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Һ ȁ ⇔ ̔ 

 

• ᵞ └  

̂Һ №ҹ ̃ ԍ Ҍ Ῥ ̆ῒ ⱴ ғῃҕ ῤ

Ữ ү Ȃֲױѿ ᵥ № ѿ ҹ

ȂῒҬ̆ ᵞ └ ӊѿ̆ᵖ Ӟ Ỳ

Ȃ № C-H ̆ Ȃ ғῒ ֟ №

ⱴ ̆֟ ᴆҊ ᵞ Ȃ 

Cu/ZSM-5№ ץ ⱴ ᵞ └ Ȃp ᴰ Cu/ZSM5

Ỳ ╕Ҭ ᵝ ῃ 5%̆ғ ᵝ № ȁ Ҍ

Ȃ ҹ̆ Cu/ZSM-5№ Ҭ № ԅ № ̆ ԅѿ

ᴇ№ № ׆ ⱬ Ȃ ᴇԅ

Ỳ ╕ ᴆҊ ⱬ Ȃ ᴆҊ ң ҹ

Ȃ ԅ ╠ CuOCu
2+

̆ ׆ ҉ ԅZSM-5 № Ӟ

ץ ҈ Cu3O3
2+

Ȃ ң №

ԅ ׆̆ ҉ ₮ԅ C-H [O•
,−

҉ץ ᵬ ҉̆ ׆ ҉ Cu/MOR№ Ҭ Cu ԅ

ⱬ № ̆ ̆ ᴆҊ ױ ҈ Cu

] Ȃ ғ ҈ ΐ

└ Ȃ 

3O3
2+

№ ᵬ J. Catal., 2016,338:305-312̕Nat. Commun., 2015, 6:7546 

Ӟ ץ

Ȃ ҉̆ ҍױ ᵬ ̆ ⱳ ₮ԅץ ѿ҈

ҹҺ Cu/MOR№ ̆ ԅ ᾣ Ȃ ̆ ғῒ

֟ ╠ Cu/ZSM5№ ₮ԅѿҩ Ȃ 

• Ỳ ╕ ᴨ  

ѿ ғ Ȃ ԋף Һ ≠ Ҭ ү

̆ ῒ ҹ ⱴṿ Ȃ ῏

ӊѿ ᵥ ῒ №- - ҹ № Ȃ ᵥ

׆ 5-Hydroxymethylfurfural (HMF̃̆ ῤ

῍ ῏ Ỳ ӊѿȂ 

╠ ΐף Ỳ ╕ Sn/BEA № Ȃ ԅ₃ Sn/№ ᵣ

̆ Sn/BEA ₮ ᴨ ̂ └ HMF ‗ ̆

҈ HMF̃ Ỳ Ȃҹԅ ῀ № ȁ

̆ ῖ № ̂Sn/BEA S̆n/ZSM5 S̆n/MOR S̆n/MWW̃

ԅ Ȃ ҉ ῀ Sn Lewis Ҭ ̆

№ ȁỲ ‗ −№ ῤ C2C1 − ⱬ № Ȃp



≢ᵣ № ῀№ ֟ ׆ ᵝ ҍ№

῏ ȂSn/BEA№ ҍ № ꜚⱬ ̆

Ḡ ᾟ№ ῤ Sn ᵝ̆ ᶫ Ȃ

Sn/BEA ῒ₃ז ᵣ Ỳ Ȃ 

̆ ̆ Sn Lewis Ỳ № ῤ Ȃ

ᵖ ̆ Sn Lewis Ҭ ῀ ᴰ ̆׃ SiOH ᵝ

╕№ ̆↕ ᵞῒ ̆Ḇ Ȃ ҹ SiOH №

C2ᵝ OH ⌠ C1=O ҍ̆ Lewis Ҭ ̆ ץ

C1=O Ȃ ғ̆ ӞḆ ԅ C2-C1 Ҭ ̆

ҹץ C2C1 ⌠ ꜚ Ȃ ױ ₮ԅ Lewis ᶫᵣ

Ȃ ╠ ױ Ȃ 

⌠ № ᵬ ̆ҹԅ № Ҭ ̆ ԅ

Ỳ ╕Ȃ ױ ԅ WO3·H2Oᵬҹ Ȃ ҹ

№ ̆ ₮ № Ȃ ҍ

ѿ ̔WO3·H2

҉̆ ѿ ῒז ᵣ ԅ ᴨ Ȃ ѿ

↓ ̆ Ti

O № ╕№ ѿ ҹ Ҭ № ῤ

ᶫԅᴨ ᴰ ̆ΐ Ỳ Ȃ 

4+
Nb

5+
WO3·H2Oҍ WO3·H2

῏ ᵬ ChemSusChem, 2016, 9:1-10̕ACS Catal., 2016, 6:4162-4169; 
ChemCatChem, 2015, 7 (7):1152-1160̕Catal. Sci. Technol., 2014, 4 (8):2241-2250 

