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Supplementary Figure 1. Powder X-Ray Diffraction (PXRD) profiles: a, zeolites: H-ZSM-
5H, H-ZSM-5L, H-SSZ-13 and H-BETA; b, spinel-structure oxides: ZnAlOx, ZnCrAlOx and 
ZnGaOx. 
 
 
 
 

 

Supplementary Figure 2. 27Al MAS NMR spectra of different zeolites: a, H-ZSM-5H, b, H- 
ZSM-5L, c, H-SSZ-13 and d, H-BETA. The major peaks located at around 60 ppm indicate 
tetrahedrally coordinated Al atoms on the framework, while minor signals at around 0 ppm 
reflect slight dealumination of the samples. Asterisks in spectra denote spinning sidebands. 
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Supplementary Table 1. Textural properties of H-ZSM-5 determined by N2 physisorption. 

Zeolite SBETa 

(m2·g-1) 
Smicrob 

(m2·g-1) 
Sexternalc 

(m2·g-1) 
Vtotald 

(cm3·g-1) 
Vmicroe 

(cm3·g-1) 
H-ZSM-5H 344 226 118 0.23 0.13 

H-ZSM-5L 313 229 84 0.19 0.12 
aBET surface area. 
bMicropore area calculated by the t-plot method. 
cExternal surface area calculated by the t-plot method. 
dTotal pore volume. 
eMicropore volume calculated by the t-plot method. 
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Supplementary Figure 3. NH3-TPD profiles of H-ZSM-5: a, H-ZSM-5H and b, H-ZSM-5L. 
The total acid site density of H-ZSM-5L is about five times that of H-ZSM-5H, which is consistent 
with the elemental analysis. 
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Supplementary Figure 4. 1H MAS NMR spectra of H-ZSM-5: a, H-ZSM-5H and b, H-ZSM-
5L. The quantity of isolated Si-OH-Al was calculated according to the integral area of the peaks 
at around 3.9 ppm and corresponding sidebands in 1H MAS NMR spectra. The broad peaks at 
5-8 ppm1,2 and 12-15 ppm3 have been assigned to kinds of hydrogen-bond species, some of 
which can also contribute to the BAS in H-ZSM-5. The amount of isolated BAS in H-ZSM-5H 
and H-ZSM-5L is 0.22 and 0.61 mmol·g-1, respectively. 
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Supplementary Figure 5. TEM images of different oxides: a, ZnAlOx, b, ZnCrAlOx and c, 
ZnGaOx.  
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Supplementary Figure 6. SEM images of different zeolites: a, H-ZSM-5H, b, H-ZSM-5L, c, 
H-SSZ-13 and d, H-BETA.  
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Supplementary Figure 7. SEM and TEM images of ZnAlOx/H-ZSM-5 composite catalysts: 
SEM images of a, ZnAlOx/H-ZSM-5H and b, ZnAlOx/H-ZSM-5L; TEM images of c, ZnAlOx/H-
ZSM-5H and d, ZnAlOx/H-ZSM-5L.  
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Supplementary Figure 8. Catalytic performances for syngas conversion over ZnAlOx at 
various temperature from 523 to 673 K. Reaction conditions: H2/CO=1, 2.5 MPa, space 
velocity = 2000 ml·h-1·gcat-1. Selectivities of MeOH, DME and hydrocarbons were calculated on 
a molar carbon basis by excluding CO2 in the products. 
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Supplementary Figure 9. GC-FIDs for the effluent products produced by ZnAlOx/H-ZSM-
5 catalysts: a, ZnAlOx/H-ZSM-5H and b, ZnAlOx/H-ZSM-5L after 20 h TOS. Reaction 
conditions: 573K, H2/CO=1, 2.5 MPa, Space velocity = 1000 ml·h-1·gcat-1. Different species are 
labelled according to GC-MS analysis (Supplementary Fig. 25). 
 
Supplementary Note 1. 
 
Hydrogen transfer (HT) process can be qualitatively evaluated using hydrogen transfer index 
(HTI), defined as the ratio of paraffines to olefins formed in MTH reactions4-6. However, original 
HTI is unsuitable in syngas conversion for the prevailing hydrogenation. Herein, an alternative 
index, named aromatics hydrogen transfer index (AHTI), is used, calculated as follows: 

