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A B S T R A C T

Perovskite-supported alkaline-earth metal oxide catalysts were prepared for application in the oxidative cou-
pling of methane (OCM). The selective production of C2+ compounds, including ethane, ethylene, acetylene,
propane, and propylene, was observed at reaction temperatures< 700 °C. This lower reaction temperature was
not achieved with pure perovskites but only with the combination of alkaline-earth metal oxides and perovskite
supports. The formation of complex mixed oxides, such as Ba-Ca-Ti-Ox, Ba-Sr-Ti-Ox, and Ba2TiO4, was also
observed for these catalysts. This contributed to the improved C2+ yield at the lower reaction temperature. The
strong basicity, which contributes to the improved OCM activity, was also observed for these catalysts.

1. Introduction

Methane, as a major component of natural gas, shale gas, and gas
hydrates, is an abundant hydrocarbon resource, which can be converted
into valuable chemicals by both direct and synthesis-gas-based indirect
chemical processes [1]. For example, although the oxidative coupling of
methane (OCM) for the direct conversion of methane to olefins and
paraffins has been studied for decades [2], economically feasible pro-
cesses have yet to be developed. More specifically, selective OCM cat-
alysts must be developed to produce C2+ compounds, including ethane,
ethylene, acetylene, propane, and propylene, and reliable processes
must also be designed.

Among the various catalysts reported for the OCM, perovskites
(described as ABO3 where A denotes a lanthanide, alkaline, or alkaline-
earth metal, and B denotes a transition metal) have been suggested
[3–5]. Although pure perovskites can be used for the OCM [3,6], per-
ovskites modified with additives have also been prepared to improve
the OCM activity. For example, SrTiO3 modified with lanthanides in-
cluding Nd, Pr, and Sm, or with alkaline earth metals such as Ba and Ca,
exhibited improved C2+ selectivities of up to ∼60 %, while SrTiO3

modified with transition metals (Fe, Ni, Mn, and Co) preferentially
formed CO and CO2 [5]. Furthermore, the addition of metals to per-
ovskites, where the additives partially substitute cations originally

present in the perovskites [7–17], may produce electronic defects
[18,19] and structural changes [20,21], thereby altering the catalytic
activity. Other OCM catalysts such as Na2WO4/Mn [22–30], samarium
oxides [31–33], and Li/MgO [34] have also been reported. In parti-
cular, Na2WO4/Mn/SiO2, one of the most popular OCM catalysts, ex-
hibits a 60–80 % C2 selectivity at high reaction temperatures of
800–900 °C.

The objective of this study is to prepare perovskite catalysts mod-
ified by the addition of alkaline-earth metal oxides. The synergistic
effects between perovskites and alkaline-earth metal oxides were re-
ported [35], as has the influence of the support on the OCM activity
[34,36–41], where perovskites (CaTiO3, SrTiO3, and BaTiO3) prepared
by the modified Pechini method [42,43] were utilized as active support
materials, and alkaline-earth metal oxides (CaO, SrO, and BaO) were
added by means of an impregnation method.

