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Supplementary Figure 1 Thermodynamic analyses. a, Gibbs free energy changes
(ArG) for syngas to methanol, methanol carbonylation, acetic acid hydrogenation and
direct conversion of syngas to ethanol. b, Equilibrium CO conversions for syngas to
methanol and syngas to ethanol by tandem catalysis. Conditions for calculations of
equilibrium conversions: H2/CO = 1:1; syngas pressures = 1, 3 and 5 MPa. The

calculation was based on HSC 5.0 chemistry software.
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Supplementary Figure 2 Characterizations of metal oxides. a, XRD patterns. b,

NHs-TPD profiles. ¢, Pyridine-adsorbed FT-IR spectra.
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Supplementary Figure 3 EPR spectra for ZrO2, ZnO-ZrO2 and K*~ZnO-ZrO2

samples.
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Supplementary Figure 4 Characterizations of H-MOR and H-MOR-DA-12MR

zeolites. a, XRD patterns. b, Pyridine-adsorbed FT-IR spectra.
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Supplementary Figure 5 Na MAS NMR spectra for MOR zeolites. a and b,
Simulation results according to the NMR parameters reported by Hunger and
co-workers. ¢, Conventional Na-MOR. d, H-MOR-Py—-Na—-8MR obtained by
ion-exchanging of H-MOR pre-adsorbed pyridine with Na*. e, H-MOR—-Na—-8MR
obtained by calcining the H-MOR-Py—Na-8MR to remove pyridine. f,
H-MOR—-Na—8MR-steam obtained by steam treating the H-MOR—Na—8MR. The
chemical shifts at -14 and -24 ppm can be assigned to the Na* cations in 12-MR and

8-MR channels, respectively.
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Supplementary Figure 6 2’Al MAS NMR spectra for H-MOR and
H-MOR-DA-12MR samples. The peaks at 54 and O ppm can be assigned to Al
species in framework and extra-framework positions with tetrahedral and octahedral

coordinations, respectively.
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Supplementary Figure 7 TEM micrographs with particle size distributions. a, Pt/SiC.
b, Pt—0.6 wt% Sn/SiC. ¢, Pt—0.9 wt% Sn/SiC. d, Pt—1.5 wt% Sn/SiC. The content of

Pt was 1.0 wt%. Scale bar: 20 nm.
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Supplementary Figure 8 Dark-field TEM micrographs with line-scan EDS analyses.
The line-scan EDS was performed across one nanoparticle in the micrographs
(marked with pink line). a, Pt/SiC. b, Pt—-0.6 wt% Sn/SiC. c, Pt—0.9 wt% Sn/SiC. d,
Pt—1.2 wt% Sn/SiC. e, Pt—1.5 wt% Sn/SiC. The content of Pt was 1.0 wt%. Scale bar:

20 nm.
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Supplementary Figure 9 HRTEM images for Pt/SiC and Pt—Sn/SiC. a, Pt/SiC. b,
Pt—-0.6 wt% Sn/SiC. c, Pt—0.9 wt% Sn/SiC. d, Pt—1.5 wt% Sn/SiC. The content of Pt

was 1.0 wt%. Scale bar: 2 nm.
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Supplementary Figure 10 XPS and CO chemisorption results for Pt/SiC and
Pt—Sn/SiC. a, Pt 4f XPS spectra for 1.0 wt% Pt/SiC and 1.0 wt% Pt-1.2 wt% Sn/SiC
after N2 and syngas treatments. b, Sn 3d XPS spectra for 1.0 wt% Pt—1.2 wt% Sn/SiC
after N2 and syngas treatments. ¢, CO chemisorption amounts for 1.0 wt% Pt/SiC, 1.0

wt% Pt—0.6 wt% Sn/SiC and 1.0wt% Pt—1.2 wt% Sn/SiC.
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Supplementary Figure 11 Effect of temperature on syngas conversion on
K*~ZnO—-ZrO2. Reaction conditions: weight of K'—~ZnO-Zr0O2 = 0.66 g; H2/CO = 1:1;
P =5.0 MPa; F = 25 mL min'; T = 503-643 K; time on stream, 20 h. The experiments
in each case were performed for three times. The error bar represents the relative

