
Supplementary Information 
 

METHANE LIQUEFACTION: Selective Conversion of 

Methane to Cyclohexane via Surface-Hydrogen-Transfer 

Efficient Hydrogen-Transfer Catalyzed by GaN-Supported 

Platinum Clusters  

Li-Da Tan1, 3, Hui Su1, 3, Jing-Tan Han1, 3, Ming-Xin Liu1, 2, 3, Chao-Jun Li1, * 
 

1Department of Chemistry, and FQRNT Centre for Green Chemistry and Catalysis, McGill 
University, 801 Sherbrooke Street West, Montreal, QC H3A 0B8, Canada. 
2State Key Laboratory of Applied Organic Chemistry, College of Chemistry and Chemical 
Engineering, Lanzhou University, 222 Tianshui South Road, Lanzhou, Gansu, China 
730000. 
3These authors contributed equally: Li-Da Tan, Hui Su, Jing-Tan Han, Ming-Xin Liu 
*Corresponding author E-mail address: cj.li@mcgill.ca 
  



1. Experimental section 

1.1 Materials 

Commercial GaN catalyst (99.9 % purity) were purchased from Sigma-Aldrich and used 

without further treatment. Methane (99.99 % purity) was purchased from Air Liquide. All 

metal precursors (K2PtCl4, K2PdCl4, CuCl2, AgNO3, H2AuCl4∙3H2O, Ru3(CO)12), other 

catalyst supports (Ga2O3, TiO2, Al2O3, C3N4) and commercially available compounds, 

were purchased from Sigma-Aldrich and used without further purification. 

1.2 Synthesis of Ptx/GaN 

Pt/GaN was prepared based on the photodeposition method as reported.1 In the typical 

synthesis of Ptx/GaN (x=0.5 %, 1 %, 2 % and 4 %), K2PtCl4 (0.50 mg, 1.00 mg, 2.00 mg, 

and 4.00 mg) was dissolved in deionized water (6.00 mL) and methanol (2.00 mL) as stock 

solution. 20 mg of the GaN nanoparticles was dispersed in 4 mL of the stock solution in a 

quartz tube and was stirred under photoirradiation of xenon lamp (PE300 BUV) for 3 hours 

in argon gas. The suspension was collected by centrifugation and was washed with distilled 

water and methanol for three times each. The final sample was attained after drying under 

vacuum at 300 oC for 1 hour and then 100 oC overnight. 

1.3 Synthesis of Pt/Ga2O3, Pt/TiO2, and Pt/Al2O3  

The deposition of Pt on other catalyst supports (Ga2O3, TiO2, Al2O3) was based on the 

photodeposition method as reported.1 During the preparation, 1.00 mg K2PtCl4 was 

dissolved in deionized water (6.00 mL) and methanol (2.00 mL) as stock solution. 20 mg 

of the catalyst supports was dispersed in 4 mL of the stock solution in a quartz tube and 

was stirred under photoirradiation for 3 hours under a xenon lamp (PE300 BUV) in argon 

environment. The suspension was collected by centrifugation, washed with distilled water 

and methanol several times, and dried under vacuum at 300 oC for 1 hour and then 100 oC 

overnight. 

1.4 Catalyst activity test of methane liquefaction reaction 



All the tests were performed using Schlenk glassware or vacuum line techniques. Methane 

in this experiment was dried by passing through the column of MgSO4 and CuSO4 before 

the catalyst activity test. The catalyst activity test was performed in the 50 mL round bottom 

reactor at 250 oC, 300 oC, 350 oC and 400 oC, respectively. 20 mg of the catalysts were 

dispersed evenly at the bottom of the reactor and the closed reactor was heated to 400 oC 

under vacuum for 2 hours to remove the remaining water and other gas molecules (O2) on 

the surface of materials. The reactor was cooled to room temperature under vacuum. The 

catalysts were purged with methane and was vacuumed for three times before 2 mmol of 

methane was injected. During the rection, the reactor was heated to the desired temperature 

and kept for 2 hours. The organic products were analyzed and quantified by gas 

chromatography-mass spectrometry (GC-MS) with flame ionization detector (FID). For 

the reusability test, the used catalysts were evacuated at 500 oC under vacuum for 3 hours 

after each run to remove all the remaining reactant and products. After that, the reactor was 

cooled to room temperature under vacuum. The catalysts were purged with methane and 

was vacuumed for three times before 2 mmol of methane was injected. 

