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Experimental

1.1 Catalyst preparation

Most SiO-supported catalysts were prepared by impregnation methods. Na,WQO4-2H,0 (Sigma-
Aldrich), Na2M00O4-12H,0 (Sigma-Aldrich), Na,CO3z (Sigma-Aldrich), NasPO4-12H,0 (Sigma-
Aldrich), Na;SO4 (Wako), K;WO4 (Alfa Aesar), KaMoO. (Sigma-Aldrich), KoCO3 (Sigma-Aldrich),
K3POj4 (Sigma-Aldrich), Ko.SO4 (Sigma-Aldrich). Li;WO4 (Alfa Aesar), LixMoOs (Alfa Aesar),
Li,COs3 (Sigma-Aldrich), LisPOa (Sigma-Aldrich), Li.SO4 (Sigma-Aldrich), Cs;WQ4, Cs2CO3
(Wako), and Cs,S04-H,0 (Wako) were used for the supported materials and SiO; (Silica Gel Grade
643, Sigma-Aldrich) was used for the support. The required amount of each supported material was
dissolved in 5 ml of deionized water, and then, the solution was stirred with SiO; to achieve 5 wt %
supported material and a total of 1 g of the whole sample. The samples were dried in ambient air at
130 °C for 5 h and the treated in ambient air with a ramp rate of 10 °C min~* and held at 900 °C for
8 h. For preparation of 5 wt% Cs;M004/SiO; and 5 wt% CssPO4/SiO2, stoichiometric amount of
CsNOs (Wako), H2MoO4 (Sigma-Aldrich) and NH4H2PO. (Sigma-Aldrich) were used as precursor

instead.

The OCM rates and selectivity were measured in a U-shape quartz flow reactor with 4 mm of inner
diameter. Catalysts were packed and held in U-shaped reactor tube by plugs of quartz wool.

Those were located in the second half of the reactor to minimize secondary reaction. The reaction
temperature was controlled by an electric furnace and Omron controller (Omron, ESCC), and the
temperature was measured with a K-type thermocouple at the outer surface of the reactor closest to
the catalyst bed. For reaction tests, CH4 (>99.999%) and O (20.0%, diluted by Ar) were used as

reactants, and Ar (>99.9999%) was used as a diluent.

The flow was controlled by mass flow controllers (Brooks, SLA5850S). A saturator with a
temperature- controlled water jacket (15 °C) was used to introduce H»O to the reactant feed. The
concentration of reactants and products was measured using a GC (Shimazu, GC-2014) gas
chromatograph with an Rt- Molsieve 5A capillary column (0.25 mm, 10 m, Backflush 1.0 pL) and
an Rt-Q-bond capillary column (0.25 mm, 3 m) with a thermal conductivity detector and an RT-Q-
bond capillary column (0.25 mm, 12 m) with a thermal conductivity detector. In our experiment,
CHa, C2H2, C2H4, C2Hg, CsHs, CsHg and CsHg were measured by GC-FID and CHa, Oz, Hz, CO and
CO_ were measured by GC-TCD. CHa conversion, product selectivity, and yield were calculated by
eqs 1-3.

moles of carbon in all products

x100
moles of carbon in all products and unreacted CH,

CH, conversion (%) =



total moles of carbon in specific product
total moles of carbon in all products

Selectivity (%) =

CH, conversion (%) x selectivity (%)

Yield =
100

To minimize the effects of product formation in our kinetic analysis, the CH4 conversion rate was
measured at below 5% conversion and extrapolated to 1% conversion.

To minimize the effects of product formation in our kinetic analysis, the CH4 conversion rate was
measured at below 5% conversion and extrapolated to 1% conversion.



Table S1
The OCM detailed yield and selectivity of WO;-related catalysts taken at 850°C at wet condition (10 kPa CH4 and 0.9-10 kPa O with an additional 1.7 kPa H,0O feed, 30 ml min™* of

total flow rate)

Catalyst
Catalysts amount CHJ/O, ~ CH, conv. Ca. sel. Selectivity
ratio 1% 1%
/I mg
C,Hg C,yH, CoH, Cas cO CO,
0.5 12 94 0.63 4.9 1.7 0 0 71 22
05 9 11 0.93 58 2.5 0 0 69 23
05 6 15 1.6 6.3 3.9 0.06 0.11 65 24
Li,WO,/SIO,
0.5 3 28 3.2 5.2 6.2 0.10 0.21 62 26
05 2 41 45 3.8 71 0.12 0.27 60 28
05 1 69 4.8 14 55 0.11 0.19 58 35
0.6 12 14 11 40 39 N.M. 2.5 7.2 11
0.6 9 16 13 36 42 N.M. 3.5 7.6 12
0.6 6 23 17 29 45 N.M. 3.6 92 14
Na,WO,/SiO,
0.6 3 38 24 17 44 N.M. 4.3 14 20
0.6 2 50 26 12 41 N.M. 3.6 18 26
0.6 1 80 25 4.9 27 N.M. 1.7 26 41
0.8 12 13 10 35 45 N.M. 0 94 11
0.8 9 15 12 32 47 N.M. 0 10 12
0.8 6 21 16 24 a7 N.M. 3.8 12 14
K,WO,/SIO,
0.8 3 35 23 15 44 N.M. 3.9 17 20
0.8 2 45 25 10 39 N.M. 3.2 22 26
0.8 1 71 24 4.3 25 N.M. 1.6 31 39
0.8 12 15 11 29 41 0.61 4.9 8.0 17
0.8 9 18 13 27 43 0.64 4.6 8.3 17
0.8 6 23 16 21 44 0.65 50 9.8 20
Cs,WO,/SiO,
0.8 3 36 21 13 39 0.58 5.0 14 29
0.8 2 48 22 8.1 33 0.50 4.3 17 37
0.8 1 71 18 35 19 0.51 2.3 21 54