2. Material and methods

2.1. Catalyst preparation

Ethylene glycol (HOCH2CH2OH, 99.8 %) was purchased from
Daejung (Seoul, Korea). Strontium nitrate (Sr(NO3)2, 99 %), barium
nitrate (Ba(NO3)2, 99 %), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
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99 %), and titanium(IV) isopropoxide (Ti(OCHCH3CH3)4, 97 %) were
purchased from Sigma Aldrich (Milwaukee, Wisconsin, USA). Citric
acid (C6H6O8, 99.5 %) was purchased from Alfa Aesar (Haverhill,
Massachusetts, USA). All chemicals were used as received without any
further purification. Deionized (DI) water (18.2MΩ cm) was prepared
using an aquaMAX-Ultra 370 series water purification system (YL
Instruments, Anyang, Korea). For the preparation of SrTiO3, BaTiO3,
and CaTiO3, titanium isopropoxide (7.6 mL) was dissolved in ethylene
glycol (22.4mL) and stirred at 60 °C for 30min. DI water (20mL) was
added to the solution of titanium isopropoxide and ethylene glycol,
which was stirred at 80 °C for a further 1 h. After this time, citric acid
(19.3 g) was added to the solution at 80 °C to give a transparent-yellow
solution under vigorous stirring. Subsequently, Sr(NO3)2 (5.3 g), Ba
(NO3)2 (6.6 g), and Ca(NO3)2·4H2O (6.0 g) were added, and after stir-
ring for 15 h, a viscous gel was formed. This gel was then dried under
air at 250 °C for no less than 24 h, and the resulting dry powder was
calcined under air at 900 °C for 8 h. For the supported catalysts, cal-
cined samples of SrTiO3, BaTiO3, and CaTiO3 (2 g each) were added to
DI water (15mL) and under vigorous stirring at 30 °C, solutions of Sr
(NO3)2 (0.41 g), Ba(NO3)2 (0.34 g), and Ca(NO3)2·4H2O (0.84 g) in DI
water (5 mL) were added drop-wise to the previous mixture over
10min. The prepared solution was stirred for 2 h then dried at 105 °C
for no less than 4 h to remove excess water. Finally, the resulting dried
powder was calcined under air at 900 °C for 8 h prior to performing the
catalytic reaction.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) was performed using a Shimadzu
XRD-6000 instrument (Tokyo, Japan) with a Cu Kα1 source (λ
=1.54056 Å). O2-temperature programmed desorption (O2-TPD) and
CO2-temperature programmed desorption (CO2-TPD) were performed
using a BELCAT-B catalyst analyzer (BEL Japan, Inc.) equipped with a
thermal conductivity detector (TCD) and a mass spectrometer. O2-pulse
injection was also performed on the BELCAT-B analyzer. To quantify
the amount of oxygen adsorbed on the surface at a reaction temperature
of 675 °C, pre-calcined samples were heated to 675 °C under a flow of
He, and a 5 % mixture of O2/He was pulse-injected into the sample. X-
ray photoelectron spectroscopy (XPS) was performed using a Theta
Probe AR-XPS system (Thermo Fisher Scientific) with monochromated
Al Kα excitation (hv = 1486.6 eV) operated at 15 kV and 150 W at the
Korea Basic Science Institute (Busan, Korea). The measured binding
energy was calibrated using the C 1s peak at 284.6 eV.

2.3. Catalysis

The catalytic performances of the supported catalysts were de-
termined using a continuous flow reaction system under ambient
pressure. For this purpose, the catalyst powder (0.18 mL) was placed in
the middle of a quartz reactor (height 370mm, I.D. 6mm) and the
catalyst bed was surrounded by quartz wool for support. The remaining
free space was filled with zirconia beads, which are inactive for the
conversion of methane under the conditions employed herein. The
catalyst bed was pretreated under nitrogen (N2) gas at 600 °C for 40min
prior to the OCM reaction. A gas mixture of methane (CH4), oxygen
(O2), and nitrogen (N2) was introduced to the reactor after passing
through a mixer, and the total flow of this gas mixture was fixed at
30mL/min, corresponding to a gas-hourly space velocity (GHSV) of
10,000 h−1 determined at 30 °C and 1 bar pressure. Catalysis was
performed under a gas mixture of (CH4)/(O2)/(N2)= 3/1/1 (mol/mol/
mol). The reaction system was heated to 625, 650, 675, 700, and 725 °C
in a stepwise manner then isothermally maintained at this temperature
for 50min. The water vapor produced during the reaction was removed
by means of a cold trap (−2 °C), and the dry gas products leaving the
reactor were analyzed using a 6890A gas chromatography system
(Agilent Technologies, US) equipped with a flame-ionization detector

(FID) and a thermal conductivity detector (TCD). The obtained pro-
ducts, namely methane, ethane, ethylene, acetylene, propane, and
propylene, were quantified using the FID with a GS-GASPRO column
(320 μm×60m). Oxygen, nitrogen, carbon monoxide, and carbon di-
oxide were quantified using the TCD with a 60/80 carboxen-1000
column. To evaluate the catalytic performance of the methane coupling
reaction, the methane conversion (%), C2+ selectivity (%), COx se-
lectivity (%), and C2+ yield (%) were employed as follows:.
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3. Results and discussion