O ΐ Ỳ

Ȃ ѿ № ῀ ץ Ҭ ̔ ᵝҌ

Lewis Ҭ ₮ Lewis ̆ ԅ ᵝ Ỳ Ȃ

ᵬ ₮ ᴨ ᵬ Ỳ ╕Ȃ 

• Fe/ZSM-5Ҭ № ῒỲ  

ᴧ №̆ ᵣ Ҭ ῀ ̆ ץ ῒ Ỳ ̆

ᶏӊΐ ⱴ ╠ Ȃ ̆ ZSM-5 № Ҭ ῀ ᶏӊΐץ

№ N2

ץץ № ҬȂ ̆ ȁ ȁ

ᵞ ̆ Ȃ

⌠ Ḥ ̆ ץ ᵣ Ҭ Ȃҹԅ ‗ ҩ

̆ ԅѿ ץ ᴇ № Ҭ Ȃ ᶏץ

ױ ₮ Ҋ № Ҭ

ᵝȂ Ҋ Һ ץ [FeOFe]

Oȁᵞ ⱬ̆ ץ ѿ ⌠ ̆֟

99%ȂFe/ZSM-5 Ỳ Ҭ ̆ᵖ ԍ Ỳ ╕ Ҭ

҉ׅ Ԉ Ȃ 

2+
[FeO2Fe]

2+
№≢ ̆



ᴆҊ↕ץ [OHFeOFeOH]
2+
ҹҺȂ Fe

2+

҉ץ ҉̆ Fe/ZSM-5Ỳ └ № N

ᴨᾢ Έᾝ

ҬȂ ᴇ№ Ҭ ⌠ῒזᵣ ̆ ῒז Ȃ 

2O ԅ

Ȃ Ҭ̆ α- Ҍ ᵝ ̆ᵖ Fe
2+

№ ѿ Ȃ Һ ҹ№

Ḇ ᵬ Ȃҍ Ҍ ̆ ҉ Fe
2+

  ̆ Ỳ № N

ᵞȂᵖ ̆ ԍ

̆ ѿ № ҉Ȃ ԍ

ҩ◐ ғҌ ̆ ҉Ҍ Ỳ Ȃ ̆

Ӟ ֟ Һ ╠ ᵣ̆ ᶏỲ ╕ Ȃ 

2O Ҭ̆ ҩN2O№ ̆ᵖ ῒ ѿ

Ỳ N-O ⱬ № ̆ ѿ ᵝ҉ O2 Ȃ ӊ̆

N2O ⱬ ԍ Ȃ ғ N2O ̆ ⱴᴪ

ᵝ ̆Ӟ ᵣ ̆₮ ֜

ȂDFT ꜚⱬ № ѿ ̆ ‗ Ȃ

ᵞ N2O№ ‗ ̆ᵖ ̆O2 ҹ‗ ̆ Ῥ ѿ

̆ ԍN2O ̆N2

№ ̆ └ № ̆

Ҭ ↕ N

O№ ҹ Ȃ 

2

• ᾣ ᾣ  

O№ ≠Ȃ № ҍ ⌠ ̆ғ

ԅ ⌠ Fe ҍ ӊ ῏ Ȃ ῏ ᵬ ̔ACS Catal, 2015, 
5:7024-7033 J̕. Phys. Chem. C, 2013, 117 (1):413-426 J̕. Catal., 2013, 308:386-397 J̕. Catal., 
2013, 301:77-82̕J. Catal., 2011, 284 (2):194-206 