deviation, which is within 5%.
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Supplementary Figure 12 Reproducibility of syngas conversion. The catalysts of the
triple tandem system were from different batches. Reaction conditions: weights of
K*~ZnO-ZrO2, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66, 0.66 and 0.66 g; H2/CO
=1:1; P =5.0 MPa; T = 543 K; F = 25 mL min; time on stream, 20 h.
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Supplementary Figure 13 Arrhenius plots. i, Methanol synthesis on K*=ZnO—ZrOs..
ii, Methanol carbonylation on H-MOR-DA—-12MR. iii, Acetic acid hydrogenation on
Pt—Sn/SiC. Reaction conditions: i, weight of K'~ZnO-ZrO2, 0.66 g; H2/CO = 1:1; P
= 5.0 MPa; F = 25 mL min%; time on stream, 20 h. ii, Weight of H-MOR-DA-12MR,
0.050 g; P = 5.0 MPa; F(CH3OH) = 1.48 mmol h't; CO/CH3sOH = 60; time on stream,
20 h. iii, Weight of Pt=Sn/SiC, 0.05 g; P = 5.0 MPa; F(CH3sCOOH) = 10.5 mmol h*;

H2/CH3COOH = 7.5; time on stream, 20 h.
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Supplementary Figure 14 Effects of partial pressures of CO and Hz.. a, CO
conversion rate, r(CO), versus CO partial pressure, P(CO). b, Plot of P(CO)/r(CO)
versus P(CO). Reaction conditions: P(H2) = 2.5 MPa; T = 583 K; F(total) = 40 mL
mint; P(total) = 5 MPa; time on stream, 20 h. ¢, r(CO) versus square root of H:
partial pressure, P(H2)2. d, Plot of P(H2)Y?/r(CO) versus P(H2)Y2. Reaction
conditions: P(CO) = 2.0 MPa; T = 583 K; F(total) = 40 mL min’; P(total) = 5 MPa;
time on stream, 20 h. In all cases, the weights of K'~ZnO-ZrOz, H-MOR-DA-12MR
and Pt—Sn/SiC catalysts were 0.66, 0.66 and 0.66 g, respectively.
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Supplementary  Figure 15 Characterizations of wused H-MOR and
H-MOR-DA-12MR. a, NHs3-TPD. b, GC-MS. ¢, TG. Both H-MOR and
H-MOR-DA-12MR were characterized after methanol carbonylation in CO and

syngas streams.
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Supplementary Table 1 Typical catalysts reported for the conversion of syngas to

ethanol

Catalyst T P H  CO CO» Selectivity (%) Ref.

(K) (MPa) CO conv. select. CH; Ca MeOH EtOH Other

(%) (%) HC? oxy.

1.0%Rh/(5.0%FeO0x—Si02) 523 2.0 20 6.1 2.7 22 4.9 22 46 5.1 2
2.5Rh4Fe0.5Li/y-Al203 533 20 20 11 14 30 19 10 35 6.0 3
RhMn-in-CNTs 503 3.0 20 83 23 23 16 15 40 19 4
Rh—Mn/SiO> 553 5.4 20 25 0 38 - 3.9 56 16° 5
Rh/Ceo 8210202 548 24 20 27 10 40 2.3 8.8 39 10 6
7TRh/NFe203 513 0.1 0.5 2.0 - 31 34 2.7 27 51 7
K(C)osC0osM0Al1000 533 7.0 1.0 44 33 20 12 13 47 8.2 8
NiztM01Ko.05s—Ni/CNTs 558 5.0 1.0 15 4.1 30¢ 19 24 27 9
Lao.7Sr0.3C00.65Gao 35 573 4.0 20 9.7 7.7 43¢ 15 32 10 10
CosMn:1Ko3 513 4.0 15 ~70 - - - - 44° 11
CuCo-Red/15%CNTs 503 3.0 20 45 1.4 9.7 25 3.3 29 33 12
K—CuCo/MoOx 543 4.0 1.0 <20 2242 - - 19 26° 13
Co2Cuy 513 4.0 15 5.7 14 17 45 12 26° 14
S»>-CuFeMg 573 4.0 2.0 57 12 17 27 19 16 21 15
3DOM CuzFe; 533 4.8 1.0 59 45 63¢ 4.4 32¢ 16

