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Table S1. Textural features of UiO-66 and MTV-UiO-66 samples.

Sample
SBET

a 

(m2 g-1)

Smicro
b 

(m2 g-1)

Smeso
c/

Smicro

Vt
d (cm3 

g-1)

Vmicro
e 

(cm3 g-1)

Vmeso
f/

Vmicro

UiO-66 826.9 754.8 0.09 0.45 － －

MTV-UiO-66(Zn0.010Zr0.990) 622.3 509.3 0.22 0.41 0.26 0.57

MTV-UiO-66(Zn0.021Zr0.979) 784.3 635.4 0.23 0.57 0.32 0.78

MTV-UiO-66(Zn0.040Zr0.960) 791.3 491.2 0.61 1.08 0.26 3.11

MTV-UiO-66(Zn0.178Zr0.822) 490.3 181.3 1.70 0.62 0.09 5.46

a Specific surface area was calculated by using the BET method.

b Specific micropore surface area was calculated by t-Plot. 

c Specific mesopore surface area was calculated by subtracting Smicro from SBET.

d Total specific pore volume was calculated by using the adsorption branch of the N2 

isotherm at P/P0 = 0.95.

e Specific micropore volume was calculated by t-Plot.

f Specific mesopore volume was calculated by subtracting Vmicro from Vt.
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Table S2. Elemental analysis of the MTV-UiO-66(ZnxZr1-x) samples with 

different substitution content of Zn-SBUs.

Zn:Zr atomic ratio
Sample

EDX ICP-OES

MTV-UiO-66(Zn0.010Zr0.990) 1.1 : 98.9 1.0 : 86.9

MTV-UiO-66(Zn0.021Zr0.979) 2.1 : 97.9 1.0 : 47.1

MTV-UiO-66(Zn0.040Zr0.960) 4.3: 95.7 1.0 : 22.0

MTV-UiO-66(Zn0.178Zr0.822) 17.8 : 82.2 1.0 : 7.6

For simplicity, the MTV-UiO-66(Zn0.021Zr0.979) was denoted as MTV-UiO-66(ZnZr)
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Table S3. Structural properties of ZrO2@C, HO-ZnZrO@C, and ZnxZr1-xO@C 

samples. 

Sample
SBET 

(m2 g-1)

Smicro 

(m2 g-1)

Smeso/

Smicro

Vt (cm3 

g-1)

Vmicro 

(cm3 g-1)

Vmeso/

Vmicro

ZrO2@C 130.9 60.1 1.2 0.128 0.032 3.0

Zn0.010Zr0.990O@C 91.3 29.8 2.1 0.188 0.016 10.8

HO-ZnZrO@C 86.3 15.0 4.8 0.156 0.007 21.3

Zn0.040Zr0.960O@C 113.8 16.7 5.8 0.247 0.008 29.9

Zn0.178Zr0.822O@C 192.9 38.2 4.1 0.207 0.018 10.5
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Table S4. H-ZSM-5 treated with different concentrations of NaOH.

NaOH 

concentration (M)

SBET 

(m2 g-1)

Smicro 

(m2 g-1)

Smeso/

Smicro

Vt (cm3 

g-1)

Vmicro 

(cm3 g-1)

Vmeso/

Vmicro

0 293.7 236.7 0.24 0.161 0.121 0.33

0.1 318.9 237.4 0.34 0.179 0.122 0.47

0.6 302.6 164.9 0.83 0.355 0.084 3.23

1.0 264.9 139.5 0.90 0.324 0.074 3.32
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Table S5. Comparison of productivities for methanol-intermediated COx hydrogenation to aromatics.

Catalyst
Oxide/Zeolite 

(weight ratio)
Reactant

P 

(MPa)

Temp. 

(°C)

GHSV (mL 

gcat
.-1 h-1)

XCOx 

(%)

Saromatics 

(%)

Aromatics STY 

(g goxide
-1 h-1)

Ref.

