
Page 1/18

Distance for communication between metal and
acid sites
Yubing Li 

Xiamen University
Mengheng Wang 

Xiamen University
Suhan Liu 

Xiamen University
Fangwei Wu 

Xiamen University
Qinghong Zhang 

Xiamen University https://orcid.org/0000-0001-6603-7656
Shuhong Zhang 

Xiamen University
Kang Cheng  (  kangcheng@xmu.edu.cn )

Xiamen University https://orcid.org/0000-0002-7112-4700
Ye Wang 

Xiamen University https://orcid.org/0000-0003-0764-2279

Article

Keywords: Tandem catalysis, communication, proximity, C1 chemistry, syngas

Posted Date: February 17th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1355935/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1355935/v1
https://orcid.org/0000-0001-6603-7656
mailto:kangcheng@xmu.edu.cn
https://orcid.org/0000-0002-7112-4700
https://orcid.org/0000-0003-0764-2279
https://doi.org/10.21203/rs.3.rs-1355935/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/18

Abstract
Unraveling the proximity in�uence between different sites in tandem catalysis is particularly challenging.
Herein, we evaluate the distance effect on the communication between metal and acid sites in a
methanol-mediated syngas conversion system. A series of catalysts composed of ZnZrOx and zeolites
with different proximity levels from millimeter- to nanoscale-scale were evaluated in the syngas to ole�ns
(STO), gasoline (STG), and aromatics (STA) reactions. The distance requirements are dependent on the
diffusivity of reaction intermediates and the formation mechanism of products. The STO and STG
reactions follow a simple tandem mechanism, which is not sensitive to the distance as long as the
gaseous methanol could fast diffuse to acid sites. Whereas a synergistic tandem mechanism for syngas
to aromatics is evidenced, i.e., the dehydro-aromatization step must be promoted by the intimate contact
of metal and acid sites to eliminate the surface hydrogen species formed on zeolites.

Introduction
Tandem catalysis, which integrates two or more consecutive catalytic reactions in a single reactor,
provides possibilities for creating new catalytic processes with better e�ciencies1–4. It not only simpli�es
or even avoids the separation, puri�cation, and transportation of reaction intermediates but also may
make the overall reaction process more thermodynamically favorable and kinetically controllable5. In
particular, tandem catalysis has recently reshaped the research pattern of C1 chemistry and allows the
direct synthesis of C2+ high-value fuels and chemicals with ultrahigh selectivities (Fig. 1), e.g., the

transformation of syngas and CO2 to liquid fuels, ole�ns, and aromatics6–8, CH4

dehydroaromatization9,10, and oxidative coupling of CH4
11. One should note that concepts of tandem and

bifunctional catalysis have overlaps and also differences. Tandem catalysis focuses on the reaction
process while the bifunctional catalysis is weighted in the catalyst composition. A tandem process can
be realized by bi- or multifunctional catalysts, but not all the tandem processes can be called bi- or
multifunctional, e.g., different catalyst components combined with dual- and triple-bed con�gurations12–

15.

Besides the compatibility of two functional sites, the reaction sequence must be executed in order and the
intermediates must be consumed quickly for tandem catalysis, thus the distance between different
functional sites also plays a crucial role in tandem processes (Fig. 1). To maximize the synergistic effect,
it is generally agreed that a close distance between different sites is preferred16,17. However, several
groups recently reported that for the typical bifunctional metal-zeolite catalysts, separating metal and
acid sites with nanoscale or even microscale distance outperformed the catalysts with intimate distance
in the alkane and syngas conversions18–21. The distance-dependent performances in heterogeneous
catalysis have been often analyzed from the aspects of the accessibility of functional sites, the local
concentration of intermediates, and the transfer mechanism22–24. It is noteworthy that because of the
complicated formulations of bi- and multi-functional catalysts for tandem processes, a solid-state
reaction between transition metals and zeolites may take place and strongly affect the catalytic
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performances25,26. Sometimes, this phenomenon was mistakenly assigned to the proximity effect. A
comprehensive understanding of the distance-induced optimum performance is necessary for the
rational arrangements of functional sites for speci�c catalytic processes. However, up to now, deep
investigation and understanding into the distance factor for tandem catalysis are still lacking.