ҹԅ ̆ ≢ Ỳ ̆ ῏

Ȃ ╠ᴰ ׅ ⌠ ֓ ̆ ꜚⱬ ץ ⌠ѿ ᵬ Ȃ

ᾣ ᾣ ̆ ῒ ꜚᾣ ᾣ ̆ ԋ ̂ECD ȁ̃ ꜚ ԋ ̂VCD̃

ᾣ ᾣ ̂ROÃ̆ № ҹ ȂῒҬ ROA

ᵣ Ҭ № ΐȂ 

DFT ҍ ̆ № ᾣ ԅ Ȃ≠

ᾣ ᾣ ԅҌ Ȃ ᾣ ԅ ̆

№ ԅҌ № ROA ≢ Ȃ׆ Ҭ ROA

ᾣ ̆ ROA ȁ Ẽ Ẽ á(G') ROA

Ḥ ‗ ᵬ Ȃ 

ԅL- ROAᾣ pHṿ Ȃ ~940 cm-1
g5 ҍ Cαӊ

ROA ∞ᵬҹץ Ḥ ȂҍCOOH/COO-̂g1̃ ῏ ԅ№

№ pHṿ Ȃ ԅD- ῤ № ᾣ ҍ ӊ ῏



Ȃ ᵬ Ȃ 

ECDȁ ROA ᾣ ԍ№ № ̆ ҉

ROA ҉ ₮ ԅ Ȃ Ҍ ף ץ Ҍ ᵝף Aldol

֟ ECD ᾣ ԅ Ȃ ֟ ⌠ ҍ ῍

ȁ ҉ Ҭ Ȃ 

҉ץ ᵬ ץ ₮̆ ᾣ ȁ Ḥ ֟ ȁ

№ ᾣ Ҍ ף ᵬ Ȃ ̔J. Raman 
Spectrosc., 2012, 43 (4):503-513 C̕hirality, 2012, 24 (9):731-740 J̕. Phys. Chem. C, 2011, 115 
(4):972-981̕J. Phys. Chem. A, 2011, 115 (8):1340-1349̕PhysChemChemPhys, 2010, 12 
(12):3005-3013̕Sci. China, Ser. B, 2009, 52 (5):552-558 
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ⱴ῀ ╠ ̆ ӟ ץ̆

ҍ ᵬ ҹ ̆ Ҋ҈ҩץ ᵬ̔ 

• Ỳ CO2+H2

₮ Ҋ C̆O

 

2Ỳ ⱴ └ Ỳ

Ȃ ץ ⌠ CO2 ᵣ ̆ ғ֟

֟ ⱴṿ ̆ ‗CO2⁞

ӊѿ,ΐ ȁ Ḡȁ ӈȂ ╠ ҙ CO2+H2

Ỳ ╕ Cu/ZnO/Al2O3ᵣ ̆ᵖ ᵣ ҬCO2

ԍ Ỳ ᵣ ̆ ῒ № ̆Ỳ ╕ Ҍ ᴆ

̆ ᵝ ѿ Ỳ ╕ᴨ Ỳ ᵣ

Һ Ȃ Ҋ̆ ⌠Ҍ ף ȁ׆ Ỳ

╕ ᵬ Ȃ ̆ ׆⅞ ῀ ̆

₱ ̆ Ỳ ╕ ȁ ᵝ ҍỲ ӊ ῏

῀ ׆̆ ҉ ᵥ CO

֟̆ל ᵞȂ Ỳ ╕ ȁỲ ȁ Ỳ

╕ Ỳ ╕ ⱬ ₃ҩ῏ Ȃ 

2+H2

• ᾣ ᾣ  

Ȃҍ

ᵬ ℗ ̆ ᵬ № Ȃ ̆

̆ ῒז Ỳ ᵣ ̆ҹ

ᶫ ᴇṿ ᵣ ᴨ Ȃ  

Ȃ ױֲ № ̆ ≢ №

̆ № ᵣ ̆ ҹ

῍ ῏ ӊѿȂ ᾣ ᾣ ̆ ≢

ԋ ̂ECD ȁ̃ ꜚ ԋ ̂VCD̃ ᾣ (ROA)ᾣ ̆ ῒ

̆ ԍ № № ȂῒҬ ROA ᾣ ≢ ԍ

Ҭ № ̆ ѿ ᶏ ԍῒזᾣ №

̆ ≢ № ᴆҊ ̆ ᴨלȂ 

ROA ᾣ ץ ᶫ ү ꜚ ̆ ҍ№ ῏ Ḥ

Ȃᵖ ԍ ROA ᴧ ̆ ≢ № ̆ ̆

ⱴ҉ ╕ ̆ ROA ԅ Ȃ ҍ

╠ᾣ Ҭ Һ Ȃ ᾣ

̆ ⅞ Ҋץ ̔ ᾢ ᵥ ROA ᾣ

ᵣ ╕ Ḥ ