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Methodology for making standard calibration curves

1) Premixed standard gases—containing CH4, C2Ha, C2Hs, C3Hs, C3Hs, n-C4Hio,
1s0-C4Hio, CO, and CO2—in a gas cylinder at 15 bars and ultra-high purity H>

(99.999% purity) in a gas cylinder at 165 bars were purchased from Air LIQUID
(Thailand) (see Table S1).

2) The premixed standard gases and Hz were transferred to a gas sampling bag.

3) Five different volumes of the premixed standard gases and Hz were injected into

the gas chromatography (GC) using a gas syringe. The amount of the premixed

gases and Ha are shown in Table S1. The GC conditions are described in section

2.2 Catalytic activity test” of the main article.

4) Each GC peak from the flame ionization detector (FID) and thermal conductivity

detector (TCD) signals was identified by comparing it with the known peaks from

the “System Gas Chromatography (GC) Data Sheet” by Shimadzu or similar.
Examples of GC chromatograms (both TCD and FID signals) of the standard
gases and the effluents from the reaction are shown in Fig. S1-S4.

5) The GC peaks of each product were plotted with the moles that were obtained

from the conversion of that gas volumes. Then, a calibration curve was made

from the five spots on the plot, starting from the origin. The calibration curve of

each standard gas is shown in Fig. S5-S14.

Table S1. Information on standard gases for making calibration curves

Standard gas | Concentration (% v/v) | Volume for GC injection
CHa4 5.00
CcO 5.01 0,0.4,0.5,0.8, 1.0 mL
CO2 4.99
C2Hs 4.97
C2He 5.03
CsHe 5.03
0,0.2,0.4, 0.6, 0.8 mL
CsHs 5.00
n-CsHio 5.02
1s0-C4Hio 5.02
H2 99.999 0, 50, 100, 150, 200 uL.
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Fig. S1. GC peaks of standard gases. TCD signal with peaks of Oz, N2, CO, CH4, and

COa.
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Fig. S2. GC peaks of standard gases. FID signal with peaks of He, C2H4, C2Hs, C3He,
CsHs, n-Cs4Hio, and iso-CsHjo.
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Fig. S3. Peaks of product gases with TCD signal, including H2, O2, N2, CO, CHa4, and
COz. Reaction conditions of hybrid catalyst of SNi/Al2O3 and 4.6K-20Co/Al203 at
atmospheric pressure, total flow rate = 40 mL/min, reactor temperature = 490 °C,

CH4:02 =2, and Ni:K-Co = 1.
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Fig. S4. Peaks of product gases with FID signal, including He, C2H4, C2Hs, C3He, C3Hs,
n-Cs4H0, and iso-C4H1o. Reaction conditions of hybrid catalyst of 5Ni/Al2O3 and 4.6K-
20Co/Al203 at atmospheric pressure, total flow rate = 40 mL/min, reactor temperature

=490 °C, CH4:02 =2, and Ni:K-Co = 1.
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Fig. S6. Calibration curve of carbon dioxide (CO2).
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Fig. S8. Calibration curve of ethylene (C2Ha).
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Fig. S9. Calibration curve of ethane (C2He).
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Fig. S10.1 Calibration curve of propene (C3He).

S7



2.5E-06

2.0E-06 |
y =2.64977242E-13x
R?2=9.993E-01
1.5E-06 |
%)
E
1.0E-06 |
5.0E-07 3778
0.0E+00 L L L
0.E+00 2.E+06 4 E+06 6.E+06 8.E+06
Area
Fig. S11. Calibration curve of propane (C3Hs).
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Fig. S12. Calibration curve of n-butane (n-CsH1o).
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Fig. S13. Calibration curve of iso-butane (C4Ho).
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Table S2 An example of the carbon balance for of hybrid catalyst of 5Ni/Al2O3 and 4.6K-20Co0/Al20O3 that is shown in Fig. 13.