AHTI = 
3 × noutletCnH2n-6

noutletCnH2n+2
(1) 

where noutletCnH2n-6  and noutletCnH2n+2  represent the moles of effluent alkyl-substituted 
benzenes and paraffines, respectively. Considering the low resolution for C6+ hydrocarbons as 
shown in Supplementary Fig. 9, all C6+ hydrocarbons have been calculated as chained C6 
paraffins to obtain a lower limit of AHTI. During the calculation of AHTI, we consider that reactive 
C1 intermediates, methanol (CH2(H2O)) and/or ketene (CH2(CO)) produce olefins (CH2)n, which 
disproportionate to form aromatics (CnH2n-6) and paraffines (CnH2n+2)4. There ought to be three 
moles paraffins formed through HT to form one mole aromatics, if barely the HT process is 
responsible for producing aromatics. AHTI higher than 1 suggests other processes occur and 
reduce the H/C ratio in products when no carbon deposition processes occur in the catalysts. 
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Such an analysis is well suited for syngas conversion over bifunctional catalysts with high 
carbon balance during the steady state. AHTI of 3.2 with carbon balance (>95%) was achieved 
after 20 h on-line reaction at 573 K over ZnAlOx/H-ZSM-5H (carbon balance was above 85% 
since 4 h TOS). There must be other processes besides HT responsible for producing so many 
highly unsaturated products. “de_H2 and aromatization” process is unreasonable for the 
production of H2 under high-pressure H2 atmosphere and contradicts with the prevailing 
hydrogenation process (reverse process to dehydrogenation) to produce paraffins observed in 
experiments. On the other hand, above analysis strongly supports a vigorous participation of 
oxygenates-based routes and dehydration processes proposed in the text. 
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Supplementary Figure 10. Catalytic performance for methanol conversion with He or H2 
cofeeding over H-ZSM-5 and ZnAlOx/H-ZSM-5. Time-on-stream selectivity of a, H-ZSM-5H, 
b, H-ZSM-5L, c, ZnAlOx/H-ZSM-5H, and d, ZnAlOx/H-ZSM-5L for methanol conversion under 
He flow. Reaction conditions: 573 K, 22 kPa MeOH balanced with 1.25 MPa of He, space 
velocity = 2000 ml·h-1·gzeo-1. Time-on-stream selectivity of e, H-ZSM-5H, f, H-ZSM-5L for 
methanol conversion under H2 flow. Reaction conditions: 573 K, 22 kPa MeOH balanced with 
1.25 MPa of H2, space velocity = 1000 ml/h-1·gcat-1 for composite catalysts (mass ratio of 
oxides/zeolites = 1:1) or space velocity = 2000 ml·h-1·gzeo-1 for zeolites alone. The conversion 
is around 100 % on all different catalysts with a selectivity to DME < 0.5% (not presented).  

For both H-ZSM-5 catalysts in methanol conversion under He atmosphere (a and b), paraffins 
are the major products (C2-C5+ for H-ZSM-5H and C2-40 for H-ZSM-5L) along with moderate 
amounts of aromatic products (~35%), consistent with a high degree of hydrogen-transfer (HT) 
reactions, i.e., 3 mol of saturated alkanes are simultaneously formed with 1 mol of aromatics 
produced. Further, ZnAlOx oxide does not involve methanol conversion processes under He 
atmosphere (a-d). For methanol conversion under H2 atmosphere, the hydrogenation reactions 
strongly truncate HT, thus leading to higher paraffin selectivity, but lower aromatic selectivity (e, 
~ 17 % for H-ZSM-5H; f, ~ 7 % for H-ZSM-5L).  
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Supplementary Figure 11. Effect of the proximity of the ZnAlOx and H-ZSM-5 components 
on the catalytic performance for syngas conversion. The ZnAlOx and H-ZSM-5 are mixed 
through different methods including: (i) dual-bed, (ii) granule mixing (300 - 450 μm), and (iii) 
milled. Conversion and selectivity are presented for the composite catalysts with a, H-ZSM-5H 
and b, H-ZSM-5L components, respectively. Reaction conditions: 573 K, H2/CO=1, 2.5 MPa, 
space velocity = 1000 ml·h-1·gcat-1, TOS = 20 h. The mass ratio of oxides/zeolites = 1:1. 
Selectivities of MeOH, DME and hydrocarbons were calculated on a molar carbon basis by 
excluding CO2 in the products. 
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Supplementary Figure 12. Schematic diagram of the experimental device for quasi-in-
situ NMR-GC/GC-MS study on the syngas conversion. 