(a) Co+ hydrocarbons. (b) C..+ alcohols and aldehydes. (c) Co+ hydrocarbons and Ca+ oxy. (d) CH4

and C»+ hydrocarbons. (e) EtOH and C+ alcohols.
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Supplementary Table 2 Typical catalysts reported for the conversion of syngas to

acetic acid
Catalyst T P H,/CO CO Selectivity (%) Ref.
(K) (MPa) conv. HC®* EtOH AA° Other
(%) oxy.¢
Rh/NaY-WA 523 1.0 0.33 0.70 28 0 68 4.2 17
Rh/NaY 503 1.0 1.0 0.44 32 0 62 6.7 18
Rh/SiO,—CDN 593 3.0 2.0 0.30 48 5.4 33 14 19
Rh—Sm/SiO; 553 3.0 2.0 3.4 40 15 28 17 20
Rh—Mn/SiO; 563 3.0 2.0 3.6 43 17 18 22 21
Rh—Mn-Li—Fe/SiO, 578 5.0 2.0 5.4 32 30 16 22 22
Rh—Mn-Fe-M/SiO, 200 25-12 2515 - 401 60° 23
-350
MOR and solid acid 508 1.4 - - - - 49 - 24
catalyst'
K*-ZnO-ZrOz|H-M 543 5.0 1.0 3.9 9.0 0 90 0.8 This
OR-DA-12MR work

(a) Hydrocarbons. (b) Acetic acid. (c) C.+ alcohols and aldehydes. (d) Weight percentage. (e)

Including ethanol, acetic acid, and acetaldehyde by weight. (f) The results were from a patent?*;

the route combined carbonylation of dimethyl ether with syngas to methyl acetate and methyl

acetate dehydration-hydrolysis to acetic acid and dimethyl ether over MOR and solid acid catalyst.
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Supplementary Table 3 Conversion of syngas using combination of

K*~ZnO-ZrOz2|H-MOR-DA-12MR | Cu/SiO: at different temperatures?

Temp. CO CO» Selectivity (%)°

(K) conv. select. CH; Cp4” Cpq® Cs® CH3OH EtOH MA?  EA®  AAf
(%) (%) (DME)

503 0.7 19 0.2 1.8 0.1 0 0 21 30 92 38

543 4.2 28 4.9 2.1 16 1.1 0 34 17 72 18

583 7.8 38 13 5.0 24 1.4 1.5(0) 46 2.3 57 11

(a) Reaction conditions: weights of K*~ZnO-ZrO,, H-MOR-DA-12MR, Cu/SiO, = 0.66, 0.66
and 0.66 g; Ho/CO = 1:1; P = 5.0 MPa; F = 25 mL min'; time on stream, 20 h. (b) The selectivity
was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs+ hydrocarbons.

(d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 4 Effect of Sn content in Pt—Sn/SiC on catalytic performances

of K*=ZnO-ZrO2|H-MOR-DA-12MR | Pt—Sn/SiC for syngas conversion?

Sncontent  CO CO» Selectivity (%)°
(Wt%) conv. select. CHy; Cp4~ Cps® Csi® CHsOH EtOH MA? EA® AAf
(%) (%) &DME

0 5.6 10 1.2 13 43 29 02 2.2 06 01 75
0.6 5.6 15 2.6 14 55 25 0.7 44 1.8 77 21
0.9 5.6 17 2.3 16 50 41 0 56 06 53 97
1.2 5.7 18 2.1 16 47 51 0 70 03 11 05
1.5 5.7 20 1.9 16 56 41 0 71 03 09 0.1

(a) Reaction conditions: weights of K*~ZnO—-ZrO;, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66,
0.66 and 0.66 g; H2/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min%; time on stream, 20 h. (b)
The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs+

hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 5 Effect of Pt loading in Pt—Sn/SiC on catalytic performances

of K*=ZnO-ZrOz| H-MOR-DA-12MR | Pt—Sn/SiC for syngas conversion?

Pt co CO» Selectivity (%)°

loading  conv. select. CHs Co4 Cp4® Cs: CHsOH EtOH MAY EA® AAf
(%) (%) (%) &DME

0.5 5.7 17 1.5 14 4.4 4.6 0 68 2.5 42 07
1.0 5.7 18 2.1 16 4.7 5.1 0 70 0.3 1.1 05
1.2 5.8 18 2.2 12 8.1 4.1 0 70 0.8 28 03
1.5 6.6 25 2.3 8.8 13 35 0 70 0.1 1.6 0.3
2.0 10 35 1.2 6.7 14 5.5 0 72 0.2 02 01

(a) Reaction conditions: weights of K*~ZnO-ZrO;, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66,

0.66 and 0.66 g; H2/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min%; time on stream, 20 h. (b)

The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs+

hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 6 Effect of ratio of amounts of three catalyst components on
catalytic performances of K*~ZnO-ZrOz|H-MOR-DA-12MR | Pt—Sn/SiC for syngas

conversion?