3.1. Oxidative coupling of methane (OCM) over perovskites

Prior to preparation of the modified perovskites, the catalytic pro-
cess was performed using pure perovskites, including CaTiO3 (CTO),
SrTiO3 (STO), and BaTiO3 (BTO), to demonstrate the poor OCM activity
of these perovskite catalysts at temperatures< 700 °C (Fig. 1 and Table
S1). More specifically, CTO appears inactive in the production of C2+

hydrocarbons but more active for the production of CO and CO2 via
deep oxidation (Fig. 1). Interestingly, CTO exhibited a CO selectivity
two times higher than that of CO2 (Table S1). Because of the poor OCM
activity and the higher selectivity to CO (requiring 1.5 O2 molecules for
the conversion of CH4 to CO and H2O) over CO2 (requiring 2 O2 mo-
lecules for the conversion of CH4 to CO2 and H2O), only 49.9 % of the
O2 was consumed at 725 °C. Increasing the reaction temperature im-
proved the OCM activity to increase the CH4 conversion, O2 conversion,
and C2+ selectivity. In the case of STO, the supplied oxygen was es-
sentially consumed at temperatures> 700 °C. Indeed, upon increasing
the reaction temperature from 700 to 725 °C, a slightly decreased me-
thane conversion and significantly increased C2+ selectivity were ob-
served, thereby exhibiting an increased C2+ yield. Furthermore, BTO
exhibited an improved C2+ selectivity upon increasing the reaction
temperature above 650 °C, and its methane and oxygen conversions
also increased in a similar manner. Moreover, the C2+ yield of BTO
increased significantly from 6.9–15.0% upon increasing the reaction
temperature from 700 to 725 °C.

3.2. Oxidative coupling of methane (OCM) over the alkaline-earth metal
oxide (CaO, SrO, and BaO) supported perovskites

Although STO and BTO required a minimum reaction temperature
of approximately 700 °C to achieve any appreciable OCM activity, the
deposition of alkaline-earth metal oxides (CaO, SrO, and BaO) on these
perovskites improved the OCM activity at temperatures< 700 °C
(Fig. 2 and Table S2). The methane conversion and C2+ selectivity also
increased for these supported perovskite catalysts upon increasing the
reaction temperature. More specifically, BaO/STO and BaO/CTO
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(orange circles and squares in Fig. 2, respectively) exhibited methane
conversions> 24 % at 625 and 650 °C, respectively. Their corre-
sponding C2+ yields were 10.1 % (BaO/CTO) and 10.0 % (BaO/STO) at
650 °C. In contrast, SrO/CTO and CaO/STO exhibited lower C2+ yields
(5.1 and 9.3 %, respectively) even at the higher temperature of 675 °C.
We note that all supported catalysts consumed almost 100 % of the O2

provided and exhibited C2+ yields> 13 % at 700 °C, which indicates
that the addition of alkaline-earth metal oxides improved the OCM
activity compared to corresponding unsupported perovskites, and the
observed OCM activities of these catalysts should be examined at
temperatures< 700 °C for catalyst screening.

Among the various catalysts examined in this study, BaO-deposited
perovskites (BaO/CTO and BaO/STO) exhibited higher C2+ yields (10.1
and 10.0 %, respectively) at 650 °C. To confirm the effects of BaO on the
OCM activity, BaO-deposited fumed silica (BaO/SiO2) and Na2WO4/
Mn/SiO2 (BaO/NWM) were prepared using the same procedure em-
ployed for preparation of the supported perovskites as described in the
Supplementary data. SiO2 was selected as an inert support in the case of
BaO/SiO2, and Na2WO4/Mn/SiO2 (NWM) was selected as an active
non-perovskite catalyst in the case of BaO/NWM. Thus, BaO/SiO2 was
found to be OCM-inactive over a range of temperatures (600–725 °C,
Fig. S1), while BaO/NWM was unsuitable for the low-temperature
OCM, exhibiting a 6.0 % C2+ yield at 725 °C. Because NWM alone

exhibited a 7.2 % C2+ yield at 725 °C, the activity of BaO/NWM could
not be attributed to the presence of BaO, and the synergy between BaO
and NWM could be ignored. These observations indicate that BaO itself
(i.e., in the absence of perovskites) did not exhibit noticeable C2+ hy-
drocarbon production, and so it was apparent that the synergistic ef-
fects between the alkaline-earth metal oxides (in particular BaO) and
the perovskites improved the OCM activity.