The basic experimental device is a home-built high-pressure fixed-bed catalytic reactor. In order 
to simultaneously monitor the reaction products and adsorbed species on the catalysts, we’ve 
adopted the “quench” method originally developed by Haw et al.7 and adapted to our reactor. 
At predetermined reaction intervals, the gas phase products were routed into the GC/GC-MS 
for online analysis, meanwhile the oven was simultaneously removed and the reactor was 
quickly immersed into liquid nitrogen to quench the reaction (this process should last as short 
as possible to ensure the consistency of NMR and GC/GC-MS analysis), so that highly reactive 
intermediates on the catalysts can be captured while maintain their original states. 
Subsequently, the reactor was sealed, after waiting for recovery to room temperature, and 
further transferred into a glovebox filled with Ar for further NMR sample packing. 
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Supplementary Table 2. Overview of the species assigned by ssNMR and GC-MS in this 
work. The chemical shifts of different carbons and protons are shown in black and blue, 
respectively. 
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Supplementary Figure 13. Full 13C-13C CORDxy4 correlation MAS NMR spectra. a, 
ZnAlOx/H-ZSM-5H and b, ZnAlOx/H-ZSM-5L catalysts after 13C-syngas reaction for 4 h. Tailored 
spectra are shown as Fig. 3a-b in the text. Asterisks denote spinning sidebands.  
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Supplementary Note 2. 
 
Assignments for carboxylates and carboxylic acids. As presented in the green frame in 
Supplementary Fig. 13a and Fig. 14a and the strip-shape correlation peaks in Fig. 4, the 
carboxyl groups of the trapped species in ZnAlOx/H-ZSM-5H are presented with a distribution 
in chemical shifts, e.g., the correlated signals at (181.7 ppm, 20.8 ppm) and (184.7 ppm, 22.1 
ppm) (Supplementary Fig. 13a). Similar observations are also found for the correlated signals 
at (187.7 ppm, 44.2 ppm) and (190.7 ppm, 44.4 ppm), as well as (187.7 ppm, 36.4 ppm) and 
(190.7 ppm, 36.8 ppm). One possible explanation is that the signals at relatively low field 
(orange arrow) belong to carboxylic acids, while the signals at higher field (green arrow) belong 
to carboxylates. 
  
Assignments for the α,β-unsaturated aldehyde adsorbed on BAS. As shown for the purple 
line in Supplementary Fig. 13b, correlated 13C signals have been found at 21.5, 42.5, 128.0, 
and 216.0 ppm, which have been assigned to different carbons in α,β-unsaturated aldehyde 
adsorbed on BAS in the text. The basis is as follows: (1) The peak at 216.0 ppm showed strong 
correlation to the 1H signal at 18.8 ppm (Supplementary Fig. 14b), which is typical for the 
aldehyde/ketone adsorbed on BAS in H-ZSM-58-11. (2) correlations between 18.8 and 8.4 (1H) 
ppm were found in the 1H-1H DQ-SQ experiment with short (100 μs) DQ excitation time 
(Supplementary Fig. 15), which means these two proton must be close in space. One possible 
assignment is aldehyde adsorbed on BAS. The peak at 18.8 ppm belongs to the H of BAS, 
while the peak at 8.4 ppm belongs to the H in the original -CHO. (3) The peak at 216.0 ppm 
was found correlated with the peak at 128.0 ppm in 13C CP refocused INADEQUATE spectrum 
(Fig. 4), so this specie should be α,β-unsaturated aldehyde, such as 4-dimethyl-2-pentenal 
(Supplementary Table 2), adsorbed on BAS. Corresponding signal of Cβ should be at 180-200 
ppm which may overlap with the carboxyl groups in multi-carbon carboxylates. 
 
Assignments for MCPenones with tertiary carbons. As presented in the pink frame in 
Supplementary Fig. 13a-b, the correlated signals between 220-230 and 40-50 ppm suggest 
other kinds of MCPenones with tertiary carbons have been produced (Supplementary Fig. 17 
and Supplementary Table 3).  
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Supplementary Figure 14. Full 13C{1H} CP HETCOR MAS NMR spectra. a, ZnAlOx/H-ZSM-
5H and b, ZnAlOx/H-ZSM-5L catalysts after 13C-syngas reaction for 4 h. Tailored spectra are 
shown as Fig. 3c-d in the text. Asterisks denote spinning sidebands. The “noise” labelled at 
around 20 ppm in the 13C dimension in b is due to the t1 noise probably from MAS fluctuation 
and probe power variations.  
 
Supplementary Note 3. 

Assignments for methanol. As presented for the grey arrow in Supplementary Fig. 14a-b, 
correlated signals have been found between 13C: 47-57 ppm and 1H: 3.4-4.1 ppm, which 
supports our assignments for methanol in the text12. 
 
