With the Cl/Li atomic ratio was increased to more than 0.2,
the diffraction intensity of SnO, phase increased and a novel phase of LiCl (JCPDS
No. 02-0640) accompanied by the reduction of Li,SnOj phase. It demonstrates
clearly that CI™ ions had been doped into the matrix of Li,SnOj3 in the samples to
destroy the structure of Li,SnOj; to form SnO, and LiCl. XRD results showed
almost identical phases of Li/Sn0,(0.5) and Li/SnO,(spent), indicating that the loss
of chlorine did not remarkably influence the catalyst structure. Furthermore, the
diffraction peaks (20 = 18°) of Li/SnO,(spent) shifted very slightly compared with
the Li/SnO5(0.5). Reduction of Sn** [Sn** (R = 0.69 A) and Sn** (R = 1.12 A)]
partly occurred after the OCM reaction as evidenced from the increase of the Sn**/
Sn** atomic ratio compared to Li/SnO,(0.5) (Supplementary XPS spectra of
Sn 3d5/2).

Fig. 5 shows the CO,-TPD patterns of Li/SnO, catalysts with various CI/Li
atomic ratios. The desorption temperature centered at 200 °C was assigned to the
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Fig. 4 XRD Pattern of Li/SnO,(x)
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Fig. 5 CO,-TPD patterns of Li/SnOy(x)

weak basic site, and the desorption range from 300 to 600 °C attributed to the
medium basic site, and desorption range above 600 °C corresponded to the strong
basic site [20]. The distinct difference of basic sites on the catalyst surfaces was one
of the reasons for catalytic behavior of the Li/SnO, catalysts for OCM reaction [21].
With the introduction of chloride content, the weak basic sites increased, resulted in
the improvement on the capability of catalyst to absorb O, and CH4. Moreover, the
addition of chloride could be of advantage for OCM, which reduced strong basic
sites to prevent the formation of poisoning carbonate [22]. Moreover, after OCM
reaction, the Li/SnO,(spent) catalyst exhibited a profile very different to that of the
fresh Li/Sn0O,(0.5) catalyst: there were smaller CO, desorption peaks at 209 °C and
larger desorption above 600 °C. This result further highlighted that the introduction
of chloride content could increase weak basic sites and reduce strong basic sites.
To reveal the surface oxygen properties of catalysts, the O,-TPD of Li/SnO,
catalysts with various Cl/Li atomic ratios are recorded in Fig. 6. The samples
presented two distinct desorption peaks, one below 500 °C and one above 800 °C,
corresponding to the release of adsorbed oxygen and lattice oxygen (0*7) [23, 24],
respectively. No obvious desorption peak (< 500 °C) was apparent for the Li/
SnO,(0) as it likely possessed few chemisorbed oxygen on the surface. The
chloride-containing Li/SnO, possessed obvious desorption peak below 500 °C
implying that the incorporation of Cl™ ions is favorable for the oxygen adsorption
and activation, consequently promoting the catalytic performance of chloride-
containing Li/SnO, for OCM [25-28]. As for the chloride-containing Li/SnO,, C1™
ions doped into the crystal lattice of Li,SnOs occupied the O°~, the generation of
anion vacancies is inevitably promoted, which available to oxygen adsorption and
activation [29]. On comparing all the chloride-containing Li/SnO,, Li/Sn0,(0.7)
exerted a smaller desorption peak (< 500 °C). The result demonstrated that
excessive Cl™ ions were unavailable to adsorb oxygen because the surface of
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Fig. 6 O,-TPD patterns of Li/SnO,(x)

catalyst was covered with a large number of LiCl, which had relatively poor
adsorption capacities for oxygen. Besides, the Li/SnO, catalyst showed a shift in the
lattice oxygen (O”7) peak to a lower temperature with the increase of CI/Li atomic
ratios, which would indicate that the mobility of lattice oxygen (O*") species were
improved. Meanwhile, the highest lattice oxygen (O”™) desorption temperature was
observed on the Li/Sn0,(0.7) catalyst had been attributed to too much surface
lattice oxygen (O®) occupied by CI ions. After 14 h of OCM reaction, the O,-TPD
profile of Li/SnO,(spent) showed two peaks at 457 and 849 °C. The correlation of
the O,-TPD profile of used and fresh Li/SnO, further testified that addition C1™ ions
were benefit to generate active oxygen and promoted the oxygen mobility.