Blank CH. Gases out (moles) Gases out: Product in terms of CHs consumed (moles) CHun a Sum of
Time or - - (x10:5) Carbon ou b CcH
® CHi,m co CH, CO; GCHyi GCHy¢ GCHs GCHy n-CHp iso-CiHy | CO CH, CO; 2*GHy 2*CHs 3*CsHy 3*CiHy  4*n-CiHp  4*iso-CiHyp (x10%) balan:e
((xlll}'s)) 107 (x10%)  (x10%)  (x107) (x107) (x10%) (x10°) (x10")  (x10") | x107) (x10%) (x10%) (x107)  (x10€)  (x10%)  (x10%) (x10?) x10™) (moles) (moles) | €TO" (%)
moles
1 480 5.45 354 9.99 370 548 373 7.09 461 0.97 5.45 354 9.99 739 1.10 112 213 1.84 3.90 4.80 478 032
2 4.0 6.76 358 9.74 3.63 529 3.88 6.78 0.00 0.00 6.76 358 9.74 7.26 1.06 116 2.04 0.00 0.00 4.80 4.80 -0.14
3 4.0 7.43 359 9.48 3.67 525 4.44 727 5.85 1.06 7.43 359 9.48 7.33 1.05 133 218 234 4.24 4.80 4.80 0.03
4 480 7.95 3.56 9.49 3.80 525 443 7.06 0.00 0.00 7.95 3.56 9.49 7.60 1.05 133 2.12 0.00 0.00 4.80 477 0.56
5 4.0 8.44 3.56 9.39 3.84 523 498 7.48 6.71 1.06 8.44 3.56 9.39 7.68 1.05 1.49 224 268 425 4.80 477 0.64
6 480 8.73 357 933 391 520 5.09 7.49 6.80 1.09 8.73 357 933 7.83 1.04 1.53 225 272 435 4.80 477 0.52
7 480 8.97 3.56 9.17 3.88 513 513 7.46 0.00 0.00 8.97 3.56 9.17 7.77 1.03 1.54 224 0.00 0.00 4.80 475 0.94
8 480 9.18 357 9.11 391 5.10 7.59 7.51 7.07 132 9.18 357 9.11 7.83 1.02 228 225 2.83 529 4.80 476 0.83
9 480 932 357 9.01 3.90 5.03 523 737 7.41 1.46 932 357 9.01 7.80 1.01 1.57 221 297 5.84 4.80 475 1.04
10 480 9.56 356 8.88 38 495 527 7.39 7.13 131 9.56 356 8.88 773 0.99 1.58 222 2.85 523 4.80 473 145
11 480 9.73 357 8.82 384 488 524 7.30 0.00 0.00 9.73 357 8.82 7.67 0.98 1.57 2.19 0.00 0.00 4.80 473 1.36
12 480 9.94 358 8.79 384 484 524 725 7.36 127 9.94 358 8.79 7.68 0.97 1.57 2.17 2.95 5.07 4.80 474 127
13 480 1014 358 8.69 3.83 479 531 725 7.84 1.55 1014 358 8.69 7.66 0.96 1.59 2.17 3.14 6.19 4.80 472 1.54
14 480 1033 358 8.76 3.85 477 553 731 259 1.61 1033 358 8.76 771 0.95 1.66 2.19 1.03 6.46 4.80 473 133
15 480 1045 3.62 8.62 371 463 5.16 7.06 0.00 0.00 1045 3.62 8.62 742 0.93 155 212 0.00 0.00 4.80 475 0.94
16 480 1055 3.6l 8.51 3.61 452 5.06 6.90 7.02 1.16 1055 3.6l 8.51 721 0.90 1.52 2.07 2.81 4.64 4.80 474 1.26
17 480 1062 361 8.50 359 4.49 5.05 6.83 0.00 0.00 1062 361 8.50 7.18 0.90 1.52 2.05 0.00 0.00 4.80 473 1.34
18 480 1075 3.59 8.42 352 441 493 6.72 7.07 1.03 1075 3.59 8.42 7.04 0.88 1.48 2.01 2.83 413 4.80 470 2.00
19 4.0 1086 3.62 835 352 438 498 6.76 7.02 122 1086 3.62 835 7.04 0.88 1.49 2.03 2381 4.86 4.80 472 1.59
20 4.0 1097 359 8.29 350 434 4.96 6.67 7.10 129 1097 359 8.29 6.99 0.87 1.49 2.00 2.84 515 4.80 4.69 222
21 4.0 11.08 357 822 3.49 431 491 6.61 7.14 1.24 11.08 357 8.22 6.98 0.86 1.47 1.98 2.86 495 4.80 466 2.85
2 4.0 1112 355 8.04 344 423 483 6.46 722 120 112 355 8.04 6.88 0.85 145 1.94 2.89 478 4.80 463 3.56
23 480 1123 355 8.19 3.61 435 518 6.72 7.98 1.43 1123 355 8.19 7.23 0.87 155 2.02 3.19 572 4.80 4.64 327
24 480 1153 3.58 8.46 3.87 453 5.65 7.03 8.92 145 1153 3.58 8.46 7.74 091 1.69 211 357 579 4.80 471 1.77