Explainations for the correlated 13C-1H signals for formates. As shown in the grey frame in 
Supplementary Fig. 14a-b, correlated signals have been found between 13C: 165-170 ppm and 
1H: 0-6 ppm, which could be due to the proximity between formates and hydroxyl/methoxyl 
groups on the surface of oxides. 
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Supplementary Figure 15. 1H-1H DQ-SQ MAS NMR spectra for ZnAlOx/H-ZSM-5L after 4 h 
13C-syngas conversion reaction. Orange line: methyl-substituted aromatics13-15. Green arrow: 
adsorbed olefines12. Red line: MCPenones adsorbed on BASs. Purple line: α,β-unsaturated 
aldehyde adsorbed on BASs. 
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Supplementary Figure 16. 13C CP MAS NMR spectra for the adsorbed species in the 
separated H-ZSM-5H and ZnAlOx. a, sieved H-ZSM-5H and b, sieved ZnAlOx. Differential 
spectrum is shown in c in a form of spectrum b minus scaled a, for removing signals from the 
trapped species in the smashed zeolites after reaction which could lead to the signals at 17.8, 
36.0, and 120-145 ppm. 
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Supplementary Figure 17. 1H and 13C NMR spectra of the MCPenones in H2SO4 and 
zeolites. 1H NMR spectra (reference: TMS at 0 ppm) for 3-Methyl-2-cyclopentene-1-one (3-
MCPenone) in a, CDCl3 or b, 98% H2SO4; 2,3,4,5-Tetramethyl-2-cyclopenteneone (2,3,4,5-
MCPenone, majorly trans) in c, CDCl3 or d, 98% H2SO4. Corresponding 13C NMR spectra 
(reference: CDCl3 at 77.16 ppm) are shown on the right side. 1H MAS NMR spectra (reference: 
solid adamantane at 1.74 ppm) of 3-MCPenone in e, silicalite-1 and f, H-ZSM-5L. 
Corresponding 13C CP MAS NMR spectra (reference: solid adamantane, CH, at 29.45 ppm) 
are shown on the right side. Liquid-state NMR spectra were acquired at 9.4 T. Solid-state NMR 
spectra were acquired at 12 kHz MAS and 9.4 T. Different MCPenone species are shown in g. 
The chemical shifts for different carbons and protons are provided in Supplementary Table 3. 
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Supplementary Table 3. Summary of 1H and 13C chemical shifts of the MCPenonesa in 
H2SO4 and zeolites. Corresponding 1H and 13C NMR spectra are shown in Supplementary Fig. 
17. 

Species C1 C2 C3 C4 C5 C6 C7 C8 C9 OH 
3-MCPenone 

in CDCl3 
210.1 130.7 

(5.9) 
178.8 33.0 

(2.6) 
35.8 
(2.4) 

19.4 
(2.2) 

N/A N/A N/A N/A 

3-MCPenone 
in silicalite-1b 

209.1 131.3 
(5.9) 

178.3 33.5 36.2 18.9 N/A N/A N/A N/A 

3-MCPenone 
in 98% H2SO4 

223.9 128.5 
(6.8) 

215.4 36.2 
(3.2)  

37.8 
(3.2)  

22.6 
(2.6) 

N/A N/A N/A (12.8) 

3-MCPenone 
in H-ZSM-5Lb 

223.9 128.3 
(6.5) 

209.3 36.0 
d 

36.0 20.2 N/A N/A N/A (18.0) 

2,3,4,5-
MCPenonec 

in CDCl3 

211.1 134.6 171.7 46.5 48.6 17.8 8.2 14.7 15.2 N/A 

2,3,4,5-
MCPenone in 
98% H2SO4b 

222.7 135.1 212.3 48.9 51.4 18.8 7.8 14.7 15.6 (12.2) 

aReference: 1H: TMS at 0 ppm for liquid-state NMR; Adamantane at 1.74 ppm for solid-state 
NMR; 13C: CDCl3 at 77.16 ppm for liquid-state NMR; Adamantane (CH) at 29.45 ppm for solid-
state NMR. 1H chemical shifts are provided in parentheses below the linked carbon or OH for 
hydrogen bond with acids. 
bBarely protons in OH and pontons bonded to C2 are provided in 1H chemical shifts for limited 
resolution. 
c13C chemical shifts for trans-2,3,4,5-MCPenone (the major configuration) are provided 
dC4 and C5 showed a single peak (FWMH: 3.5 ppm at 9.4 T) in the 13C MAS NMR spectra for 
the close chemical shifts and a distribution of BASs.  
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Supplementary Figure 18. 13C CP MAS NMR spectra of the adsorbed species obtained 
after feeding 13C-syngas over ZnAlOx/H-ZSM-5H catalysts at different temperatures: a, 
523 K, b, 573 K, c, 623 K and d, 673 K. Reaction conditions: batch reactions for 10 min, 
H2/CO=1, 2.5 MPa. Asterisks denote spinning sidebands. More paraffins shown in sharp peaks 
are observed for reaction at higher temperature, especially at 673 K, where propane (16.6 and 
15.5 ppm), n-butane (25.5 and 13.1 ppm) and i-butane (24.0 ppm) with evident signals are 
labelled16,17. 
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Supplementary Figure 19. Quantification of MCPenones adsorbed on BASs by 1H MAS 
NMR spectra. Based on our fittings, the amounts of MCPenones adsorbed on the BASs over 
H-ZSM-5H in ZnAlOx/H-ZSM-5H after a, 1 h and b, 4 h reaction are both around 11 μmol·gzeo-