Fig. 7 shows the XPS spectra of Ol s for Li/SnO, catalysts with various Cl/Li
atomic ratios. The Ol s spectra of each catalyst can be attributed to four peaks
corresponding to three types of oxygen species: lattice oxygen (O*~, 530.2 eV),
chemisorbed oxygen (022_ or O, 531.1 eV and O, ", 532.3 e¢V) and carbonate
groups (533.2 eV) [30-34]. Apparently, the value of (O,~ 4+ O, or O7)/O*" of
chloride-containing Li/SnO, was higher than that of Li/SnO,(0) (Supplementary
Table S1). It has been widely reported that chemisorbed oxygen (O, 0,> " or0)
was the most active oxygen for OCM [35-37]. Therefore, the activity of chloride-
containing Li/SnO, was found to be higher than Li/SnO,(0). It was commonly
accepted that lattice oxygen (O”>~) was responsible for abstracting hydrogen from
C,Hg to form C,H, and chemisorbed oxygen (O, 0,°~ or O7) were effective for
the oxidation reaction [25, 28, 38, 39]. More importantly, the O, ion is thermally
stable only below 750 °C [40]. Therefore, taking into consideration of the above
factors, CH, conversion and C,H, selectivity suffered the serious decrease with
increasing the temperature from 750 to 800 °C, which was in good agreement with
the experimental results (Fig. 1). As shown in Fig. 2, the C,H, selectivity decreased
with increasing chloride content, which could be due to the 0%~ content reduction.
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Fig. 7 XPS spectra for Ols of Li/SnO,(x)

This indicated that the C1™ ions had entered into the positions previously by lattice
oxygen (02_) [41], consistent with the results of O,-TPD. An appropriate amount of
CI" ions doping could enhance the OCM activity of Li/SnO,, which resulted from a
synergistic effect of lattice oxygen (O*") and chemisorbed oxygen (0,~, 0,> or
O7) of catalyst. As a comparison, the value of (O,  + 0,>~ or 07)/0*™ of
chloride-containing Li/SnO, was higher than that of Li/SnO,(spent), indicating that
the loss of CI™ ions during the OCM reaction took place. It seemed certain that the
value of (O, + 022_ or O_)/Oz_ was associated with the chlorine content.

As shown in Fig. 8, the Sn 3ds,, peaks can be deconvoluted into two peaks to
Sn** (486.1 eV) and Sn*" (486.7 eV) species [42]. It was evident that the addition
of C1™ jons into the Li/SnO, led to a significant increase of the Sn*>*/Sn** atomic
ratio compared to Li/SnO,(0). This demonstrated that Sn** was formed by an
electron transfer from the O*~ to Sn**, increased the mobility of oxygen. After 14 h
of OCM reaction, the Sn**/Sn** atomic ratio of Li/SnO,(spent) appeared to be
higher than obtained over Li/SnO,(0.5). The result implied that Sn** was reduced in
the course of the OCM reaction.

FT-IR spectra can provide information on the chemical structure of catalyst
materials. To reveal the surface functional groups of catalysts, the FT-IR spectra of
Li/SnO, catalysts with various CI/Li atomic ratios were recorded. Fig. 9 shows the
obtained FT-IR spectra in the region 1300-1800 cm™'. FT-IR bands of surface
carbonate species were observed at 1438 and 1510 cm~! [43]. Tt showed that the
addition of appropriate chloride content can significantly prevent the formation of
poisoning carbonate, with Li/SnO5(0.5) displaying the highest performance [44].
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The result might indicate that the addition of appropriate amount chloride decrease
the amount of adsorbed CO,, which was in agreement with the results obtained from
CO,-TPD experiments. In the case of chloride-containing Li/SnO,, the intensive
peak centered at 1635 cm™' might be attributed to the presence of LiCl.

