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Section S1. General Experimental 
The post-synthetic modifications of MOF-catalysts were carried out in a glovebox filled with 

Argon. All the solvents used in the preparation are dried, oxygen-free, and stored under Ar 

atmosphere. All of the other reagents and solvents are commercially available and used as received.

1H NMR analysis was recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz and 

referenced to the proton resonance resulting from incomplete deuteration of DMSO-d6 (δ = 2.50). 13C 

NMR spectra were recorded at 125 MHz, and all of the chemical shifts are reported downfield in ppm 

relative to the carbon resonance of deuterated solution. Infrared spectra (IR) were recorded on a 

Nicolet 6700 FTIR spectrometer equipped with an MCT detector using ATR mode. 

Thermogravimetric analysis (TGA) was performed in air using a NETZSCH TG 209 F1 equipped 

with an Alumina pan. TGA-MS was performed in air using TA Instruments SDT 650 equipped with 

Alumina pan and Discovery MS. Inductively coupled plasma-optical emission spectrometry 

(ICP-OES) analyses were performed on an Agilent ICP-OES instrument. Inductively coupled 

plasma-mass spectrometry (ICP-MS) analyses were performed on an Agilent 7700x ICP-MS and 

analyzed using ICP-MS Mass Hunter version B01.03. Samples were diluted in a 5% HNO3 matrix and 

analyzed with a 159Tb internal standard against a six-point standard curve over the range from 1 ppm 

to 100 ppm. The correlation coefficient was >0.9997 for all analytes of interest. Powder X-ray 

diffraction (PXRD) was carried out on a Japan Rigaku DMax-γA rotating anode X-ray diffractometer 

equipped with graphite monochromatized Cu Kα radiation (λ = 1.54 Å). Nitrogen sorption 

measurements were conducted using a Micromeritics ASAP 2460 system at 77 K. The samples were 

prepared at 150 °C in a vacuum for 10 h. The surface area was calculated using the 

Brunauer-Emmett-Teller (BET) method in the range of P/P0 = 0.05-0.3. Microporous surface areas, 

pore volumes, and mean pore diameters of micropores were evaluated by the HK method from the 

adsorption branches of isotherms. Transmission electron microscopy (TEM) and EDX mapping were 

performed on Phillips Analytical FEI Tecnai F30 electron microscope operated at an electron 

acceleration voltage of 300 kV. The samples were suspended in the anhydrous THF solvent, and the 

specimens are sample powders deposited onto a Cu microgrid coated with a holey carbon film for 

EDX-mapping. GC-MS spectral analyses were performed on a Shimadzu GCMS-QP2010 Plus 

equipped with SH-Rxi-5Sil MS 30 m × 0.5 mm × 0.25 µm column. H2-Temperature-programmed 

desorption (H2-TPD) measurements were obtained using a Micromeritics AutoChem II 2920 
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instrument. The samples were reduced in situ under flowing 5% H2-Ar at 150oC for 1 h. After that, the 

reduced catalyst was cooled to 50 oC and then exposed to 1 atm of H2 for 1 h, followed by purging 

with Ar for 30 min to remove any physisorbed molecules. H2-TPD experiment was then operated 

when the temperature is increased to 250 oC at a heating rate of 5 °C min−1 and holding at 250 oC for 1 

h. H2 is monitored using Mass Spectroscopy (MS, m/z=2). CO2-Temperature-programmed desorption 

(CO2-TPD) measurements were obtained using a Micromeritics AutoChem II 2920 instrument. The 

samples were pre-heated at 150 oC for 1 h to clean the surface of the sample from moisture and other 

adsorbed gas. After that, the sample was cooled down to 50 oC and then equilibrated in a CO2 flow for 

1 h, followed by flushing in Ar for 30 min to remove any physisorbed molecules. The CO2-TPD 

experiment was then operated at 50-250 oC with a heating rate of 5 °C min−1 and holding at 250 oC for 

1 h. CO2 is monitored using MS (m/z=44). H2-D2 exchange experiments were conducted using a 

Micromeritics AutoChem II 2920 instrument. The sample was first pretreated with Argon at 250 oC 

for 60 min and hydrogen for 30 min, then a flow of deuterium gas was injected. The injection was 

conducted 5 times. The gas component in the effluent is monitored and recorded by MS. The m/z 

values are 3 for HD. In situ Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS) 

of the samples was performed with a Nicolet 6700 instrument equipped with an MCT detector at 50 

scans and a 4 cm−1 resolution.
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Section S2. Preparation and Characterization of Catalysts
2.1 Synthesis of catalysts. 