1, which is consistent with the comparable signal intensity for the peaks of 220-230 ppm in 13C 
CP MAS NMR spectra (see Figure 2). The amount of MCPenones adsorbed on BASs over H-
ZSM-5L in ZnAlOx/H-ZSM-5L after c, 4 h reaction is 33 μmol·gzeo-1. 
 
The amounts of MCPenones adsorbed on BASs were calculated by the equation: 

nMCPenone = 
I18 ppm

Iada
×

mada×16
0.5×msample×Mada

(2) 

where nMCPenone  stands for the molar number of MCPenones adsorbed on BASs for 1 g 
zeolites in composite catalysts, I18 ppm for the integral area of 1H MAS NMR signal at around 
18 ppm, Iada for the integral area of 1H MAS NMR signal for adamantane, mada and msample 
for the masses of adamantane and samples, respectively, and Mada  for molar mass of 
adamantane (136.23 g·mol-1). The coefficient 0.5 is calculated for the mass ratio of 
oxides/zeolites = 1:1. In such a calculation, other kinds of adehydes/ketones, adsorbed on 
BASs forming strong hydrogen bonds with 1H chemical shifts around 18 ppm would also be 
counted, which would lead to a slight overestimation for the amount of MCPenones adsorbed 
on the BASs. 
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Supplementary Figure 20. The variable-temperature 13C CPSP MAS NMR experiments for 
ZnAlOx/H-ZSM-5L catalyst after 13C-syngas reaction for 4 h. a, 13C CPSP MAS NMR spectra 
from 302.5 K to 512.3 K. b, 13C CPSP MAS NMR spectra recorded at 302.5 K before and after 
the variable-temperature experiments. Asterisks denote spinning sidebands. 
 
Supplementary Note 4. 
The multi-carbon carboxylates (186.4 ppm), MCPenones (223.6 ppm), and MCPenes+ (243.2 
ppm) can be observed over the whole measured temperature range (302.5 - 512.3 K), which 
proved that these activated species have been captured with no big changes in structure under 
RT measurement using the quench scheme compared with the high-temperature sampling. 
Besides, we observed peak broadening for species as multi-carbon carboxylates (186.4 ppm) 
and MCPenones (223.6 ppm) measured at elevated temperatures, which can be caused by 
factors including the minor changes in the adsorption structure and dynamics. However, we did 
not observe unrecognized new species in the VT ssNMR experiments beyond the assigned 
ones in the RT measurements. A great reduction in the peak intensity of the formate (170.0 
ppm) was observed especially when the temperature reached 470.3 K and higher, which was 
due to the decomposition of formate, supported by the 13C MAS NMR spectra for the same 
catalyst recorded before and after the VT ssNMR experiments as shown in Figure R1b. It is 
revealed that the decomposition of formate holds a low energy barrier and would occur when 
there is no gas-phase CO in balance at elevated temperatures. 
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Supplementary Figure 21. The incorporation rate for 13C atoms into different species 
during the steady-state conversion over ZnAlOx/H-ZSM-5H. a, integral of 13C signals after 
12C-13C isotope switch over ZnAlOx/H-ZSM-5H in steady state (Fig. 5a). Green peaks (221.6, 
223.4 and 226.1 ppm): 13C-labelled carbonyl groups in the MCPenones adsorbed on BASs. 
Red peaks (181.7 and 187.7 ppm): 13C-labelled carbonyl groups in the multi-carbon 
carboxylates. Blue peaks (128.7, 131.4 and 135.6 ppm): 13C-labelled carbons in the C=C bonds, 
mainly from aromatics. Grey peaks: other species such as formates. Black lines: the original 
spectra. Red lines: the fitting lines. b, time evolution for the increment of the 13C-labelled 
carbonyl groups in the multi-carbon carboxylates (180-200 ppm, red circle), 13C-labelled 
carbonyl groups in the MCPenones (220-230 ppm, green square) and 13C-labelled carbons in 
the C=C bonds which are mainly from aromatics (120-145 ppm, blue triangle) after 12C/13C-
syngas isotope switch for 0-24 min. The calculated increments are normalized as [Ii(n min)- Ii(0 
min)]/[Ii(24 min)- Ii(0 min)], where Ii(0 min), Ii(24 min) and Ii(n min) correspond to the intensity of 
the specie i in 13C CP MAS NMR spectra after 12C/13C-syngas switching for 0, 24 and n min, 
respectively. 
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Supplementary Figure 22. The evaluation of intermediate distribution on the dual-bed 
ZnAlOx-H-ZSM-5H catalyst by 13C isotope tracking experiments during steady-state 
syngas conversion. a, The catalytic performance of two different dual-bed catalysts, dubbed 
as (1) and (2). Reaction conditions: 573 K, H2/CO=1, 2.5 MPa, space velocity = 1000 ml·h-1·gcat-