H,-TPR profiles of Li/SnO, catalysts with various CI/Li atomic ratios are shown
in Fig. 10. The TPR profiles of all catalysts show two reduction peaks in the regions
of 470-620 and 620-700 °C, respectively. The clear reduction at lower temperature
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(470-620 °C) may be attributed to the reduction of Sn** to Sn®". The weak
reduction at higher temperature could be ascribed to the reduction of Sn*' to
metallic Sn° [45]. It was particularly noted that Sn** reduction peak shifts to lower
temperature with the increase of CI/Li atomic ratios, suggestive of the incorporation
of C1” ions was beneficial to oxygen mobility [46—49]. The incorporation of C1™
ions produced higher concentration of anion vacancies, which increases their
capability to trap more electrons [50]. Therefore, C1™ ions was incorporated into the
structure of Li,SnO;, explaining the relatively low reduction temperature. It was
clear that the loss of C1™ ions was occurring during the OCM reactions because the
reduction peaks of Li/SnO,(spent) were found to shift to higher temperature after
the OCM reactions. This further proved that the introduction of chloride content
could promote the reduction of Sn**.

To gain insight into the chlorine behavior of the reaction products, O, frequency
pulse reaction on chloride-containing Li/SnO, was carried out. Fig. S1 shows the
mass spectrum signals of O, (m/z = 32), C,Hy (m/z = 27 for C,H, instead of
m/z = 28 to avoid interference caused by CO,) and CH;Cl (m/z = 50) for the pulse
reaction of O, over Li/SnO, catalysts at 750 °C. Only C,H4 was produced over the
Li/Sn0O,(0) catalyst. However, both CH5Cl and C,H, signals were observed over the
chloride-containing Li/SnO,. With the introduction of oxygen, the CH;Cl and C,H,
signals increased rapidly and tended to a relatively steady level. Besides, the CH;Cl
can convert to ethylene in the gas phase [51]. Therefore, taking into consideration
all the factors, the slight decrease in C,H, selectivity with decreasing the CH;Cl,
which was in good agreement with the experimental results (Fig. S1). This result
can be inferred that the reaction of methane and Cl~ ions over the chloride-
containing Li/SnO, proceeds to a considerable extent. We assumed that in OCM
experiments, radical reactions involving chlorine are largely responsible for
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ethylene formation on chloride-containing Li/SnO,. A possible reaction path for the
formation of ethylene in the OCM may be proposed from these findings:

CH, + Cl™ + 1/20, — CH;Cl + OH" (1)

2CH;C1 — C,Hy + 2HCI ()

Reaction 1 may take place on chloride-containing Li/SnO, and then chloromethane
quantitatively converted to ethylene in the gas phase. Moreover, it was noted that
the loss of chlorine from the catalyst is associated with HCI production.

Before the introduction of O,, the catalyst was pretreated with methane at 750 °C
for 40 min in order to remove oxygen species on the catalyst surface. As shown in
Fig. S1, the O, signals over chloride-containing Li/SnO, samples were much
weakened compared to those over the Li/SnO,(0), indicating that the additive of C1™
ions was available to adsorb and activate oxygen to generate active oxygen and
promote oxygen mobility.

Conclusions

A series of chloride-containing Li/SnO, were prepared which are capable of
selectively converting methane to C, and higher hydrocarbons at 750 °C. At the
nominal ratio of CI/Li = 0.5, 7200 ml/(h g) GHSV and 0.20 g catalyst, the highest
C, yield of 18.5% was achieved with the CH, conversion of 33.0% and C,
selectivity of 55.9%. The influence of C1™ doping on the structures of Li/SnO, was
investigated. When incorporated C1~ content, the C1™ ions doped into the crystal
lattice of Li,SnO5 or SnO, and occupy the O®~, the generation of anion vacancies
was inevitably promoted, which had strong tendency to adsorb and activate oxygen
to generate active oxygen (O,~, O, or O7) and promoted the oxygen mobility.
Adding CI™ ions improved performance of Li/SnO,, which not only reduced strong
basic sites to prevent the formation of poisoning carbonate and shifted to weak basic
sites became beneficial to absorb O, and CH,4, but also facilitated excellent redox
ability to promote the catalytic activity. Moreover, a quantity of chloromethane was
formed and ethylene could be produced through the dimerization of chloromethane,
which was effective for improving the OCM catalytic activity of the Li/SnO,
catalyst.
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