2.1.1 MOF-808. MOF-808 was synthesized following the reported procedure with slight 

modification[1]. 1,3,5-benzenetricarboxylic acid (BTC, 210 mg) and ZrOCl2·8H2O (970 mg) in a 

solution containing N,N’‐dimethylformamide (DMF) (30 mL) and formic acid (30 mL) are dissolved 

in a 50 mL capped bottle. The bottle is sealed and heated in a 100 °C isothermal oven for one day. 

The white powder is collected by centrifugation (9000 rpm, 2 min), washed with DMF three times (30 

mL × 3), and acetone three times (30 mL × 3), then soaked in acetone and solvent exchange three 

times per day in three days. Finally, MOF-808 is dried under a dynamic vacuum overnight at 60 °C 

(Yield: 76%). 

Figure S1. TEM images of MOF-808.

Analysis of the composition of MOF-808 by 1H-NMR.

    2 mg of MOF-808 was digested in 50 μL of  D3PO4. Then 50 μL of D2O and 300 μL of 

DMSO-d6 are added to the digested solution. The sample is then analyzed by 1H-NMR. The ratio of 

BTC ligand and formate is approximately 1:1 by integrating the corresponding peaks of each ligand 

(Figure S2). The molar ratio between BTC and Zr determined by TGA analysis is 1/3. We thus 

deduce a formula for MOF-808 as Zr6(μ3-O)4(μ3-OH)4(BTC)2(HCO2)6, based on the molar ratio of 

Zr/BTC/HCO2
- = 3/1/3.
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Figure S2. The 1H-NMR spectrum of MOF-808 digested in D3PO4/D2O/DMSO-d6.

Figure S3. TGA curve of MOF-808 in the 200-700 oC range. In the temperature range of 220-350 oC, 
there is 14.4% weight loss corresponding to the decomposition of six capping formate, leaving six 
hydroxyl groups on the SBU (calculated 12.3%). In the range of 350-600 oC, there is 28.2% weight 
loss corresponding to the decomposition of BTC ligand (calculated 30.3%). And the weight loss from 
220 oC to 600 oC is 42.6% which matches the conversion of MOF-808 to ZrO2 (calculated 42.6%).

2.1.2 Post-synthetic metalation of MOF-808 with ZnEt2
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    The post-synthetic metalation process was conducted in a glove box filled with nitrogen. 

MOF-808 (100.0 mg, 69.8 μmol) was weighted on a filter paper, washed with THF several times, and 

added 30 mL of dried THF solvent and stirred. 1.4 mL of ZnEt2 (1 M in hexane) was dropwise added 

to the suspension. The mixture was stirred for 2-3 h, and the white solid was then centrifuged out and 

washed with THF 5-8 times. MOF-808-ZnEt was dried in a Schlenk tube under vacuum and stored in 

a glovebox for further use. 

    The synthesis of MOF-808-Zn-x (x = 1-4) was through the same method, but the amount of 

ZnEt2 added was different. We obtained the corresponding MOF-808-Zn-x (x = 1-4) by adding 0.08 

mL, 0.15 mL, 0.3 mL and 1.4 mL of ZnEt2 respectively. The max loading of Zn is 15.2 wt%, which 

corresponds to the fully occupied Zr6(μ3-O)4(μ3-OZnEt)4 clusters, and the corresponding catalyst was 

denoted MOF-808-Zn-4 (Table S1). 
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Figure S4. PXRD patterns of MOF-808-Zn-x with different Zn content.
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Figure S5. TEM images of MOF-808-Zn-4.

Figure S6. High-resolution TEM images of MOF-808-Zn-4.

    MOF-808-Zn-4 was then analyzed by 1H-NMR. The ratio between BTC ligand and formate is 

approximately 1:1 by integrating peaks corresponding to each ligand (Figure S7). 

    Approximately 1 mg of vacuum-dried MOF samples were precisely weighed and transferred to a 

22 mL Teflon-lined stainless steel reaction vessel. 9 mL of 5% HNO3 aqueous solution and 100 μL of 

HF were added to the vessel and heated in a 150 oC oven for 8 h. After the steel reactor was cooled to 

room temperature, the clear solution was transferred to a 10 mL tube. The solution was first diluted to 

10 mL. Then 10 μL of this solution was pipetted and further diluted to 10 mL for ICP-MS analysis. 