“Sum of carbon ;= 2(nc,m, + neym, ) +3 (negm, + negig )4 (e, )+ Deot Deo,™ ey out
®CH, balance error (%) = [nCH 4in - (Sum of carbon ¢ )] x 100/ nep, in

; where n = number of moles
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Table S3 Crystalline XRD values (20) observed in different catalysts.

Catalyst Crystalline phase 20 (degree) ICDD
No.
SNi/ALO; NIO 37.18, 43.18, 62.84,  00-047-
75.56 1049
19.42,32.73, 37.18,
v-AlOs 39.37, 45.57. 60.60, 0})'309767'
66.85
20Co/ALO; 18.98, 31.25, 36.86,
. 38.51,44.80,55.62,  00-043-
Guite (C0304) 59.41, 65.30, 77.50, 1003
78.40
19.42,32.73, 37.18,
y-ALOs 39.37, 45.57. 60.60. 010'309767'
66.85
4.6K- 18.97, 31.25, 36.84,
20Co/ALO3 . 38.57, 44.80, 55.65,  00-043-
Guite (C0304) 59.35, 65.29, 77.51, 1003
78.55
2351,23.76,2939, . o
Niter (KNO3) 32.30, 33.78, 41.13, 558
4172, 46.47, 64.76
19.42,32.73, 37.18,
y-ALOs 39.37, 45.57. 60.60. 010'309767'
66.85
Spent SN/ALO: . 37.14,43.18, 62.80,  00-047-
75.36 1049
19.42, 32.73, 37.18,
v-AlOs 39.37, 45.57. 60.60, 0})'309767'
66.85
Spent 4.6K- 18.96, 31.22, 36.80,
20Co/ALO3 . 38.52, 44.80, 55.60,  00-043-
Guite (Co304) 59.31, 65.20, 77.37. 1003
77.98
2351,23.76,2939, oo
Niter (KNO3) 32.30, 33.78, 41.13, 5e8
41.72, 46.47, 64.76
19.42,32.73, 37.18,
7-ALO3 39.37, 45.57, 60.60, 010'309767'

66.85
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Table S4 EDX analysis of each prepared catalyst.

EDX and weight percent elemental

Catalyst

5Ni/
AlLOs

Ni 0 Al Co K

20Co/
ALO3

4.6K-
20Co/
ALO3
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Table S5 A review of the OCM catalysts reported in the literature.

Reaction Co+ Co+ CH4
Catalyst temperature  yield  selectivity conversion Ref.
(O (% (%)