We also found that supported BaO catalysts and BTO-based catalysts

Fig. 1. Effects of reaction temperature on (a) CH4 conversions and (b) C2+

selectivities obtained using the CaTiO3 (CTO), SrTiO3 (STO), and BaTiO3 (BTO)
perovskite catalysts. The GHSV was 10,000 h−1 and the methane-to-oxygen
(CH4/O2) ratio was fixed at 3 (mol/mol).

Fig. 2. CH4 conversions and C2+ selectivities of (a) the supported CaTiO3

(CTO), (b)the supported SrTiO3 (STO), and (c) the supported BaTiO3 (BTO
GHSV was 10,000 h−1 and the methane-to-oxygen (CH4/O2) ratio was fixed at
3 (mol/mol). Filled and empty symbols (squares, circles, and triangles) indicate
the CH4 conversion and C2+ selectivity, respectively.
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exhibited high OCM activities at low reaction temperatures
(i.e., < 700 °C). In addition to the supported BaO catalysts discussed
above, Ba-containing perovskite-based catalysts also exhibited good
OCM activities (triangles in Fig. 2). The highest catalytic activities were
therefore observed for SrO/BTO and CaO/BTO, particularly in the
temperature ranges of 675–700 and 625–650 °C, respectively, with a
5.2 % C2+ yield being obtained for CaO/BTO at 625 °C.

Moreover, Ba-free catalysts were found to exhibit higher CO se-
lectivities (c.f., CO2 production) at 700 °C although poor OCM activities
were observed, particularly for CaO/STO and SrO/CTO (Table S2). The
other Ba-containing catalysts preferentially formed CO2 over CO, and
the CO selectivities of CaO/STO and SrO/CTO were 3.1 and 2.4 times
higher than those of the other supported catalysts at 675 °C, respec-
tively.

The roles of the Ba species were further observed using Ba-doped
CTO (Ba0.2Ca0.8TiO3) or STO (Ba0.2Sr0.8TiO3) catalysts which were
prepared using a modified Pechini method [5], as described in the
Supplementary data. The C2+ yields obtained using these catalysts were
2.1 % (Ba0.2Sr0.8TiO3) and 9.5 % (Ba0.2Ca0.8TiO3) at 725 °C, thereby
indicating lower OCM activities compared to the supported perovskites.
Interestingly, the Ba-doped CTO, which exhibited the higher C2+ yield,
formed the BaTiO3 (PDF# 05-0626) structure along with the CaTiO3

(PDF# 42-0423) structure, while the Ba-doped STO formed only the
SrTiO3 (PDF# 35-0734) structure (Fig. S2). These observations indicate
that the formation of Ba-containing mixed oxides may indeed improve
the OCM activity.

3.3. XRD

Following XRD examination of the roles of Ba or Ba oxides in the
catalytic OCM reaction (Fig. S2), the crystal structures of the catalysts
were further correlated with the OCM activity, and it was found that the
complex non-perovskite mixed oxides formed by the combination of
deposited alkaline earth metals and perovskites may improve the OCM
activity (Fig. 3). Prior to observing the supported catalysts, the crystal
structures of the CTO, STO, and BTO perovskites, which were poor
OCM catalysts (Fig. 1), were observed, and the formation of SrTiO3

(PDF# 35-0734), BaTiO3 (PDF# 05-0626), and CaTiO3 (PDF# 42-0423)
perovskites confirmed for STO, BTO, and CTO, respectively (Fig. 3). In
addition, the BaO-deposited perovskites, i.e., BaO/STO and BaO/CTO,
which exhibited higher OCM activities, were found to contain no BaO
structure but rather new phases, including Ba1.91Sr0.09TiO4 (PDF# 13-
0522) and BaCaTiO4 (PDF# 38-1481), thereby indicating the facile
deposition of barium onto STO and CTO. In these catalysts, absence of
the BaO structure indicates the formation of well-dispersed Ba species
or the incorporation of Ba into perovskite supports. Note that a generic
metal oxide "BO" mixed with an alkali metal oxide or alkaline earth
metal oxide "AO" can form various oxide phases (AO, A2O, BO), mixed
oxides (A2BO3), or carbonates on the surface [44]. As discussed in the
previous section, it is interesting that the Ba-doped CaTiO3, prepared
using the modified Pechini method [5] with an atomic ratio of
(Ba+Ca)/(Ti)= 1 (atom/atom), formed CaTiO3 (PDF# 42-0423) and
BaTiO3 (PDF# 05-0626), while the Ba-doped SrTiO3 prepared ac-
cording to the same method formed SrTiO3 (PDF# 35-0734) rather than
any non-perovskite structures, which differs from those of the sup-
ported perovskites (Fig. S2). In addition to the BaO-deposited per-
ovskites, CaO/BTO was found to contain non-perovskite structures,
including barium calcium titanium oxide (BaCaTiO4, PDF# 13-0323),
without any trace of the CaO structure being observed. Because of the
smaller radius of calcium (180 pm) compared to strontium (200 pm)
and barium (215 pm), the incorporation of calcium into BTO can be
favored. Moreover, the addition of SrO to BTO was found to cause a
partial phase transition of the perovskite into a layered perovskite,
namely barium orthotitanate (Ba2TiO4, PDF# 38-1481), as reported for
Mg, Ca, and Ba-substituted SrTiO3 exhibiting two phases of cubic per-
ovskites and tetragonal layered perovskites [8]. In contrast to the Ba-