For ICP-OES, the samples after digestion were diluted to 10 mL for analysis. Each sample was 

prepared in duplicates for the test. The Zn content is 15.2 wt% based on ICP-OES analysis, 

corresponding to a ratio between Zn and Zr6(μ3-OH)4 sites around 4. As a result, the formula for 

MOF-808-Zn is Zr6(μ3-O)4(μ3-OZn)4(BTC)2(HCO2)6, based on the molar ratio of Zr/BTC/HCO2
- = 
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3/1/3. Different Zn content in MOF-808-Zn is varied by changing the amount of added ZnEt2. The 

contents of Zn in different MOF-808 samples are listed in Table S1.
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Figure S7. The 1H-NMR spectrum of MOF-808-Zn-4 digested in D3PO4/D2O/DMSO-d6.

Figure S8. TGA curve of MOF-808-Zn-4 in the 200-700 oC range. In the temperature range of 
220-320 oC, there is 10.4% weight loss corresponding to the decomposition of six capping formate, 
leaving six hydroxyl groups on the SBU (calculated 9.9%). In the range of 320-630 oC, there is 25.7% 
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weight loss corresponding to the decomposition of BTC ligand and two hydroxyl groups retained by 
formate decomposition (calculated 24.5%). And the all weight loss from 220 oC to 630 oC is 36.1% 
which matches the conversion of MOF-808-Zn-4 to ZrO2 and ZnO (calculated 34.4%).

Table S1. Different Zn Content in MOF-808-Zn.

Catalyst
Zn Content

(%)
The number of Zn per Zr6 cluster

MOF-808-Zn-1 4.3 1

MOF-808-Zn-2 8.2 2

MOF-808-Zn-3 11.5 3

MOF-808-Zn-4 15.2 4
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Figure S9. The Zn number per Zr6 cluster in MOF-808-Zn measured by ICP analysis against the 
amount of ZnEt2 added in the metalation step.
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2.2 Nitrogen sorption experiments
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Figure S10. Nitrogen sorption isotherms (77K) for MOF-808 (SBET =1511 m2/g).
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Figure S11. DFT simulated cylinder-shaped pore size distribution of MOF-808. The pore size is 
about 14 – 22 Å.
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Figure S12. Nitrogen sorption isotherms (77K) for MOF-808-Zn-1 (SBET =831 m2/g).
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Figure S13. DFT simulated cylinder-shaped pore size distribution of MOF-808-Zn-1. The pore size is 
about 13 – 18 Å.
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Figure S14. Nitrogen sorption isotherms (77K) for MOF-808-ZnEt-4 (SBET = 326 m2/g).
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Figure S15. DFT simulated cylinder-shaped pore size distribution of MOF-808-Zn-4. The pore size is 
about 12 – 21 Å.
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Section S3. Evaluation of catalytic performance

3.1 Catalytic test

    Activity evaluation for CO2 hydrogenation was carried out in a continuous-flow, high-pressure, 

fixed-bed reactor. The samples (0.1-0.2 g) were loaded in a reactor with an inner diameter of 7 mm. 

The reaction temperature was programmed to increase from room temperature at the heating rate of 

5oC min-1. After reaching the target temperature, the products of CO2 hydrogenation were analyzed 

under reaction conditions at 250 oC and a gas pressure of 4.0 MPa, H2/CO2 = 3, GHSV = 4500-18000 

h-1. At a concentration of 5% in the gas, Argon was used as an internal standard for calculating CO2 

conversion. The steady-state activity was recorded after at least 20 h on stream. Products were 

quantified by gas chromatography with a thermal conductivity detector (TCD) and a flame ionization 

detector (FID). The columns are TDX-01 for Ar, CO, CO2, and Propake-Q for methanol and other 

organic products. The CO2 conversion (XCO2) and the carbon-based selectivity (Si) for MeOH and CO 

were calculated using an internal normalization method and mass balance method. 

 (Eq 1)2

2

2

, ,

, ,

=(1 ) 100%CO out Ar in
CO

CO in Ar out

A A
X

A A
  

ACO2, in and AAr, in are the peak areas of the corresponding gases in the TCD chromatographs of the gas 

(CO2/H2) feed before catalysis. ACO2, out and AAr, out are the peak areas of the exit gas composition 

during catalysis. 