Since the discovery of bifunctional oxide-zeolite catalysts for converting syngas into lower ole�ns in
201627,28, tremendous progress has been made in the selective transformation of syngas and CO2 into

aromatics, liquid fuels, and even single product, e.g., ethylene, ethanol, and para-xylene29–33. To date, the
protocols for the spatial organization of bifunctional components not only include an elegant core-shell
structure with metal oxide encapsulated inside zeolites34–37, but also a granule-mixing method with
hundreds of microns between different sites and even dual-bed mode with millimeter-scale
distance20,38−41. Generally, proximity has been recognized as an important factor for achieving ideal
tandem catalysis but has not been investigated quantitatively based on different catalytic systems.

Herein, we investigate the distance impact on the emerging STO, STG, and STA tandem reactions
achieved by oxide-zeolite catalysts. The distance between ZnZrOx for methanol synthesis and zeolites for
C − C coupling was controlled from millimeter- to nanoscale-scale, and was semi-quantitatively estimated.
We found that the distance requirement for su�cient communication in these tandem reactions is quite
different, depending on the diffusivity, stability, and transfer mechanism of reaction intermediates, and
the formation mechanism of desired products. The Péclet (Pe) number was employed to assess the back-
mixing degree, which can also be understood as to how far the gaseous methanol intermediate can
diffuse upstream to �nd acid sites. Furthermore, we �rst propose and establish a simple tandem and a
synergistic tandem mechanism over the fast-growing oxide-zeolite catalysis.

Results

Effect of distance on catalytic performance
A binary ZnZrOx oxide was employed as the function for syngas to methanol under high temperature28.
SAPO-34, SAPO-11, and H-ZSM-5 with optimized acidity and structure (Supplementary Figs. 1 − 3 and
Supplementary Table 1) were used to perform C − C coupling42–44. A series of integration manners were
used to tune the distance between ZnZrOx and zeolites from millimeter- to nanoscale-scale (Fig. 2a). For
the granule-stacking and powder-mixing manners, the distance was semi-quantitatively estimated by an
iterative method (Fig. 2b, Supplementary Fig. 4, and Supplementary Table 2). The distance between the
two functional granules was found to be close to the sum of two radii because each granule could be
considered as a matrix of active sites. One should note that the studies on the distance effect are often
disturbed by the interaction of metal migration between the metal oxide and zeolites due to the harsh
reaction conditions25,26. To exclude this effect, ZnZrOx with a low zinc content (Zn/Zr ratio ≤ 1/8) and

stable structure was employed to conduct syngas to methanol reaction45. Without the detrimental effect
of metal migration, all three sets of catalysts exhibited distance-dependent performance in syngas
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conversion (Fig. 2c − e). Generally, the closer distance between metal and acid functions, the higher CO
conversion and product selectivity were obtained for three tandem reactions.

Because of kinetic reasons, the C − C coupling over zeolites has to be conducted above 350 oC to avoid
fast coking46. At such high temperatures, the methanol synthesis is thermodynamically limited, but the
formation of hydrocarbons is much more favorable (Supplementary Fig. 5). Therefore from the
perspective of kinetics, the communication between metal oxides and zeolites via methanol
intermediates must be su�cient enough to drive the CO conversion over ZnZrOx. The CO conversion
levels over ZnZrOx with different Zn/Zr ratios were lower than 2.0% because of thermodynamic restriction
(Fig. 2c − e and Supplementary Tables 3 − 5). The typical millimeter-scale �xed-bed reactor is often
considered as a plug-�ow reactor with little or no back-mixing of the �owing gas stream47. However, an
unconventional integration manner with the zeolite in the upstream bed and ZnZrOx in the downstream
bed (the second manner in Fig. 2a) showed that the conversion of syngas over ZnZrOx was signi�cantly
disturbed by zeolite (the second catalyst in Fig. 2c − e), even the thickness of the quartz wool in-between
was 3 mm. The CO conversion was increased more than double, and the product shifted to hydrocarbon
or dimethyl ether (DME) at the expense of methanol. These results suggest that the back-mixing effect
could not be excluded and there existed communication between metal and acid sites even there are
separated with a millimeter-scale distance. Placing zeolites in the downstream bed (the third manner in
Fig. 2a), which is a typical integration manner for tandem catalysis, further increased the CO conversion
and shifted the product towards lower ole�ns, gasoline, and aromatics. The increase of CO conversion
over ZnZrOx/SAPO-34 was even one magnitude as that of over ZnZrOx, which means the consumption of
methanol downstream could greatly drive the CO conversion over ZnZrOx. Besides, no methanol and DME
were detected, suggesting these gaseous intermediates could always �nd the acid sites downstream for
further conversion even with the existence of a millimeter-scale distance and without a well-de�ned
spatial arrangement between metal and acid sites. This phenomenon might not be surprising because of
the high diffusivity of methanol intermediates under high temperatures.