Amounts of cO CO2 Selectivity (%)°

components conv. select. CHs Cz4” C24® Cs® CHsOH EtOH MA? EA®  AA
(9) %) (%) &DME

0.66:0.66:0.66 5.7 18 2.1 16 4.7 5.1 0 70 03 11 0.5
0.80:0.66:0.66 7.0 18 15 16 4.5 5.2 0 71 06 10 0.5
1.00:0.66:0.66 8.4 19 1.7 17 4.9 5.4 0 68 11 13 0.9
1.50:0.66:0.66 9.0 20 1.7 20 7.6 5.9 0 59 22 19 11
1.50:0.80:0.66 9.3 20 2.2 19 7.2 5.3 0 62 20 15 0.5
1.50:1.00:0.66 9.7 22 2.3 19 6.0 4.6 0 64 16 16 0.7
0.66:0.53:0.66 5.6 18 15 15 5.2 5.9 0.7 68 18 12 0.5
0.66:0.80:0.66 5.8 18 19 14 4.9 4.7 0 71 14 16 0.2
0.66:0.66:0.17 5.6 17 19 13 2.3 3.4 0 58 25 7.1 11
0.66:0.66:0.33 5.7 17 2.1 16 4.4 3.1 0 60 06 36 10
0.66:0.66:0.53 5.7 17 1.7 19 3.1 3.6 0 70 1.0 1.0 0.5

(a) Reaction conditions: Ho/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min%; time on stream,
20 h. (b) The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%.

(c) Cs+ hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 7 Densities of Brensted acid sites in 8-MR, 12-MR and
intersection between 8-MR and 12-MR estimated from 'H MAS NMR and FT-IR

spectra

Sample Si/Al?  Total density  Density of Density of Brensted  Density of Brensted
of Brensted Brensted acids in  acids in intersection  acids in 12-MR
acids® 8-MR channels®  of 8-MR and channels®
(mmol g?) (mmol g?) 12-MR channels® (mmol g 1)

(mmol g )
H-MOR 13 0.51 0.19 0.09 0.23
H-MOR-DA-12MR 19 0.33 0.17 0.06 0.10

(a) Measured by XRF. (b) Measured by *H MAS NMR in Fig. 3e. (c) Estimated by FT-IR in Fig.

3f.
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Supplementary Table 8 Effect of H2/CO ratio on catalytic performances of

K*~ZnO-ZrOz|H-MOR-DA-12MR for syngas conversion?

H./CO co CO, Selectivity (%)°
ratio conv. select. CHs Coyg Codl Cs:° CHsOH MAY AA®
(%) (%) &DME

0.25:1 2.7 6.5 1.7 20 2.7 0.9 0 1.0 92
0.5:1 4.1 9.7 09 79 0.4 1.5 0 0.7 89
1:1 5.6 12 13 84 1.4 2.9 0 2.3 84
2:1 7.3 19 41 18 5.0 2.1 0 3.7 67
31 7.7 20 44 24 6.1 3.0 0 2.5 60

(a) Reaction conditions: weights of K*~ZnO-ZrO; and H-MOR-DA-12MR = 0.66 g and 0.66 g;
P =50 MPa; T =583 K; F =25 mL min’; time on stream, 20 h. (b) The selectivity was
calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs.+ hydrocarbons. (d)

Methyl acetate. (e) Acetic acid.
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Supplementary Table 9 Effect of CO/CH3OH ratio on catalytic performances of
H-MOR-DA-12MR for methanol carbonylation with CO?