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 1200 42.6 58.6 0.081 This work

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 2400 39.5 67.5 0.175 This work

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 3600 35.2 73.1 0.261 This work

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 4800 28.1 74.3 0.282 This work

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 6000 24.3 72.8 0.302 This work

HO-ZnZrO@C/Z5-0.6 2/1a CO + H2 3 360 7200 19.8 70.1 0.286 This work

B-ZnZrO/Z5-0.6 2/1 CO + H2 3 360 3600 16.1 38.8 0.045 This work

Mo-ZrO2/H-ZSM-5 1/2 CO + H2 4 400 3000 22.0 76.0 0.165 1

Ce0.2Zr0.8O2/HZSM-5 1/1 CO + H2 2 450 600 22.4 56.3 0.028 2

ZrO2-400&H-ZSM-5 2/1 CO + H2 6 350 1000 11.6 62.3 0.018 3
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Zn-ZrO2/H-ZSM-5 1/2 CO + H2 4 430 1500 23 80 0.028 4

ZnZrO/ZSM-5 1/1 CO2 + H2 4 320 1200 14 73 0.027 5

ae-ZnO–ZrO2/ZSM-5 1/2 CO2 + H2 4 340 7200 15.9 76.0 0.239 6

ZnO/ZrO2+ZSM-5 1/2 CO2 + H2 3 340 2700 9.1 70 0.036 7

Cr2O3/H-ZSM-5 1/1 CO2 + H2 3 350 1200 34.5 75.9 0.077 8

Cr2O3/Zn-ZSM-5@SiO2 1/2 CO2 + H2 3 350 1200 22.1 70.1 0.056 9

ZnCrOx–ZSM-5-533 1/1 CO + H2 4 350 1500 16 74 0.050 10

ZnCrOx-ZnZSM-5 1/1 CO2 + H2 5 320 2000 19.9 56.5 0.019 11

ZnAlOx&H-ZSM-5 1/1 CO2 + H2 3 320 2000 9.1 73.9 0.017 12

a W(HO-ZnZrO@C)/W(Z5-0.6) = 2/1, the weight ratio of C in HO-ZnZrO@C was determined to be 14%.
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Table S6. Structural properties of selected samples.

Sample
SBET 

(m2 g-1)

Smicro 

(m2 g-1)

Smeso/

Smicro

Vt (cm3 

g-1)

Vmicro 

(cm3 g-1)

Vmeso/

Vmicro

HO-ZnZrO@C+Z5-0.6 171.0 75.4 1.27 0.193 0.038 3.95

HO-ZnZrO@C/Z5-0.6 170.1 74.7 1.28 0.207 0.038 4.53
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Figure S1. FT-IR spectra of the MTV-UiO-66(ZnZr), UiO-66, and MOF-5. 

As presented in the FT-IR spectra, the IR bands at about 1581 and 1398 cm-1 were 

assigned to asymmetric and symmetric vibrations of the carboxyl groups, respectively. 

The IR band at 1658 cm-1 was ascribed to the ν(C=O) vibration of DMF. Note that the 

band corresponding to asymmetric (OCO) vibration of MTV-UiO-66(ZnZr) located 

between those of pure UiO-66 and MOF-5, which implied the changes of the 

coordination environment between carboxylate groups and metal ions within the 

MTV-UiO-66(ZnZr) framework in comparison with that of pure UiO-66, due to the 

incorporation of Zn oxide clusters.
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Figure S2. High-resolution (a) Zn 2p, (b) Zr 3d, and (c) O 1s XPS spectra of 

MTV-UiO-66(ZnZr) and UiO-66.