containing catalysts, the barium-free catalysts (i.e., CaO/STO and SrO/
CTO), which exhibited lower OCM activities, were found to contain
deposited alkaline-earth metal (CaO (PDF# 37-1497) and perovskite
supports (CaTiO3 and SrTiO3) without any new phases. These ob-
servations suggest that the formation of complex mixed oxides or the
strong interactions between alkaline-earth metal oxides and perovskites
were likely responsible for the improved OCM activities observed for

Fig. 3. XRD results for the (a) CTO-, (b) STO-, and (c) BTO-based catalysts.
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these species. When the catalytic activity was correlated with the XRD
results, the catalysts composed of Ba-containing complex mixed oxides,
such as Ba1.91Sr0.09TiO4 and BaCaTiO4, exhibited higher OCM activities
(i.e., 10.1–13.5 % C2+ yields at 650 °C) compared to those containing
only alkaline earth metal oxides and perovskites. As discussed in the
context of the XRD results, Ba oxides were not observed for any of the
Ba-containing catalysts, thereby indicating that the synergy between
alkaline earth metal oxides and perovskites must improve the OCM
activity.

Upon increasing the reaction temperature to 725 °C, CaO/BTO and
SrO/BTO gave 15.7 and 17.6 % yields of C2+, respectively, and new

phases were also observed, namely BaCaTiO4 and Ba2TiO4, respec-
tively. In addition, upon measurement of the bulk structures of the
spent catalysts, the formation of barium carbonate (BaCO3, PDF# 05-
0378) and calcium carbonate (CaCO3, PDF# 01-0837) was confirmed
for the majority of these catalysts as the complex mixed oxides (e.g.,
barium-calcium and barium-strontium titanates) disappeared (Fig. S3)
[21]. It should also be noted there that only CaO/BTO exhibited the
carbonate-free BaTiO3 structure.

Fig. 4. O 1s XPS results for the fresh and spent (a, b) CTO-, (c,d) STO-, and (e,f) BTO-based catalysts.
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3.4. XPS

The relationship between the surface oxygen species (lattice oxygen
atoms, peroxides, superoxides, carbonates, and hydroxyl groups) and
the catalytic OCM activity was then investigated further using XPS
(Fig. 4 and Table S3). It was found that the larger fraction of surface
lattice oxygen species compared to that of surface adsorbed oxygen
species improved the OCM activity for the alkaline earth metal oxide-
supported perovskites. However, this was not the case for the per-
ovskites because of the different compositions of the catalysts. As in-
dicated in Fig. 4, the O 1s peaks could be deconvoluted into Olat lattice
oxygen atoms (529.0–529.7 eV), Oads surface-adsorbed oxygen atoms
(531.0–531.2 eV), and CO3

2− carbonate species (531.3–532.0 eV). All
supported catalysts were found to contain trace amounts of carbonates
(CO3

2−), while the Ca-containing catalysts exhibited larger C 1s peaks
corresponding to CO3