1, TOS = 20 h. Selectivities of MeOH, DME and hydrocarbons were calculated on a molar 
carbon basis by excluding CO2 in the products. The catalytic performance of dual-bed (1) 
catalyst is also presented in Supplementary Fig. 11. For dual-bed catalyst (2), the H-ZSM-5H 
bed is further separated into two beds, which leads to very little changes in the product 
distribution. 13C CP MAS NMR spectra for the adsorbed species from b, the top ZnAlOx bed 
(measured at 15 kHz MAS rate), c, the middle H-ZSM-5H bed (measured at 22 kHz MAS rate), 
and d, the bottom H-ZSM-5H bed (measured at 22 kHz MAS rate) after 13C syngas isotope 
switch experiments over dual-bed catalyst (2) for 12 min. Before isotope switch, the reaction 
has been carried out with natural abundance syngas for 20 h to reach sufficient steady-state 
conversion. Asterisks denote spinning sidebands. 
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Supplementary Figure 23. Schematic diagram of C1 intermediate distribution for different 
ZnAlOx and H-ZSM-5 mixing modes. The C1 intermediates (methanol and DME) 
concentration is shown in orange color and the darker color represent a higher concentration. 
 
Supplementary Note 5. 
 
The 13C isotope tracking experiments during steady-state syngas conversion on the dual-bed 
ZnAlOx-H-ZSM-5H catalyst (Supplementary Fig. 22) revealed a C1 intermediate concentration 
gradient in the dual-bed catalyst. The H-ZSM-5H bed in dual-bed (2) catalyst was further 
separated into two beds using quartz wool, which caused little changes to the catalytic 
performance (Supplementary Fig. 22a). After isotope switch, the ZnAlOx bed showed signals 
for formate (~ 170 ppm), methanol (~ 50 ppm) and DME (~ 60 ppm) as expected for the 
production of C1 intermediates from metal oxides (Supplementary Fig. 22b). Significant 
differences are observed for the 13C signals from the two beds of H-ZSM-5H. The upper H-
ZSM-5 bed (Supplementary Fig. 22c) showed the presence of the high concentration of 13C-
labelled methanol (~ 50 ppm) and DME (~ 60 ppm), which were not found at the lower H-ZSM-
5H bed (Supplementary Fig. 22d). 
This phenomenon would contribute to the product distribution. On the dual-bed catalyst, there 
was a high concentration of C1 intermediates at the top of the inlet side of the H-ZSM-5 bed, 
where hydrogenation and MTH dominate the product distribution, especially for the 
hydrogenation reaction leading to much lower selectivity to unsaturated products than solely 
methanol conversion (Supplementary Fig. 10). On the milled catalysts, the C1 intermediate 
concentration was lower and more uniform over the whole catalyst bed, which would help the 
CO-involved oxygenates-based routes to counter the hydrogenation process and produce more 
unsaturated products as olefins and aromatics. In addition, the C1 intermediate distribution can 
bring useful insights into industrial processes, as the mass transfer mode for the OXZEO 
catalyst is very different from the typically recognized fix-bed reactor, even though a fix bed is 
indeed used. 
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Supplementary Figure 24. Comparison for 13C CP MAS NMR spectra of the ZnAlOx 
component in dual-bed and granularly mixed catalysts after 13C-syngas conversion. The 
spectra are recorded at a, 15 kHz MAS rate for ZnAlOx in dual-bed catalyst (a copy from 
Supplementary Fig. 22b) and b, 22 kHz MAS rate for ZnAlOx in granularly mixed catalyst (a 
copy from Supplementary Fig. 16c), respectively. Asterisks denote spinning sidebands. 
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Supplementary Figure 25. GC-MS TICs for the effluent products produced by ZnAlOx/H-
ZSM-5 catalysts. syngas conversion over ZnAlOx/H-ZSM-5H for different TOS of a, 5min, b, 
20 min, c, 1 h, d, 4 h and e, 20 h, and ZnAlOx/H-ZSM-5L for f, 20 h. Reaction conditions: 573 