XPS was employed to evaluate the surface chemical composition and electronic 

structure. In the high-resolution Zn XPS spectra, the doublet spectral lines of Zn 2p 

exhibited a spin–orbit splitting value of 23 eV, indicative of the presence of Zn2+.13 As 

shown in the high-resolution Zr XPS spectra, all samples possessed doublet spectral 

lines of Zr 3d5/2 and Zr 3d3/2, the area ratios of which were 3 : 2, with a spin-orbit 

splitting of 2.4 eV. Those observations suggest that Zr4+ was exclusively formed.14 It 

is worth noting that the Zr 3d binding energy of MTV-UiO-66(ZnZr) took a slight 

down-shift in comparison with that of pure UiO-66, demonstrating the modified local 

electronic structure of Zr within MTV-UiO-66(ZnZr). As compared with pure UiO-66, 

the O spectra of MTV-UiO-66(ZnZr), which could be divided into four peaks 

corresponding to Zr-O-Zr, Zr-OH, Zn-O-Zn, and O-C=O,15 were negatively shifted. 

These results strongly suggest that the localized Zr-SBUs within the MTV-UiO-66 

framework have been partially replaced by Zn-SBUs.
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Figure S3. (a,b) TEM images and (c) structure of UiO-66.
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Figure S4. TG profiles taken for MTV-UiO-66(ZnZr) and UiO-66 in N2 atmosphere.

According to the TG analysis, as compared with pure UiO-66, the thermal stability 

of MTV-UiO-66(ZnZr) compromised slightly, as a result of MTV-UiO-66(ZnZr) with 

lower network connections, associated with the introduction of Zn-SBUs. Finally, the 

pyrolysis temperature of MTV-UiO-66(ZnZr) was determined to be 600 °C in inert 

atmosphere for complete carbonization of organic ligands.
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Figure S5. (a,b) TEM images and (c) corresponding ZrO2 particle size distributions of 

ZrO2@C.
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Figure S6. (a,c,e) TEM images and (b,d,f) corresponding elemental spectra for (a,b) 

MTV-UiO-66(Zn0.010Zr0.990), (c,d) MTV-UiO-66(Zn0.040Zr0.960), and (e,f) 

MTV-UiO-66(Zn0.178Zr0.822), respectively.
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Figure S7. (a) XRD patterns, (b) N2 adsorption-desorption isotherms, and (c) pore 

size distributions for MTV-UiO-66(ZnxZr1-x) (x = 0.010, 0.040, and 0.178).
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Figure S8. (a,d,g) TEM images, (b,e,h) high-magnification TEM images, and (c,f,i) 

ZnZrO particle size distributions for (a,b,c) Zn0.010Zr0.990O@C, (d,e,f) 

Zn0.040Zr0.960O@C, and (g,h,i) Zn0.178Zr0.822O@C.
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Figure S9. N2 adsorption-desorption isotherms for ZrO2@C, HO-ZnZrO@C, and 

ZnxZr1-xO@C (x = 0.010, 0.040, and 0.178).
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Figure S10. (a) XRD patterns and (b) enlarged XRD patterns for ZrO2@C, 

HO-ZnZrO@C, and ZnxZr1-xO@C (x = 0.010, 0.040, and 0.178).
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Figure S11. XPS spectra of the ZrO2@C, HO-ZnZrO@C, ZnxZr1-xO@C (x = 0.010, 

0.040, and 0.178), and ZnO@C. (a) Zr 3d and (b) Zn 2p.
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Figure S12. O 1s XPS spectra of (a) ZrO2@C, (b) Zn0.010Zr0.990O@C, (c) 

HO-ZnZrO@C, (d) Zn0.040Zr0.960O@C, (e) Zn0.178Zr0.822O@C, and (f) the relative 

content of surface oxygen species in all O species of the samples. HO-ZnZrO@C 

represents HO-Zn0.021Zr0.979O@C.
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Figure S13. TEM image of the HO-ZnZrO@C obtained at 600 °C for 10 h in Ar 

atmosphere.
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Figure S14. (a) XRD patterns and (b) FT-IR spectra for the samples obtained from 

thermolysis of MTV-UiO-66(ZnZr) under different temperature and time in Ar flow.