The yield of product i (i = CO or MeOH), Yi, is determined by applying the following equations: 

 (Eq 2)
,

Y 100%i
i

Ar i Ar

A
A f

 

Where fi,Ar is the calibration factor determined   for compound i.

The selectivity (Si) was calculated using equation Eq 3: 

 (Eq 3)
2

100%i
i

CO

YS
X

 
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Section S4. Characterization of Catalysts After Reaction.

    The reusability of MOF-808-Zn was tested, and the results were shown in Figure S16. In the first 

run, initially, high activity was obtained due to the conversion of capping formates on the SBU. In the 

second run, the methanol STY was stable during the 15 hours on stream. The initial high activity was 

not observed. There was no decrease of methanol STY from the 1st run to the 2nd run, demonstrating 

the reusability of the MOF-808-Zn catalyst.
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Figure S16. STYMeOH of MOF-808-Zn vs reaction time in two consecutive runs. Reaction conditions: 
GHSV = 4500 h-1, temperature = 250 oC, H2/CO2 = 3, P = 4 MPa.
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4.1 Characterization of catalysts after the reaction.
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Figure S17. PXRD patterns of MOF-808-Zn-4 before the reaction and after a 20-h run of CO2 
hydrogenation.

Figure S18. TEM and EDX mapping images of MOF-808-Zn-4 after a 100-h run of CO2 
hydrogenation.
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Figure S19. High-resolution TEM images of MOF-808-Zn-4 after the reaction.
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4.2 Additional catalytic data.

Table S2. Activity comparison of reported ZrZn catalysts and the MOF catalysts in CO2 
hydrogenation to methanol reaction.

Reaction conditions Catalytic performance
Catalyst

Zn
(%) Temp.

(oC)
Pressure
(MPa)

GHSV
(mL/(g h))

Conv.
(%)

MeOH 
Select.(%)

STY
(mg.g-1h-1)

Refs.

ae-ZnO‐ZrO 6.1 340 4.0 21176 10.0 70.9 493.3 [2]

ZnO-ZrO2 / 340 3.0 14400 6.0 ＜50 138.9 [3]

ZnO-ZrO2 solid 
solution 10.4 320 5.0 24000 10.0 86.0 / [4]

ZnZrO 10.4 330 2.0 3600 7.5 50.0 46.3 [5]

ZnZrO 10.4 320 4.0 2400 10.0 60.0 50.0 [6]

ZnO-ZrO2 31.7 320 3.0 18000 5.7 70.0 246.2 [7]

15ZnZr-600 15.0 300 2.0 9000 5.5 75.1 106.0 [8]

ZnZr 13.0 290 4.5 10800 2.1 80.5 58.7 [9]

MOF-808-Zn-4 15.2 250 4.0 4500 2.1 ＞99 30.4 This 
work

Reaction conditions: H2/CO2 = 3.
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Table S3. Catalytic performances in CO2 hydrogenation.

Select. (%)
Catalyst

Temp
(oC)

GHSV
(h-1)

CO2 conv. 
(%) MeOH CO

STY
(mgMeOH gZn

-1 h-1)

MOF-808-Zn-1 250 4500 0.6 94.3 5.7 190.7

MOF-808-Zn-2 250 4500 1.1 >99 0 178.1

MOF-808-Zn-3 250 4500 1.6 >99 0 185.1

MOF-808-Zn-4 250 4500 2.1 >99 0 182.9

UiO-66-Zn-4 250 4714 0 0 0 0

UiO-66-HCO2H-
Zn-4

250 4500 1.29 >99 0 135.2

UiO-67-HCO2H-
Zn-4

250 4800 1.53 >99 0 156.6

Reaction conditions: H2/CO2 = 3, P = 4 MPa, Time = 20 h.
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Figure S20. CO2 conversion and MeOH selectivity as a function of reaction temperature of 
MOF-808-Zn-4 for CO2 hydrogenation to methanol. Reaction conditions: GHSV = 4500 h-1, H2/CO2 
= 3, P = 4 MPa, Time = 20 h
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4.3 Additional characterization of the 13C-labeled experiment.

Figure S21. GC-MS spectra of the liquid products catalyzed by MOF-808-Zn using 13C-labeled 
13CO2/H2 as the feed gas. The peak m/z = 33 is attributed to 13CH3OH, indicating the carbon source in 
methanol product is all from CO2 gas.