CO/CH30OH Temp. CH3OH Selectivity (%)°
(K) conv. DME MA AA CHa Ca+HC®
(%)

500 503 100 0 0.6 99 0 0
400 503 100 9.2 7.7 83 0.2 0
300 503 98 13 8.2 78 0.5 0
200 503 96 24 44 32 0.2 0
60 503 94 34 45 21 0.2 0
500 583 100 0 0.5 99 0.2 0.3
200 583 100 0 0.7 98 0.3 0.4
29 583 99 0.2 6.9 90 0.1 2.4
8.5 583 100 0 13 82 0.1 3.0
5.0 583 99 0.4 17 67 0.7 15

(a) Reaction conditions: weight of H-MOR-DA-12MR, 0.66 g; P = 5.0 MPa; flow rate of
CH30H, 1.48 mmol h'%; time on stream, 5 h. (b) The selectivity was calculated on a molar carbon

basis. Carbon balances were all 95-99%. (c) C+ hydrocarbons.
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Supplementary Table 10 Catalytic performances of Cu—Zn—Al oxide,
Cu-Zn—Al|H-MOR-DA-12MR and Cu—Zn—Al|H-MOR-DA-12MR |Pt-Sn/SiC

for syngas conversion?

Catalyst co CO; Selectivity (%)°

conv. select.

) ) CHs GCo4 Cp4® GCs:° CHsOH EtOH MAY EA® AAf

(%) (%) (DME)
Cu—Zn-Al¢ 11 25 0.1 0.7 0.3 0.1 95(36) 0 0 0 0
Cu-Zn-Al|H-MOR-D 16 12 8.6 7.9 1.2 0.8 14(60) 0 6.1 0 1.0
A-12MR?Y
Cu-zZn—Al" 33 39 49 48 6.0 4.0 30(700 O 0 0 0
Cu-Zn-Al|H-MOR-D 37 37 6.3 59 12 10 0(1.0) 0 5.1 0 8.8
A-12MR"
Cu-Zn-Al 0.8 2.3 0.4 2.0 0 0.7 96(06) O 0 0 0
Cu-zZn—Al 1.9 2.8 0.5 33 2.6 1.1 92(06) O 0 0 0
Cu-zZn—-Al¥ 3.6 4.8 1.2 45 2.8 2.3 88(0.8) 0 0 0 0
Cu-Zn-Al|H-MOR-D 15 1.0 0.2 3.6 0.2 0.5 0 0 2.0 0 93
A-12MR!
Cu-Zn-Al|H-MOR-D 3.7 3.4 0.4 8.4 4.3 6.3 0 0 1.7 0 79
A-12MRI
Cu-Zn-Al|H-MOR-D 5.2 6.2 0.6 11 7.2 9.5 0 0 3.0 0 69
A-12MRX
Cu-Zn-Al|H-MOR-D 15 25 0.3 1.2 0.2 1.8 7.4(0) 81 2.4 61 0
A-12MR | Pt-Sn/SiC'
Cu-Zn-Al|H-MOR-D 3.8 3.2 0.4 9.1 45 6.0 2.0(0) 71 1.6 49 07
A-12MR | Pt=Sn/SiC!
Cu-Zn-Al|H-MOR-D 55 8.0 0.9 12 8.2 10 0.6(0) 60 35 42 0.7

A-12MR | Pt-Sn/SiCX

(a) Reaction conditions: weights of Cu-zZn—Al, H-MOR-DA-12MR and Pt-Sn/SiC = 0.05
(mixed with silica sand), 0.66 and 0.66 g; H2/CO = 1:1; P = 5.0 MPa; F = 25 mL min; time on
stream, 20 h. (b) The selectivity was calculated on a molar carbon basis. Carbon balances were all
95-99%. (c) Cs: hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid. (g) Weight of
Cu—-zZn-Al, 0.66 g; T =503 K. (h) Weight of Cu—Zn—Al, 0.66 g; T=583 K. (i) T=503K. (j) T=

523 K. (k) T = 543 K.
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Supplementary Table 11 Catalytic performances of H-MOR-DA-12MR for

carbonylation of CHsOH in CO and syngas streams®°

Reactants CH30OH conv. Selectivity (%)

(%) DME MA® AAY CHq Co+HC®
CHsOH + CO 99 0 2.0 89 0.1 8.6
CH30H + Syngas 100 0 1.2 90 0.6 8.0

(a) Reaction conditions in CO: W = 1.0 g; P = 5.0 MPa; T = 583 K; F(CH30H) = 1.48 mmol h?;
F(95%CO-5%Ar) = 12 mL min%; time on stream, 3 h. (b) Reaction conditions in syngas: W = 1.0
g; P =5.0 MPa; T = 583 K; F(CH3OH) = 1.48 mmol h; F(48%C0-48%H-4%Ar) = 24 mL min™;

time on stream, 3 h. (c) Methyl acetate. (d) Acetic acid. (e) Cz+ hydrocarbons.
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Supplementary Table 12 Effect of sizes of catalyst granules on catalytic

performances of K*-ZnO-ZrOz2|H-MOR-DA-12MR|Pt-Sn/SiC for syngas
conversion?