1.5 Catalyst characterization 

The bright field transmission electron microscopy (TEM) observations were carried out on 

FEI Tecnai G2 F20 S/TEM at accelerating voltage of 200 kV. The high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) characterization was 

carried out on a Hitachi HD2700 Cs-corrected STEM, which was used with a cold field 

emitter operated at 200 kV and with an electron beam diameter of ~0.1 nm. Spectroscopic 

mapping by energy dispersive X-ray (EDX) spectroscopy was performed using a 60 mm2 

silicon drift detector from Bruker. The X-ray photoelectron spectroscopy (XPS) was 

conducted on an ESCALAB 250 X-ray photoelectron spectrometer with a monochromatic 

X-ray source (Al Kα hv = 1486.6 eV), and the energy calibration of the spectrometer was 

performed using C 1s peak at 284.8 eV. The powder X-ray diffraction (XRD) patterns were 

obtained on a Bruker DD8 Advance diffractometer with Cu Kα radiation (𝜆𝜆=1.5418 Å). 



1.6 Calculation of Conversion and Selectivity 

The conversion of methane is determined as the ratio of moles of methane consumed during 

the reaction to the moles of methane added (ES1). The selectivity of cyclohexane is 

determined as the ratio of moles of cyclohexane produced in the reaction to the total mole 

of all hydrocarbon products in terms of carbon (ES2). 

Conversion of methane =  Moles of methane consumed
Moles of methane initially added

×100 % (ES1) 

Selectivity of cyclohexane= Moles of cyclohexane produced in terms of carbon
Moles of all hydrocarbon products in terms of carbon

×100 % (ES2) 

  



 
Figure S1. Representative GC-TCD chromatography of the gas sample obtained by 

Pt1/GaN at 300 °C after 2 h shown that the main by-product is H2 while no generation of 

oxidation and/or over-oxidation products like carbon oxide and/or carbon dioxide, 

suggesting GaN along with strong ability for direct activation of methane can push methane 

aromatization conversion to generate benzene and H2 gas. 
 

  



 

Figure S2. Typical HAADF-STEM images of Pt2/GaN and Pt4/GaN samples. It is 

observed that high metal loading samples showed obvious metal aggregation to form metal 

“island”. 
  



 

 

 

Figure S3. Representative GC-MS chromatography result for the gas sample after the 

hydrogenation of benzene over Pt1/GaN at 300 °C. It is noted that rather low concentration 

of H2 molecule is hard to trigger benzene hydrogenation, leading to zero cyclohexane 

production. Reaction conditions: 20 mg of catalyst, 4.5 μmol of benzene, 27 μmol of H2, 2 

h. 

  



Table S1. Results of various catalysts for the methane to cyclohexane conversion. [a] 

Entry Catalyst  Temperat

ure (oC) 

Conversion 

(%) 

Selectivity of 

cyclohexane (%) 

Yield (μmol/g) 

Cycloh

exane 
Benzene Toluene Xylene C2-C4 

 

1 GaN 300 0.14 / n.d.[b] 0.094 traces traces traces 

2 TiO2 300 / / n.d. n.d. n.d. n.d. n.d. 

3 Ga2O3 300 0.00014 / n.d. 0.012 n.d. n.d. 0.020 

4 ZnO 300 0.00035 / n.d. 0.045 0.0085 n.d. 0.015 

5 Pt1/TiO2 300 / / n.d. n.d. n.d. n.d. n.d. 

6 Pt1/Ga2O3 300 0.0012 49.19 0.11 0.12 n.d. n.d. 0.015 

7 Pt1/ZnO 300 0.0015 44.42 0.11 0.15 n.d. n.d. 0.013 

8 Pt1/GaN 300 0.040 88.90 6.49 0.71 n.d. n.d. 0.23 

9 Pt0.5/GaN 300 0.0046 / n.d. 0.83 n.d. n.d. 0.058 

10 Pt2/GaN 300 0.026 59.54 2.69 0.68 1.01 n.d. 0.30 

11 Pt4/GaN 300 0.0021 61.19 0.11 0.15 n.d. n.d. 0.013 

12 Pt1/GaN 250 0.00049 92.67 0.084 0.0024 n.d. n.d. 0.0050 

13 Pt1/GaN 350 0.048 41.77 3.32 5.64 n.d. n.d. 0.76 

14 Pt1/GaN 400 0.13 11.82 2.39 4.22 4.85 7.44 1.31 

[a] Reaction conditions: 20 mg of catalyst, 2 mmol of methane, 2 hours. After the reaction, the 

reaction products were analyzed and quantified by GC-MS with FID detector. 