K, H2/CO=1, 2.5 MPa, space velocity = 1000 ml·h-1·gcat
-1. The m/z detection region was set to 

19 - 40 from 2.8 to 5.5 min and switched to 34 - 400 from 5.5 to 50.0 min for a better resolution. 
Consequently, the signals of methane and methanol were filtered.  
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Supplementary Figure 26. Catalytic performance for ethene conversion with He or H2 
cofeeding over H-ZSM-5 and ZnAlOx/H-ZSM-5. Time-on-stream conversion and selectivity 
of a, H-ZSM-5H, b, H-ZSM-5L, c, ZnAlOx/H-ZSM-5H, and d, ZnAlOx/H-ZSM-5L for ethene 
conversion under He atmosphere. Reaction conditions: 573 K, ethene (4.5 %) + Ar (5 %) 
balanced with He, 2.5 MPa, space velocity = 1000 ml/h-1·gcat-1 for composite catalysts (mass 
ratio of oxides/zeolites = 1:1) or space velocity = 2000 ml·h-1·gzeo-1 for zeolites alone. Time-on-
stream conversion and selectivity of e, H-ZSM-5H, f, H-ZSM-5L for ethene conversion under 
H2 atmosphere. Reaction conditions: 573 K, ethene (4.5 %) + Ar (5 %) + H2 (47.5 %) balanced 
with He, 2.5 MPa, space velocity = 2000 ml·h-1·gzeo-1.  
 
For ethene conversion under He atmosphere over H-ZSM-5H (a), the product distribution 
resembles the one observed for methanol conversion under He (Supplementary Fig. 10a), 
support the operation of classical HT for aromatization under current case. While H-ZSM-5L 
suffers fast deactivation due to coke formation (b). ZnAlOx oxides show little influence on the 
product selectivity, comparing to sole H-ZSM-5 zeolites (c-d). When the cofeeding gas is 
changed from He to H2, for quite a long time (~ 8 h for H-ZSM-5H; ~ 36 h for H-ZSM-5L) we 
can only observe ethane as major products (> 90 % selectivity), which is expected to be 
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produced from the hydrogenation of ethene. Even in prolonged reaction time when aromatic 
products start to form, however, there are almost no olefins produced on both catalysts and the 
selectivity to aromatics is extremely low (e, ~ 8 % for H-ZSM-5H; f, ~ 3 % for H-ZSM-5L). This 
clearly indicates that the traditional aromatization pathways (aromatization of higher olefins via 
HT reaction) are severely suppressed with the presence of H2. 
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Supplementary Figure 27. Verification of the conversion of MCPenones to aromatics. 13C 
CP MAS NMR spectra of 3-MCPenone adsorbed in H-ZSM-5L a, before and b, after heating at 
623 K for 3 min in Ar atmosphere. Aromatics identified by the signals range of 120-145 ppm are 
produced after heating.
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Supplementary Table 4. Catalytic performances for syngas conversion over different 
OXZEO bifunctional catalysts.a 

    Selectivity (%)c 

Catalysts SARb CO 
con
v. 

(%) 

CO2 
sel. 
(%) 

MeOH
&DME 

CH4 C2= C20 C3= C30 C4= C40 C5+d Aro. 

ZnAlOx/H-
ZSM-5H 

82.4 7.5 45.7 0.2 3.0 3.2 3.9 0.7 4.0 0.2 1.7 6.2 77.0 

ZnAlOx/H-
ZSM-5L 

16.4 7.3 43.7 0.2 5.5 3.8 6.9 1.0 31.4 0.5 11.4 14.1 25.2 

ZnCrAlOx/
H-ZSM-5H 

82.4 10.5 44.7 0.2 4.7 2.5 3.7 0.8 3.4 0.3 2.5 7.3 74.5 

ZnGaOx/H-
ZSM-5H 

82.4 6.8 39.5 0.1 2.2 2.4 1.9 0.5 5.7 0.5 7.9 28.5 50.2 

ZnAlOx/H-
SSZ-13 

14.6 5.9 41.0 11.8 20.0 11.7 7.6 17.6 12.8 4.6 5.1 7.8 1.0 

ZnAlOx/H-
BETA 

12.1 8.4 35.1 1.7 4.1 9.9 7.2 2.5 4.8 0.9 21.6 25.8 21.5 

aReaction conditions: H2/CO=1, 2.5 MPa, Space velocity = 1000 ml·h-1·gcat-1 for composite 
catalysts (mass ratio of oxides/zeolites = 1:1). TOS = 20 h. Reactions were performed at 573 
K over all catalysts but ZnCrAlOx/H-ZSM-5H where the reaction was performed at 623 K. 
bThe Si/Al ratios (SARs) of different zeolites were measured by ICP-AES. 
cSelectivities of MeOH, DME and hydrocarbons were calculated on a molar carbon basis by 
excluding CO2 in the products. 
dC5+ products except for aromatics. 
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Supplementary Table 5. Experimental parameters for 1D ssNMR spectra. 