Diffusion range of reaction intermediate
Considering the low space velocities of syngas (normally ≤ 8,000 h− 1) in tandem processes,7 the
transport of methanol intermediates in a typical �xed-bed reactor might be diffusion-dominated. The
back-mixing effect can be assessed by the Péclet number (Pe), a class of dimensionless numbers
relevant in the study of transport phenomena in a continuum. It is de�ned as the ratio of the rate of
advection of a physical quantity by the �ow to the rate of diffusion of the same quantity driven by an
appropriate gradient. A large Pe number indicates an advectively dominated distribution, and a small
number indicates diffusive effects dominate over convective transport48. In the tandem metal oxide-
zeolite systems, the Pe number can also be used to assess “how far the methanol intermediates can
diffuse upstream against the syngas �ow” (Fig. 3a). One should note that methanol could theoretically
diffuse along with the syngas �ow direction without limit if it is stable enough. The de�nition of diffusion
range is a rough distance that a speci�c molecule can diffuse counter-currently in a �xed-bed reactor,



Page 5/18

driven by its diffusivity. By considering all the parameters that may affect the Pe, a distance of 5 mm was
obtained when assuming the Pe was 1 (Supplementary Table 6). This means a large fraction of methanol
molecules formed on a ZnZrOx particle could diffuse upstream as far as 5 mm against the syngas �ow.
Thus, it is easy to understand even the zeolites were placed in the upstream bed of the reactor, the
methanol could diffuse back for C − C coupling and drive the overall CO conversion (Fig. 2c − e).

Compared with the deep investigation on the formation mechanism of methanol over oxide surface and
the C − C coupling over zeolites, those on engineering aspects, e.g., mass transfer and back-mixing, are
much less. According to the equation for calculating Pe number, we quanti�ed the effects of two
adjustable factors, i.e., reactor radius and reactant space velocity, on the diffusion range of methanol
upstream, assuming it forms on oxides under realistic reaction conditions (Fig. 3b). The back-mixing
effect in principle can be relieved by decreasing the radius of reactors or increasing the space velocity.
However, to lower the pressure drop and separation cost, catalyst granules cannot be very small and also
the reactor diameter. Even the multichannel microreactors designed by Velocys and Avantium are
millimeter-scale49,50. Besides, increasing the space velocity is hazardous to the single-pass CO
conversion considering the activity of mixed oxides in CO conversion still needs to be improved. The
diffusivity nature of reaction intermediates is also related to the temperature (Supplementary Fig. 6), and
a higher temperature is bene�cial to the diffusivity of methanol. It might be intuitive to consider that a
lighter molecule diffuses farther than the heavier ones. This view is usually right, e.g., H2 and CO are more
diffusive than methanol (Fig. 3c). However, because the diffusivity is also related to the diffusion volume
of speci�c molecules (Supplementary Table 6), some heavier molecules (e.g., DME and benzene) may
diffuse farther than methanol. These factors are often overlooked but have far-reaching effects on
reactor and catalyst design.

Simple and synergistic tandem mechanism
Although all the three examples exhibited a “the closer the better” tendency, the sensitivity of three
catalytic systems to distance from 3 mm to the nanoscale is quite different (Fig. 2c − e). Generally, for
STO and STG processes, packing the ZnZrOx and zeolites together with no matter micron-scale or
nanoscale distance, the catalytic performance is not sensitive to distance (last three manners in Fig. 2c
and d). Relatively, the STA performance is more sensitive to the distance factor. Only when the two
functional components were closely integrated and contacted, a considerable aromatics selectivity above
70% at a high CO conversion could be obtained. For STO tandem reaction, the ZnZrOx functions for the
syngas to methanol (CO + 2H2 → CH3OH), and the formation of lower ole�ns can be solely catalyzed by
SAPO-34 (2CH3OH → C2H4 + 2H2O). As long as the methanol intermediates can rapidly �nd the acid sites,
the tandem process and thermodynamic pull could be well realized. Therefore, the STO reaction
catalyzed by metal oxide and zeolite can be considered as a simple tandem reaction, because each
catalytic function works independently and the gaseous methanol intermediates diffuse rapidly (Fig. 4a).
The STG tandem reaction is similar to the STO reaction because the formation of gasoline-range
hydrocarbons can be solely conducted by zeolite.
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The formation of aromatic hydrocarbon from methanol is complicated, including dehydration of
methanol to lower ole�ns (2CH3OH → C2H4 + 2H2O), ole�n oligomerization (3C2H4 → hexene), cyclization