Ni/Al203 and K-Co/Al203 This
(Hybrid catalyst) 490 4.30 1580 27.19 work
NaxW04/S102 800 9.1 74.3 12.3 [1]
Mn-Na>WO04/S102 800 239 64.9 36.8 [1]
Mn/Na:WO4/Si02 850 26.4 80.0 33.0 [2]
NaxW04/S102 850 22.9 52.0 44.0 [2]
NaxW04/S102 775 7.0 63.0 11.0 [3]
V/NazWO04/Si02 775 1.2 12.0 10.0 [3]
Cr/Na2WO04/Si02 775 24 24.0 10.0 [3]
Mn/Na:WO4/S102 775 16.0 80.0 20.0 [3]
Fe/NaxWO4/SiO2 775 9.0 60.0 15.0 [3]
CO/Na2WO04/S102 775 11.0 68.0 16.0 [3]
Zn/NaxWO04/Si02 775 6.0 63.0 9.0 [3]
Mn-Na2WO04/S102 850 17.0 75.0 22.0 [4]
NaxW04/Mn/SiO2 850 17.2 54.0 32.0 [5]
W-Mn/SiO2 820 20.7 68.4 30.3 [6]
W-Li/SiO2 800 6.0 52.0 10.0 [7]
Mn-Li/SiO2 800 6.0 40.0 15.0 [7]
Mn-W/SiO2 800 6.0 40.0 15.0 [7]
Mn-0.1Li-W/SiO2 800 11.0 58.0 18.0 [7]
Mn-0.25Li-W/Si02 800 15.0 78.0 18.0 [7]
W-Li-W/Si02 800 15.0 79.0 19.0 [7]
NaxW04/Mn/Si0O2 800 11.2 27.4 41.0 [8]
La/NaxWO04/Mn/S102 800 10.6 254 41.7 [8]
Na-W-Mn/SiO2 850 29.0 69.0 42.0 [9]
NaxWO04/Si02 800 15.0 74.0 20.0 [10]
W/SiO2 800 6.0 54.0 11.0 [10]
Mn/SiO2 800 9.0 43.0 19.0 [10]
W-Na-Mn/SiO2 775 18.3 39.6 46.1 [11]
Mo-Na-Mn/SiO2 775 12.5 37.2 33.6 [11]
Nb-Na-Mn/SiO2 775 13.0 33.2 39.3 [11]
V-Na-Mn/SiO2 775 2.7 8.0 335 [11]
Cr-Na-Mn/SiO2 775 4.6 11.5 40.1 [11]
Ce-Mn/Na2WO04/S102 840 21.1 62.4 33.9 [12]
Na-W-Mn/SiO2 800 19.1 63.2 30.2 [13]
Mn-NaxWO04/S102 825 19.1 72.2 26.5 [14]
Mn/Si02 800 0.6 14.4 5.7 [15]
NaxW04/S102 800 29 69.0 4.8 [15]
Mn-Na2W04/S102 800 18.5 73.3 28.5 [15]
NaCl-Mn-Na2WO04/Si02 750 34.6 62.9 55.0 [16]

Table S5 A review of the OCM catalysts reported in the literature. (continued)
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Reaction Co+ Cao+ CH4

Catalyst temperature yield selectivity ~ conversion  Ref.
(O (%) (%) (%)

KCI-Mn-NaxWO04/S102 750 27.0 75.3 35.9 [16]
CsCl-Mn-Na2WO04/SiO2 750 22.6 74.9 30.1 [16]
LiCI-Mn-Na;WO04/Si0O2 750 11.3 80.2 14.1 [16]
Mn-NaxWO04/SiO: 750 5.2 63.4 8.2 [16]
MnxOy-Na2WO4/D11-10 750 3.6 52.9 6.7 [17]
MnxOy-Na2WO4/Si0: (grade 923) 750 1.3 63.6 2.0 [17]
MnxOy-Na2WO04/SiO:2 (fumed) 750 4.5 61.3 7.4 [17]
MnxOy-Na2WOa4/Aerosil TT 600 750 4.5 60.7 7.3 [17]
MnxOy-NaxWO4/Aeroperl R 750 4.9 68.9 7.1 [17]
806/30
MnxOy-NaxWO4/Aerosil OX 50 750 3.5 55.4 6.4 [17]
MnxOy-Na2WO4/Aerosil 380 750 4.2 62.6 6.6 [17]
MnxOy-Na2WO4/Aerosil 300 750 3.3 57.4 5.9 [17]
MnxOy-Na2WO4/Sipernat D10 750 3.5 80.3 4.4 [17]
MnxOy-Na2WO4/Sipernat 310 750 5.4 75.8 7.0 [17]
MnxOy-NaxWO4/SBA-15 750 10.4 73.4 14.1 [17]
NaxWO04/Mn/Si02 800 2.5 67.6 3.2 [18]
NaxWO04-Mn/SiO2 800 19.6 66.4 29.5 [18]
Ti02-Mn203-Na2W04/Si02 700 14.0 70.0 20.0 [19]
Ti02-Mn203-Na2W04/Si02 720 19.7 76.0 26.0 [20]
Mn203-Ti02-Na2WO04/SiO2 650 13.6 62.0 22.0 [20]
NaxWO4/Mn/Si0Oz (silica gel) 775 16.9 50.8 33.4 [21]
NaxWO4/Mn/SiOz (silica gel) 800 17.1 51.0 33.5 [21]
NaxWO04/Mn/Si02 (fumed silica) 800 16.5 52.7 333 [21]
Mn/NaxWO04/Si02 725 16.0 79.8 20.2 [22]
Mn-Na-W/SiO2 750 16.0 64.0 25.0 [23]
Al-NaxWO04/Si02 800 3.2 37.0 7.69 [24]
Li-Na2WO04/Si02 800 4.6 47.8 9.56 [24]
La-NaxWO04/SiO2 800 6.1 49.5 11.9 [24]
Cu-Na2WO04/SiO2 800 7.5 223 33.8 [24]
Cr-Na2WO04/S102 800 9.8 29.9 27.7 [24]
Na2-WO04/Si02 800 10.9 24.0 335 [24]
Mg-NaxWO04/Si02 800 12.5 53.2 21.6 [24]
Ni-Na2WO04/SiO2 800 13.7 36.1 35.4 [24]
Ce-NaxW04/Si02 800 15.4 32.9 42.1 [24]
Zn-NaxWO04/SiO2 800 17.8 65.9 25.5 [24]
Co-Na2WO04/SiO2 800 18.4 10.2 41.8 [24]