2− at approximately 289 eV (Fig. S4). For the O 1s
spectra of the fresh perovskites (i.e., CTO, STO, and BTO), large Olat/
Oads ratios were observed (Table S3), which increased after the OCM
reaction, thereby indicating the consumption of surface-adsorbed
oxygen species. Furthermore, freshly prepared supported alkaline earth
metal oxides exhibited lower ratios of Olat/Oads compared to the per-
ovskites, and the reduction in these values after the OCM reaction in-
dicated a reduced consumption of surface-adsorbed oxygen atoms.
Among the supported alkaline-earth metal oxide catalysts examined
herein, the supported BaO catalysts, i.e., BaO/CTO and BaO/STO, ex-
hibited larger Olar/Oads ratios. We note that both SrO/CTO and CaO/
STO, which exhibited smaller Olat/Oads ratios, gave higher CO se-
lectivities and lower C2+ selectivities compared to the other catalysts
(Fig. 2 and Table S2).

3.5. Temperature-programmed desorption of oxygen and carbon dioxide
(O2-TPD and CO2-TPD)

For an improved understanding of the oxygen species involved in
the catalytic process, the catalysts were subjected to O2-temperature
programmed desorption (O2-TPD) and O2-pulse injection methods (Fig.
S5 and Table S4). In the case of O2-TPD, no appreciable O2 desorption
peaks were observed (Fig. S5), and no reliable correlation between O2

desorption and the catalytic activity was obtained. Indeed, O2-pulse
injection indicated that only CTO, a poor OCM catalyst, demonstrated
an O2 adsorption of 0.03 cm3/g, which was 4–6 times larger than those
of the other catalysts (Table S4). We note that larger quantities of ad-
sorbed oxygen species were also observed for the poor OCM catalysts
described in our previous study [35].

As depicted in Fig. 5, a greater surface basicity improved the low
temperature OCM activity, as confirmed by CO2-TPD [41]. BaO-de-
posited and BTO-supported catalysts, which exhibited good OCM ac-
tivities, demonstrated a strong basicity, although BTO exhibited negli-
gible CO2 desorption peaks up to 800 °C. This was also reported in terms
of an improved surface basicity upon the addition of alkaline and al-
kaline-earth metal oxides [45,46] and the associated improvement in
the OCM activity [47,48]. In addition, the combination of Ba and Ca (or
Sr) exhibited a large quantity of desorbed CO2. When BaO was de-
posited on the fumed silica (BaO/SiO2) and NWM catalysts (BaO/
NWM), little or no surface basicity was observed (Fig. S6). Furthermore,
from the OCM results obtained at 650 °C, the C2+ yield of BTO, which
exhibited a low surface basicity, was 0.2 %, while the yields for BaO/
CTO and BaO/STO, which exhibited high surface basicity values, were
10.1 and 10.0 %, respectively. Moreover, the yields obtained for CaO/
BTO and SrO/BTO, which exhibited high surface basicity values, were
14.3 and 16.1 % at 675 °C, respectively, while the yield obtained for
BTO was only 1.5 %.

4. Conclusion

The low temperature oxidative coupling of methane (OCM) activ-
ities of perovskites (CaTiO3 (CTO), SrTiO3 (STO), and BaTiO3 (BTO))
and alkaline-earth metal (CaO, SrO, BaO)-deposited perovskites were
observed at 600–725 °C. It was found that catalysts containing complex
mixed oxide structures such as barium calcium titanium oxide or
barium-strontium titanium oxide, which formed because of the strong
interactions between alkaline earth metal oxides and the perovskite
supports, exhibited improved OCM activities. More specifically, BaO/
CTO, BaO/STO, and CaO/BTO gave C2+ yields of 10–13.5 % at 650 °C.
Upon increasing the reaction temperature to 725 °C, the SrO/BTO-
forming barium orthotitanate (Ba2TiO4) exhibited the best OCM results,
i.e., a C2+ yield of 17.6 %. This improved catalytic activity was at-
tributed to the strong surface basicity as determined by CO2-tempera-
ture-programmed desorption measurements, in addition to the forma-
tion of complex mixed oxides (barium-calcium titanium oxide, barium-
strontium titanium oxide, or barium orthotitanate) comprising of the
deposited oxides and the supports, as confirmed by X-ray diffraction
studies. These results are expected to be of relevance as the develop-
ment of selective OCM catalysts for the production of C2+ compounds
in an economically feasible lower temperature process is necessary to
convert methane into valuable chemicals.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.cattod.2019.11.014.
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