(hexene → cyclohexane), and dehydrogenation (cyclohexane → benzene + 3H2)44. Therefore, methanol is
not the only intermediate. The last dehydrogenation step is often considered the rate-determining step
and the formed hydrogen species on zeolites should be removed e�ciently to promote the formation of
aromatics.51,52 Otherwise, the aggregated hydrogen species would catalyze the formation of undesired
saturated alkanes by an H-transfer mechanism (Fig. 4b). Actually, hydrogen species is another kind of key
reaction intermediates in STA tandem reaction, whose role was sometimes neglected. The transfer of
methanol follows a gas diffusion mechanism, but that of hydrogen species normally follows a surface
diffusion mechanism.16,53 This might be the reason that the STA tandem reaction is quite sensitive to
distance.

Transfer mechanism of reaction intermediates
To clarify the necessity of close distance/contact for optimum STA process, we delicately controlled the
proximity between ZnO and H-ZSM-5 and performed model propylene aromatization reaction over typical
ZnO/H-ZSM-5 catalyst under 5 bar and 390 oC (Fig. 5a). The pristine H-ZSM-5 exhibited a considerable
C3H6 conversion of 79%, but the aromatics selectivity was only 33%, in line with the reported values.54 To
physically separate the ZnO and H-ZSM-5 components, we capsulated the ZnO nanoparticles (NPs) in a
mesoporous SiO2 shell with a thickness of 30 nm, which was further mixed with H-ZSM-5 powders
(Supplementary Fig. 7). Interestingly, the performance of ZnO@SiO2/H-ZSM-5 was close to that of H-
ZSM-5, indicating no communication between ZnO and H-ZSM-5. However, if the ZnO NPs and H-ZSM-5
were closely in contact prepared by even a powder-mixing method, the aromatics selectivity could be
signi�cantly enhanced to 63% together with the formation of gaseous hydrogen (Supplementary Table 7),
indicating a strong synergistic effect between ZnO and H-ZSM-5. This synergy could be further enhanced
over ZnO-H-ZSM-5 prepared by an impregnation method with an intimate distance (Supplementary
Fig. 8), providing the highest aromatics selectivity of 72% at C3H6 conversion of 97%.

The activation ability of hydrogen was further evaluated by the H2-D2 exchange (Fig. 5b). Interestingly, the
pristine H-ZSM-5 without transition metals could activate H2 and D2 and catalyze the formation of HD, in
line with reported results that zeolites with Brønsted acid sites could catalyze the hydrogenation reaction
by heterolytic cleavage55,56. However, the formation rate of HD over ZnO was much higher than that over
H-ZSM-5. It was early reported that the transfer of hydrogen species on zeolites follows a surface
migration mechanism and the transfer can be fast and distant57,58. Therefore, we can speculate that the
close proximity of ZnO to H-ZSM-5 could promote the recombination of H-adatoms species to form H2 on
ZnO transferred from H-ZSM-5.

Based on the above results, the network of syngas to C2+ hydrocarbons can be brie�y outlined (Fig. 5c),
and the extent of reaction progress is determined by the topology of acidic zeolites. The number of
reaction steps for each product follows the order of lower ole�ns < gasoline < aromatics. For the
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formation of the aromatics, methanol and ole�nic hydrocarbons are not all the intermediates and the fast
removal of surface hydrogen species is indispensable. The metal and acid sites must be organized
closely at the nanoscale to guarantee su�cient communication, thus completing the multi-step tandem
reactions. Besides, if the formation of side products and reaction intermediates is competitive, a rational
arrangement of active components may decrease the formation of side products by fast-consuming
reaction intermediates.