Table S5 A review of the OCM catalysts reported in the literature. (continued)

Reaction Co+ Cor CHa4
Catalyst temperature yield selectivity ~ conversion  Ref.
O (%) (%) (%)
Mn-W/Si0O2 800 11.0 48.0 24.0 [24]
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Ce-W/Si02

Mn-Na/SiO2
NaxWO04-Mn/Si0O2
NaxW04-Ce/Si102
T102-Mn203-NaxW04/Si02
NaxWO04-Ti02/S102
MnOx-Na2WO4/Si102
Nb-MnOx-NazW04/SiO2
Ti-MnOx-Na2WO4/Si02
Sn-MnOx-NaxW04/S102
Ce-MnOx-NaxW04/S102
Fe-MnOx-NaxWO0O4/Si102
Ge-MnOx-NaxWO4/Si102
Mn203-Na2WO4/SiC
Mn203-NaxW0O4/Si02
NaxWO04-Ti-Mn/Si0O2
NazWO04-TiO2-MnOx-Sro.25/S102
(NH4)2WO04/S102

Mn/SiO2
Mn/NaxWO04/SiO2
Sn-W-Mn/Si0O2
Ce-NaxWO04/ TiO2
La-Li-Mn/WO3/Ti02
Mn-NaxWO04/Ce02-TiO2
Ce-Mn/NaxWO04/Si02
S-Na-W-Mn-Zr/SiO2
S-Na-W-Mn-Zr/SiO2
NaxWO04-Mn/Si0O2
NaxWOs-Mn/SBA-15
MnTiO3-Na;WO4/SBA-15
MnxOy-NazWO4/TiO2-rutile
Mn203-NaxWO4/Ti102-Si02
SiO2@MnOx@NaxWO4@SiO2

800
800
800
800
700
700
770
770
770
770
770
770
770
800
700
700
750
850
850
850
750
800
750
775
840
750
750
850
850
750
700
750
700

7.0
14.0
20.0
20.0
16.7

4.9
12.4
15.2
11.2

7.5
12.7
15.8
16.4
20.5
23.5
22.1
22.9

24
5.29

20.22
26.2
19.2
30.3

16.24

16.18
16.3

11.18

14.78
8.84

24.82
291

17.76

35.0
44.0
67.0
74.0
73.0
71.7
70.4
68.2
70.4
69.5
66.7
65.5
70.7
54.5
60.5
62.3
62.5

20

23

40
68.1
523

64
52.8
65.5
42.7
46.2
51.9
56.2

68

63
42.8

74

20.0
31.0
30.0
27.0
23.0
6.8
17.6
22.3
15.9
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