Granule CO  CO; Selectivity® (%)

size conv. select. CHs Cr4~ Cps® Cs® EtOH MAY EA®  AAT
(nm) (%) (%)

600-850 5.6 17 1.9 15 4.4 4.0 70 1.2 2.0 1.0
250-600 5.7 18 2.1 16 4.7 5.1 70 0.3 11 0.5
180-250 5.9 20 15 20 4.2 4.4 68 0.2 15 0.7
125-180 6.0 21 1.6 20 4.3 4.6 68 0.3 1.0 0.5

(@) Reaction conditions: weights of K*~ZnO-ZrO;, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66,

0.66 and 0.66 g; H2/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min; time on stream, 20 h. (b)

The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs.

hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 13 Effect of amount of quartz wool on catalytic performances

of K*=ZnO-ZrO2|H-MOR-DA-12MR | Pt—Sn/SiC for syngas conversion?

Weight  Height Selectivity (%)°
CcoO CO,
of quartz  of quartz CHs Coyg Cos® Cs® EtOH MA? EA®  AAf
conv.  select.
wool wool (CoHa)
(%) (%)
9 (mm)
0.060 6.2 5.7 20 14 15 (4.1) 4.3 39 71 1.0 2.6 0.8
0.045 4.7 5.7 20 1.6 16 (5.4) 4.1 34 70 1.0 2.9 0.8
0.030 3.1 5.7 18 2.1 16 (5.3) 4.7 51 70 0.3 11 0.5
0.015 1.6 5.7 21 15 18 (12) 3.8 23 66 3.8 3.6 1.0
0.008 0.9 5.9 26 1.6 31 (21) 6.2 25 52 3.0 3.0 0.5
0 0 6.1 32 17 45 (34) 55 3.3 39 2.7 1.9 1.0

(a) Reaction conditions: weights of K*~ZnO—-Zr0O,, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66,

0.66 and 0.66 g; H,/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min’; time on stream, 20 h. (b)

The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs.

hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) Acetic acid.
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Supplementary Table 14 Ethanol conversion over H-MOR-DA-12MR catalyst?

Catalyst C,HsOH Selectivity (%)°
conv. CoHy C2oHs
(%)

H-MOR-DA-12MR 100 97 3.0

(a) Reaction conditions: weight of H-MOR-DA-12MR = 0.66 g; N2; P = 5.0 MPa; T = 583 K;
F(N2) = 25 mL min; F(C2HsOH) = 1.05 mmol h; time on stream, 8 h. (b) The selectivity was

calculated on a molar carbon basis.
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Supplementary Table 15 Effect of amount of quartz wool on catalytic performances

with H-MOR-DA-12MR | Pt—Sn/SiC for acetic acid conversion?

Weight ~ Height =~ CH3COOH Selectivity (%)°

of quartz of quartz  conv. CHs Cod” Crs® Cs® EtOH MA? EA® CO{
wool wool (%) (CoHa)

9 (mm)

0.060 6.2 99 0.1 5.3(1.4) 1.2 0.8 80 4.0 5.6 2.9
0.045 4.7 99 0.1 6.2(1.9) 13 0.7 79 4.1 5.8 2.8
0.030 3.1 99 0.2 7.2(2.1) 14 0.6 78 4.2 5.9 2.5
0.015 1.6 98 0.2 19(13) 1.9 0.7 66 4.6 4.5 2.7
0.008 0.9 98 0.1 29(24) 2.1 0.5 58 4.0 3.9 2.7
0 0 97 01  48(44) 29 06 38 41 36 25

(a) Reaction conditions: weights of H-MOR-DA-12MR and Pt-Sn/SiC = 0.66 and 0.66 g; H,/CO
=1/1; P =5.0 MPa; T =583 K; F = 25 mL min’; F(AA) = 1.05 mmol h'}; time on stream, 8 h. (b)
The selectivity was calculated on a molar carbon basis. (¢) Cs+ hydrocarbons. (d) Methyl acetate.