Discussion
In summary, the proximity requirement for different tandem reactions may be quite different, depending
on but not limited to the diffusivity, stability, and transfer mechanism of reaction intermediates, and
reaction conditions. We preliminarily quanti�ed the distance between the metal oxide and zeolites and its
impact on the communication in the tandem conversion of syngas. Most lab-scale �xed-bed reactors for
syngas conversion are not ideal plug-�ow reactors because the back-mixing effect could not be
neglected. The high diffusivity of methanol intermediate determines the low sensitivity of the simple
tandem reactions, such as syngas to lower ole�ns and C5‒C11 isopara�ns. Even the two functional
components are separated with a millimeter-scale distance, the methanol molecules could �nd acid sites
for further conversion due to the high diffusivities. Conversely, if a tandem reaction involves
intermediates that must be transferred on the catalyst surface, the two functional sites must be
integrated as closely as possible without chemical interaction. This work not only explains the various
interaction manners employed up to now over oxide-zeolite catalysts but also guides the rational
arrangements of functional sites and the design of reactor shapes for speci�c tandem reactions.

Methods

Materials
Pseudoboehmite (Al2O3, 72 wt%) was purchased from Beijing Reagents Company. Silica solution (30
wt%) and tetraethylammonium hydroxide (TEAOH, 25wt%) were purchased from Sigma-Aldrich.
Orthophosphoric acid (H3PO4, 85 wt%), triethylamine (TEA, 99 wt%), di-n-propylamine (DPA, AR),
aluminum isopropoxide (99 wt%), zirconium nitrate (Zr(NO)4·5H2O), zinc nitrate (Zn(NO)2·9H2O), citric
acid, NH3·H2O (25 wt%), ethanol (AR) and tetraethoxysilane (TEOS, AR) were purchased from Sinopharm
Chemical Reagent. H-ZSM-5 zeolite (a molar ratio of Si/Al = 200) was purchased from Nankai University
Catalyst Company. The glassware was provided by Xiamen University Glassware Workshop.

Catalyst preparation
The Zn-doped ZrO2 (ZnZrOx) oxide for STG reaction was synthesized with a sol-gel method with a Zn/Zr

ratio of 1:8 (at/at)45. Speci�cally, 10 g of Zr(NO3)4∙5H2O, 0.87 g of Zn(NO3)2∙6H2O, and 9.4 g of citric

acid were dissolved in 100 mL deionized water. The mixture was evaporated at 90 oC until a viscous gel
was obtained. Then, the mixture was heated to 180 oC for 3 h and calcined at 500 oC in the air for 5 h.
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The obtained sample was denoted as ZnZrOx (1/8), where 1/8 was the molar ratio of Zn/Zr. The ZnZrOx

(1/16) for STO reaction and ZnZrOx (1/100) for STA reaction were synthesized by the same method
except for the Zn content. In this work, ZnZrOx was the abbreviation for three kinds of Zn-doped ZrO2

oxide for convenience although Zn content was different unless otherwise mentioned.

The ZnO oxide was prepared by a precipitation method. The NH3·H2O (25 wt%) was added into the
Zn(NO3)2 solution under continual stirring until the pH of the solution was 7.0. After aging for 2 h at 70°C,
the precipitate was washed three times with distilled water and separated by �ltration. The �lter cake was
dried at 100°C for 8 h and then calcined at 500°C for 5 h.

The core-shell ZnO@SiO2 was prepared by a modi�ed Stöber method. Typically, 0.5 g of ZnO was
dispersed in 300 mL ethanol by sonication for 1 h followed by the addition of 2.5 mL TEOS. After stirring
under 450 rpm for 4 h, 5 mL of NH3·H2O and 20 mL of water were added dropwise. The mixture was
stirred under 450 rpm for another 4 h. Subsequently, the product was washed three times with ethanol
and dried at 100°C for 8 h. The obtained sample was denoted as ZnO@SiO2.