As shown in Figure S13b, when the carbonization temperature was increased from 

room temperature to 400 °C, the characteristic peaks corresponding to the asymmetric 

(OCO) and symmetric (OCO) variations of carboxylate species, showed slight red 

shifts as compared with those (at 1581 and 1398 cm-1) of MTV-UiO-66(ZnZr), 

indicative of the variation of coordination bonds between carboxyl groups and Zr 

oxide clusters. The absence of peak at 1658 cm-1 implies the elimination of DMF 

solvent. Moreover, the reduced intensity of peak at 482 cm-1 corresponding to 

ν(µ3-OH) evidenced the transition from Zr6O4(OH)4 to Zr6O6 cluster.16 When the 

pyrolysis temperature was enhanced to 500 °C, the BDC ligands were completely 

decomposed and ZnZrO particles were formed, as confirmed by the loss of 

carboxylate bands and the appearance of bands at 1623 (H–O–H) and 513 cm-1 

(metal–O).17 The phase and structure transformation process as revealed by the XRD 
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and FT-IR results is consistent with the observation of TEM characterization as 

depicted in Figure 4.
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Figure S15. Effect of weight ratio of HO-ZnZrO@C to Z5-0.6 on the CO 

hydrogenation to aromatics. Reaction conditions: 360 °C, 3.0 MPa, 3600 mL g-1 h-1, 

H2/CO = 2. C5+ products exclude aromatics.
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Figure S16. Distribution of aromatic hydrocarbons over the HO-ZnZrO@C/Z5-0.6 

catalyst. Other A9+: aromatic hydrocarbons with nine or more than nine carbon atoms 

except trimethylbenzene and tetramethylbenzene.
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Figure S17. (a) XRD pattern, (b) N2 adsorption-desorption isotherm, (c) TEM image, 

and (d) ZnZrO particle size distribution for B-ZnZrO.
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Figure S18. TEM images of (a) Z5-0, (b) Z5-0.1, (c) Z5-0.6, and (d) Z5-1.0. (e) XRD 

patterns and (f) N2 adsorption-desorption isotherms and corresponding BJH pore size 

distributions (insert) for Z5-n.

H-ZSM-5, as a classical zeolite, can be used as catalyst for the synthesis of 

aromatics, gasoline, and diesel oil from methanol or syngas. Unfortunately, the 

microporous channels could impede both mass transfer and the accessibility of active 

sites, leading to the formation of undesirable products and accelerated deactivation of 

catalysts due to the coke deposition or pore blockage. Thus, it is extremely essential 

that the secondary pore systems, such as mesoporosity, within microporous H-ZSM-5 

are created to improve the catalytic activity and stability.

The pristine H-ZSM-5 was treated by NaOH solutions to create hierarchically 

porous structures. As observed in the XRD patterns in Figure S17e, all the samples 

maintained the characteristic diffraction patterns of the MFI structure, however, the 

diffraction intensities were decreased with an increase in the concentration of NaOH 
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solutions. The TEM images revealed that the Z5 samples treated by NaOH whose 

concentration was above 0.6 M possessed obvious mesopores, in accordance with the 

results of N2 adsorption/desorption measurements and corresponding BJH pore size 

distributions.
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Figure S19. Catalytic performance in CO hydrogenation to aromatics over 

HO-ZnZrO@C combined with Z5 treated by NaOH solutions with different 

concentrations. Reaction conditions: 360 °C, 3.0 MPa, 3600 mL g-1 h-1, H2/CO = 2, 

W(HO-ZnZrO@C)/W(Z5-n) = 2/1. C5+ products exclude aromatics.
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Figure S20. (a) N2 adsorption-desorption isotherms, (b) BJH pore size distributions, 

(c) XRD patterns, and (d) 2,6-DTBPy-FTIR spectra collected on HO-ZnZrO@C, 

Z5-0.6, HO-ZnZrO@C/Z5-0.6, and HO-ZnZrO@C+Z5-0.6.
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Figure S21. TEM images of the used HO-ZnZrO@C/Z5-0.6 catalyst after 200 h of 

reaction. 
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