(e) Ethyl acetate. (f) CO and CO..
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Supplementary Table 16 Effect of configuration of catalytic system composed of

K*~Zn0O—-ZrO2, H-MOR-DA-12MR and Pt—Sn/SiC for syngas conversion?

Configuration CcoO CO; Selectivity (%)°
conv. select. CHa Cos Co4° Css© EtOH Other
(%) (%) (CaHa)  (CoHe) oxy.
Layer-by-layer® 57 18 21  16(53) 47(13) 51 170 1.9
Granule mixing 6.7 24 24 80(55) 14(11) 4.2 0 0
Grinding mixing 6.9 26 2.0 82(68) 12(11) 4.0 0 0

(@) Reaction conditions: weights of K*~ZnO-ZrO,, H-MOR-DA-12MR and Pt-Sn/SiC = 0.66,
0.66 and 0.66 g; H2/CO = 1:1; P = 5.0 MPa; T = 583 K; F = 25 mL min; time on stream, 20 h. (b)
The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs.

hydrocarbons. (d) Methyl acetate, ethyl acetate and acetic acid. (e) Separated by quartz wool.
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Supplementary Table 17 Effect of configuration of catalytic system composed of

H-MOR-DA-12MR and Pt—Sn/SiC for acetic acid conversion?

CH3;COOH Selectivity (%)°
Configuration conv. CHs Cos4” Cod° Cs+© EtOH MAY EA® COxf
(%) (CoHa)  (CaHe)
Layer-by-layer? 99 02 72(21) 14(06) 06 82 3.2 29 25
Granule mixing 99 0.3 78(58) 18(14) 05 O 0 0 3.2
Grinding mixing 99 0.1 82(70) 14(12) 03 O 0 0 3.6

(a) Reaction conditions: weights of H-MOR—-DA-12MR and Pt—Sn/SiC = 0.66 and 0.66 g; H2/CO

=1:1; P =5.0 MPa; T = 583 K; F = 25 mL min’t; F(AA) = 1.05 mmol h'; time on stream, 8 h. (b)

The selectivity was calculated on a molar carbon basis. Carbon balances were all 95-99%. (c) Cs.

hydrocarbons. (d) Methyl acetate. (e) Ethyl acetate. (f) CO and CO.. (g) Separated by quartz wool.
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Supplementary Note 1

Explanation of the thermodynamic calculations in Supplementary Figure 1: The
tandem catalysis is composed of three steps, i.e., methanol synthesis, methanol
carbonylation and acetic acid hydrogenation, and the three catalyst components are
separated with each other by quartz wool in one fixed-bed flow reactor. The reaction
in each step occurs relatively independently over the corresponding catalyst bed in the
reactor and the intermediates, i.e., methanol and acetic acid, cannot be mixed together.
Thus, the thermodynamics of each step should be considered. Therefore, the
thermodynamics of tandem catalysis is different from that of the direct conversion of
syngas to ethanol with reactants, reaction intermediates and products mixed together,
which is thermodynamically feasible at < 600 K (Supplementary Figure 1a, pink line).
It is clear that the tandem catalysis is thermodynamically limited by the first step due
to its large positive ArG values at 500-600 K, the temperatures used in this work. The
equilibrium CO conversion for syngas to ethanol by tandem catalysis was calculated
by a simplified CO + 2H2 — CH3OH, CH3OH + CO — CH3COOH and CH3sCOOH +
2H2 — C2HsOH + H20 reaction route. The initial ratio of H2/CO and reaction
pressure were 1:1 and 5 MPa, respectively. The equilibrium CO conversions at four

temperatures were calculated for syngas to ethanol by tandem catalysis.
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Supplementary Note 2

Illustration of the kinetic results in Supplementary Figure 14: According to the
Langmuir-Hinshelwood kinetic model for the reaction between adsorbed CO and

dissociatively adsorbed H species, the reaction rate can be expressed as:

K(CO)P(CO)  K(Hp)'/2 P(Hy)Y/?
[1+ K(CO)P(CO)] [1+ K(H;)1/2P(H,)1/2]

r(CO) = k

where k and K are temperature-dependent constants. Therefore, at a fixed H2
partial pressure, there is linear relationship between P(CO)/r(CO) and P(CO).
Similarly, there is linear relationship between P(H2)Y?/r(CO) and P(H2)'? at a

fixed CO partial pressure.
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