SAPO-34 and SAPO-11 zeolites were hydrothermally synthesized with various gels with the molar ratio of
3.0TEA : 0.03TEAOH : 1.0Al2O3 : 0.21SiO2 : 1.0P2O5 : 50H2O and 1 Al2O3:1 P2O5:0.3 SiO2:1 DPA:50 H2O,

respectively42,43. Taking the synthesis of the SAPO-34 as an example, 4.7 g of pseudo-boehmite was
dissolved in 50 mL deionized water to form alumina sol after stirring under 450 rpm for 2 h. Then 0.96 g
of silica sol was added to the prepared alumina sol under stirring for 2 h. Subsequently, 14.2 g of TEA,
0.81 g of TEAOH, and 7.3 g of H3PO4 were added slowly under continual stirring for another 3 h until
obtaining a homogeneous gel mixture. The gel mixture was sealed in a 200 mL Te�on-lined stainless-
steel autoclave, followed by heating from room temperature to 200 oC at a rate of 2 oC min− 1. The
crystallization was carried out at 200 oC under autogenic pressure for 72 h. After crystallization, as-
synthesized samples were obtained after centrifugal separation, washing, and drying at 100 oC for 8 h.
Finally, calcination was carried out from room temperature to 550 oC with a rate of 2 oC min− 1 and kept at
550 oC for 6 h to remove the organic template.

The bifunctional catalysts composed of ZnZrOx and each zeolite were prepared by �ve different
integration manners, classi�ed into (i) the dual-bed with the zeolite in the upstream bed and ZnZrOx oxide
in the downstream bed, separated by quartz wool with 3 mm thickness, (ii) the dual-bed with ZnZrOx

oxide in the upstream bed and the zeolite in the downstream bed, separated by quartz wool with 3 mm
thickness, (iii) the stacking of ZnZrOx and zeolite individual granules with 30–60 meshes (grains, 250–
600 µm), (iv) the stacking of ZnZrOx and zeolite individual granules with 150–200 meshes (grains, 75–
100 µm), (v) the mortar-mixing for ZnZrOx and zeolite powders. They were denoted as (i) zeolite ZnZrOx,
(ii) ZnZrOx zeolite (3 mm), (iii) ZnZrOx + zeolite (400 µm), (iv) ZnZrOx + zeolite (90 µm), and (v)
ZnZrOx/zeolite, respectively. For the syngas to lower ole�ns, gasoline fractions, and aromatics, SAPO-34,
SAPO-11, and H-ZSM-5 were used as the zeolite component, respectively. SAPO-34, SAPO-11, ZSM-5
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zeolites, and ZnZrOx oxides with low zinc content have been optimized for the above three different

reactions in our previous work42–44. The mass ratio of ZnZrOx and the speci�ed zeolite was �xed at 1:1.
The catalysts powders were pressed, crushed, and sieved to granules of 30–60 meshes or 150–200
meshes before reaction.

Both ZnO@SiO2/H-ZSM-5 and ZnO/H-ZSM-5 were prepared by a mortar-mixing method. ZnO-H-ZSM-5
was synthesized by an impregnation method. For these three catalysts for propylene aromatization, the
weight ratio of the ZnO oxide and H-ZSM-5 zeolite was �xed at 0.015/1.

Catalyst characterization
X-ray diffraction (XRD) patterns were measured on a Rigaku Ultima IV diffractometer with Cu Kα radiation
(45 kV and 30 mA) as the X-ray source. N2 physisorption experiment was conducted on Micromeritics
Tristar II 3020 Surface Area Analyzer. X-ray �uorescence (XRF) spectroscopy, which could provide
information of Si/Al and Si/(Si + Al + P) ratio of zeolite, was analyzed with an S8 TIGER XRF instrument
with rhodium target (50 kV, 50 mA). Scanning electron microscopy (SEM) measurements were performed
on a Hitachi S-4800 operated at 15 kV.

To observe the spatial distribution of dual components for the sieved catalysts, the ultramicrotomy of
resin-embedded catalysts was performed over Ultramicrotome Leica EM UC7 with a diamond knife. The
catalyst granules were �rst embedded in Epo�x resin, put in the oven overnight at 60°C, and cut to 70 nm
sections using a diamond knife. Sections were deposited on a carbon-coated copper grid (300 mesh).
Subsequently, transmission electron microscopy (TEM) measurements were carried out on a Phillips
Analytical FEI Tecnai20 electron microscope operated at an acceleration voltage of 200 kV.