Experiment 1H SP  1H-13C CP 1H SP 1H SP 13C SP 1H SP 1H-13C CP 

Figure Fig. S19 Fig. 2, 5 and 7; Fig. 
S16 and S18 

Fig. S4 Fig. S17 Fig. S17 Fig. S17 Fig. S17, S22 and S27 

B0 (T) 14.1 14.1 9.4 (S)d 9.4 (L)d 9.4 (L)d 9.4 (S)d 9.4 (S)d 
MAS (kHz) 22 22 10 static static 12 12 
Recycle delay (s) 5 2 50 5 20 5 2 
Number of scans 128 6000-44000 64 32 256 16 7088-15568 
1H RF field strength (kHz) 96a 76 76a 18e N/A 71 71 
13C RF field strength (kHz) N/A N/A N/A N/A 27 N/A N/A 
CP contact time (ms) N/A 3 N/A N/A N/A N/A 3 
1H spinlock field strength (kHz) N/A 76 N/A N/A N/A N/A 57 
13C spinlock field strength (kHz) N/A 47 N/A N/A N/A N/A 71 
1H RF amplitude ramp during 
spinlock 

N/A Ramp 90 110.1000b N/A N/A N/A N/A Ramp 90 110.1000b 

1H decoupling field strength (kHz) N/A 76c N/A N/A 3f N/A 71c 
a 1H π/4 pulse was used in 1H SP MAS NMR spectra for quantification. 
b 1H spin-lock field strength is lineally swept from 90% to 110% in 1000 steps during contact time. 
c SPINAL64 1H decoupling 
d 9.4 (S) stands for a wide-bore Bruker Avance III-400MHz spectrometer equipped with a 4 mm HXY probe. 9.4 (L) stands for a standard-bore Bruker Avance 
III-400MHz spectrometer equipped with a standard liquid probe.  
e 1H π/6 pulse was used in 1H SP solution NMR spectra. 
f waltz16 1H decoupling. 
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Supplementary Table 6. Experimental parameters for 2D ssNMR spectra. 

Experiment 13C-13C spin-
diffusion based 

correlation 

13C-13C 
spin-diffusion 

based correlation 

13C{1H} CP 
HETCOR 

13C{1H} CP 
HETCOR 

13C CP 
refocused 

INADEQUATE 19 

1H-1H 
DQ-SQ 

Figure Fig. 3a; Fig. S13a Fig. 3b; Fig. S13b Fig. 3c; Fig. S14a Fig. 3d; Fig. S14b Fig. 4 Fig. S15 
B0 (T) 18.8 14.1 18.8 14.1 18.8 14.1 
MAS (kHz) 22 22 22 22 22 20 
Recycle delay (s) 1.5 1.5 1.5 1.5 1 1.5 
Number of scans 800 1024 800 800 4800 128 
1H RF field strength (kHz) 56 76 56 76 59 93 
13C RF field strength for (kHz) 74 83 N/A N/A 76 N/A 
CP contact time (ms) 3 3 3 3 3 N/A 
1H spinlock field strength (kHz) 56 76 56 76 54 N/A 
13C spinlock field strength (kHz) 74 47 74 47 76 N/A 
1H RF amplitude ramp during spinlock Ramp 90 

110.1000a 
Ramp 90 
110.1000 

Ramp 90 
110.1000 

Ramp 90 
110.1000 

Ramp 90 
110.1000 

N/A 

Dipolar recoupling scheme CORDxy4 18 CORDxy4 N/A N/A N/A  R122
5  

Mixing time (ms) 80 80 N/A N/A N/Ab 0.1c 
1H RF field strength used in recoupling 
scheme (kHz) 

22 kHz for R21
v ; 

11 kHz for R22
v  

22 kHz for R21
v ; 

11 kHz for R22
v  

N/A N/A N/A 60 

1H SPINAL64 decoupling strength (kHz) 56 76 56 76 61 N/A 
t1 sampling points 172 144 144 130 214 164 
Δt1 (μs) 15.15 22.73 45.45 45.45 11.36 50 

a1H spin-lock field strength is linely swept from 90% to 110% in 1000 steps during contact time. 
bThe optimized rotor synchronized delay for echoes is 1.5 ms. 
cBoth the DQ excitation and reconversion time are 0.1 ms. 
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