[b] Not detectable.  

  



Table S2. Results of methane transformation into cyclohexane over Pt1/GaN.[a] 

Entry Catalyst 
Time 

(min) 

Conversion 

(%) 

Selectivity of 

cyclohexane (%) 

Yield (μmol/g) 

 

Cyclohe

xane 
Benzene Toluene Xylene C2-C4 

1 Pt1/GaN 10 0.015 / n.d.[b] 1.43 n.d. n.d. 0.028 

2 Pt1/GaN 20 0.027 49.26 2.54 1.72 n.d. n.d. 0.013 

3 Pt1/GaN 30 0.022 89.70 3.67 0.43 n.d. n.d. 0.073 

4 Pt1/GaN 60 0.055 88.16 8.81 1.24 n.d. n.d. 0.18 

5 Pt1/GaN 90 0.051 87.00 8.00 1.24 n.d. n.d. 0.20 

6 Pt1/GaN 120 0.062 86.77 9.79 1.56 n.d. n.d. 0.23 

7 Pt1/GaN 150 0.049 83.88 7.48 1.46 n.d. n.d. 0.26 

8 Pt1/GaN 180 0.060 87.35 9.56 1.39 n.d. n.d. 0.27 

9 Pt1/GaN 300 0.17 91.48 28.78 2.94 n.d. n.d. 0.29 

[a] Reaction conditions: 20 mg of catalyst, 2 mmol of methane, 300 oC. After the 

reaction, the organic products were analyzed and determined by chromatography- GC-

MS with FID detector. 

[b] Not detectable. 
  



Table S3. Results of methane transformation into cyclohexane over the mixture of 
commercial Pt/C and GaN[a] 

Entry Catalyst 

Reaction 

time 

(min) 

Conversion 

rate (%) 

Selectivity of 

cyclohexane (%) 

Yield (μmol/g) 

Cyclohe

xane 
Benzene Toluene Xylene C2-C4 

1 5%Pt/C+

GaN 

30 0.000063 / n.d.[b] 0.0075 n.d. n.d. 0.000012 

2 5%Pt/C+

GaN 

60 0.00036 / n.d. 0.063 n.d. n.d. 0.000013 

3 5%Pt/C+

GaN 

90 0.00044 / n.d. 0.083 n.d. n.d. 0.0037 

4 5%Pt/C+

GaN 

120 0.00059 / n.d. 0.10 n.d. n.d. 0.008 

5 5%Pt/C+

GaN 

150 0.00084 / n.d. 0.15 n.d. n.d. 0.010 

6 5%Pt/C+

GaN 

180 0.00097 / n.d. 0.17 n.d. n.d. 0.013 

7 5%Pt/C+

GaN 

300 0.0010 / n.d. 0.18 n.d. n.d. 0.010 

[a] Reaction conditions: 20 mg of catalyst, 2 mmol of methane, 300 oC. After the 

reaction, the organic products were analyzed and determined by chromatography- GC-

MS with FID detector. 

[b] Not detectable. 
  



Table S4. Reusability results for methane transformation over Pt1/GaN.[a] 

Entry Catalyst 
Conversi

on (%) 

Selectivity of 

cyclohexane (%) 

Yield (μmol/g) 

Cyclohe

xane 
Benzene Toluene Xylene C2-C4 

1 Pt1/GaN 0.039 88.58 6.34 0.81 n.d.[b] n.d. 0.16 

2 Pt1/GaN 0.042 85.49 6.52 1.05 n.d. n.d. 0.26 

3 Pt1/GaN 0.041 87.33 6.53 0.89 n.d. n.d. 0.25 

4 Pt1/GaN 0.040 86.54 6.30 0.94 n.d. n.d. 0.22 

5 Pt1/GaN 0.040 87.04 6.39 0.92 n.d. n.d. 0.21 

[a] Reaction conditions: 20 mg of catalyst, 2 mmol of methane, 300 oC. After the 

reaction, the organic products were analyzed and determined by chromatography- GC-

MS with FID detector. 

[b] Not detectable. 
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