Table S2

The OCM detailed selectivity and rate of various catalysts taken at 850 °C at dry and wet conditions.

C, C, ) Ratio BET surface Ioaﬁ?r:glyf:vt‘y N
Catalysts sel. sel. Fan,® Pyt area ° Selectivity (Sqry, / Swet)
(dry) (wet) (Fary/Fuet) I m2 gt (AAS /ICP)

C,He C,H, co C,H, CsHg CsHs CO2
Li,WO,/SiO, 42 61 14 32 23 47 1.7:2 38.0/534 30/59 495/348 00/02 00/01 00/01 94/55
Li,MoO,/SiO, 48 63 0.87 4.4 2.9 1.0 3.9:3.9 446/549 28/73 191/176 0/00 00/03 0/01 334/198
LisPO,/SIO, 13 45 42 44 1.0 32 3.4:45 11.9/395 1.0/71 87.4/537 0.0/00 0/0.0 0/0.0 0/0
Li,SO,/SIO, 49 68 030 0.34 1.2 2.4 3.8:42 449/626 39/62 421/311 0/0 0/0 0.0/0.1 9.0/0
Li,CO,/SiO, 39 65 0.30 0.70 2.3 15 0.52: 1 357/581 32/55 497/291 0/0 0/0 0/00 113/72
Na,WO0,/Si0, 80 91 072 24 33 25 -:5 733/840 69/63 149/67 00/0 01/02 01/0 47/29
Na,MoQ,/Si0, 45 68 079 18 2.1 1.8 -:35 414/612 38/50 315/202 0/0 0/0.1 0/00 232/135
Na;PO,/SiO, 51 67 084 12 14 1.4 -:3 471/61.0 43/55 422/297 0/0 0/01 00/01 64/36
Na,S0,/Si0, 51 60 052 066 1.3 15 —:43 459/550 50/53 434/357 0/0 0/0 0/0 57/4.0
Na,CO,/Si0, 45 57 017 020 1.2 0.65 -:23 32.8/41.3 123/159 549/428 0/0 0/0 0/0 0/0
K,WO,/SiO, 76 89 068 19 28 27 38:9 712/817 59/77 148/69 NM./NM. 0/0 0/0 81/36
K.MoO,/Si0, 38 53 040 10 25 2.1 3.1:5 35.8/49.0 1.8/39 47.0/374NM./NM. 0/0 0/0 15.4/98
K;PO,/SiO, 76 88 024 044 1.8 0.96 36:86 57.8/689 228/92 194/21.9NM./NM. 0/0 0/0 0/0
K,S0,/SiO, 68 77 012 0.16 1.3 21 047:0.9 60.7/699 7.4/65 291/21.9NM./NM. 0/0 0/0 271186
KCOysio, 64 69 g0 9% qrg 1.1 23:63  515/531 124/163 36.1/307 NM./NM.  0/0 0/0  0/0
Cs,WO,/Si0, 68 87 075 17 2.3 5.4 27:- 67.7/717 62/69 217/166 00/0 02/02 00/0 41/46
Cs,M00,/Si0, 25 46 16 24 15 1.4 22:- 227/411 11/36 355/321 0/0.1 0/0.2 0/0  40.8/23.1
Cs3P0,/SIO, 62 74 080 17 2.1 1.9 29:- 57.1/66.7 47/6.0 369/267 0/0 0.0/02 0/0 1.3/0.6
Cs,S0,/Si0, 42 53 0'34 0'85 1.2 26 42:- 201/412 81/127 628/461 0/0 0/0 0/0 0/0
Cs,C0;Si0, 50 57 038 045 1.2 0.53 0.94: - 413/465 84/95 456/378 0/05 0/0 0/06 48/50

a) Taken at 1% CH4 conversion with 10 kPa CH4 and 1.7 kPa O2 at 850 °C.

b) Same as a) but with an additional 1.7 kPa H20 feed.

c) Determined from the alkali metal content measured from either atomic adsorption spectroscopy (AAS) or inductively coupled plasma (ICP) spectroscopy.



Table S3

Surface area and element analysis of alkali metal salt catalysts.