NH3 temperature-programmed desorption (NH3-TPD) was performed on a Micromeritics AutoChemII 2920
instrument. Typically, the sample was pretreated in a quartz reactor with purge with high-purity helium.
The NH3 adsorption was performed at 100 oC in an NH3-He mixture (10 vol% NH3) for 1 h, followed by

TPD in He �ow by raising the temperature to 600 oC at a ramp rate of 10 oC min− 1. H2 − D2 exchange

reactions were performed in a quartz reactor at 200 oC. Typically, 0.1 g sample was pretreated with He
�ow at 400 oC for 1 h, followed by cooling to 200 oC. The sample was treated in pure H2 gas �ow for 30
min. Then, pulses of high-purity D2 were quantitatively injected into the H2 stream. H2 (m/z = 2), D2 (m/z 
= 4), and HD (m/z = 3) were analyzed by mass spectrometry. The rate of HD formation was normalized by
the speci�c surface area.

Catalyst evaluation
The syngas conversion was performed on a �xed-bed reactor built by Xiamen HanDe Engineering
Company, Ltd. Typically, 0.6 g or 1.0 g of bifunctional catalysts was loaded in a titanium reactor (inner
diameter, 8 mm). Syngas with an H2/CO ratio of 2:1 and a pressure of 3.0 MPa was introduced into the
reactor. Argon with a concentration of 4.0 vol% in the syngas was used as an internal standard for the
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calculation of CO conversion. The temperature was raised to 370–400 oC at a rate of 2 oC min− 1 to start
the reaction.

The propylene aromatization was performed on the same �xed-bed reactor. Typically, 0.6 g of
bifunctional catalyst was loaded in a titanium reactor. The mixture with an N2/C3H6 ratio of 10/1 and a

pressure of 5 bar was introduced into the reactor. The temperature was raised to 390 oC at a rate of 2 oC
min− 1 to start the reaction. Products were analyzed by an online gas chromatography equipped with a
thermal conductivity detector (TCD) and two �ame ionization detectors (FID). A TDX-01 packed column
was connected to TCD, while RT-Q-BOND-PLOT and HP-PONA capillary columns were connected to FID.
Carbon balances were all better than 95%.
Data availability

All data including supplementary materials and other �ndings within the article are available from the
corresponding author upon reasonable request.
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Illustration of tandem catalysis and representative advances in C1 chemistry. Because the metal
functions for activating C1 molecules are diverse, the reaction intermediates can be large molecules
(such as wax produced by Fischer-Tropsch synthesis), small molecules (such as methanol and ketone),
and small radicals (such as methyl and methylene).

Figure 2

The effect of distance between ZnZrOx and zeolites on the performance of syngas conversion. a
Integration manners from left to right: ZnZrOx; dual-bed zeolite||ZnZrOx; dual-bed ZnZrOx||zeolite;
ZnZrOx+zeolite with an approximate distance of 400 or 90 μm, respectively, by stacking individual
granules with different sizes; and ZnZrOx/zeolite prepared by the powder-mixing method. b The scheme
of the iterative method for distance estimation between ZnZrOx and zeolite. c STO performance. d STG
performance. e STA performance. Reaction condition: Wcat = 0.6 g or 1 g, H2/CO = 2, P = 3 MPa, time on
stream = 10 h. The Zn/Zr ratios for STO, STG, and STA reactions are 1/16, 1/8, and 1/100, respectively.
Details for distance estimation and reaction conditions can be found in Supplementary Tables 3−5.
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Figure 3

Evaluation of back-mixing degree. a Schematic diagram of diffusional behaviors in a typical �xed-bad
reactor and the diffusion distance of methanol assessed by Péclet number. b The effect of reactor
diameter and gas space velocity on the diffusion range of methanol. c The dependence of gas diffusivity
on molecule type. The calculation and assumption details can be found in the Supplementary
Information.
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Figure 4

The distance required for e�cient communication between ZnZrOx and zeolites. a STO and STG
reactions with �exible distance requirements. b STA reaction with necessary intimate contact for
removing hydrogen species.
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Figure 5

Probe experiments and reaction network. a The dependence of distance between ZnO and H-ZSM-5 on
C3H6 aromatization. Reaction conditions: Wcat = 0.6 g, FN2 = 15 mL min‒1, FC3H6 = 1.5 mL min‒1, T = 390
oC, P = 5 bar, time on stream = 4 h. b H-D exchange over blank quatz reator, H-ZSM-5, and ZnO. The HD
intensity was normalized to the surface area. c Reaction network for the selective conversion of syngas
into desired ole�ns, gasoline, and aromatics. De-H2 denotes dehydrogenation. Some possible side
products are also presented.
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