BET surface Catalyst
Catalyst area loading / wt%
/m2gt (AAS : ICP)
| LixWO4/SiO; 4.7 | 1.7:20 |
Li2M00O./SiO; 1.0 3.9:3.9
LizPO4/SiO: 32 34:45
Li,SO./SiO, 2.4 3.8:4.2
Li2CO3/SiO; 15 0.52:1.0
NaWOUSIO; 25 50
Na;Mo00./SiO; 18 —-:35
Na3P04/SiO; 14 —-:3.0
Na>S04/Si0; 15 —:43
Na,CO3/SiO; 0.7 —:23
KAWOLISIO; 27 38:90
K2Mo00./SiO; 2.1 3.1:50
K3PO./SiO; 1.0 36:86
K2S04/SiO; 21 0.47 :0.90
K2CO3/SiO; 11 23:6.3
CsWOLISIO; sa 27
Cs2M00.4/SiO; 14 22:—
Cs3P04/SiO; 1.9 29:—-
Cs2S04/SiO; 26 42—
Cs2CO3/SiO: 0.53 0.94: —




Table S4
Assignment of SiO; crystal phase for each catalyst based on XRD results.

SiO2 structure Catalyst

Cristobalite Li2W04, Li2804, NaZWO4, NaZMOO4, Na3PO4, NaZSO4,
Na CO_, K WO ,K MoO ,K PO ,K CO_, Cs WO ,
2 3 2 4 2 4 3 4 2 3 2 4
Cs_.MoO , Cs SO , Cs CO
2 4 2 4 2 3

Tridymite Li SO,,NaPO,, K CO,
Quartz LI2M004, LIZSO4, L|2CO3
Amorphous Li PO, K SO, Cs PO,

The polarizability of WO4?~ and MoO4?~ was obtained from reported dielectric factors . The
reported g for various materials was obtained and is shown in Table S5. The material polarizability
can be calculated by using the Clausius-Mossotti equation:
W (e
4z (&, +2)
where V is the molar volume of the material. To estimate the polarizability of the anion, the

following equation was applied*:
A(total) = A(MO4%) + 2A(A")

Where A(MO4%") is the polarizability of the anion and A(A*) is the polarizability of the alkali metal
cation. Tabulated values for the polarizability of Li* and Na* were obtained from Coker? and gave
0.028 and 0.14 A3, respectively. The calculated values for the anion polarizability are shown also in
Table S2. Using this estimation, there is relatively good agreement in the case of WO4?~ of around
~10 A3, The estimated polarizability of MoO42~ took on a wider range of values. It is more likely
those estimated from LioMoQ4 are closer to the real value as the low Li* polarizability should impact
the calculation less than Na*. However, it is clear from the values shown that the order of
polarizability is WO4?~ > M00O4?" > POs* > SO4%".



Table S5

Estimated values of anion polarizability based on calculations of various materials

Calculated anion

Material & Reference
polarizability / A~

Li-Mo0Os 5.5 Zhou et al.3 8.1
LixMoQO4 5.1 Kéhiri* 7.8
Li-Mo0Os 5.5 Lietal’ 8.1
Li-Mo0Os 5.58 Zhang et al.® 8.1
Na;MoOs 431 Abbas et al.” 6.5
Na;MoOs 4.43 Gupta et al.! 6.7
Li;WO4 5.5 Zhen et al.’ 10
Li;WO4 5.5 Zhou et al.’ 10
Na;WO4 5.6 Yuan et al.! 9.9
Na;WO4 5.7 Hao et al.!! 10
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Figure S1. XPS spectra of Li;WO4/SiO2
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Figure S2. XPS spectra of LizM004/SiO;
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Figure S3. XPS spectra of LisPO4/SiO>
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Figure S4. XPS spectra of Li;SO4/SiO2
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Figure S5. XPS spectra of Na;WQO4/SiO2
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Figure S7. XPS spectra of NasPO./SiO;
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Figure S8. XPS spectra of Na;SO4/SiO-
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Figure S9. XPS spectra of K;WO./SiO,
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Figure S10. XPS spectra of K;MoO4/SiO>
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Figure S11. XPS spectra of KsPO4/SiO;
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Figure S12. XPS spectra of K2SO4/SiO-
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Figure S13. XPS spectra of Cs;WO4/SiO2
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Figure S14. XPS spectra of Cs;M004/SiO;
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Figure S15. XPS spectra of CssPO4/SiO>
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Figure S16. XPS spectra of Cs;S04/SiO>
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Figure S17. XRD profiles of (a) Li-salts, (b) Na-salts, (c) K-salts and (d) Cs-Salts on SiO,.
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Figure S18. Ratio of wet (1.7 kPa H,O added) over dry (no additional H,O) CH4 conversion rate as a
function of enthalpy of reaction to form alkali metal peroxide (M20>) from alkali metal oxide (MO).
Rates taken at 1% CH4 conversion and 850 °C with 10 kPa CHa, 1.7 kPa O, and balance Ar.
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Figure S19. Value of rued/rary as a function of XPS peak binding energy of a) cation species or b)

anion centers.
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Figure S20. In-situ Raman of (a) WO.? -related catalysts and (b) MoO4? related catalysts.
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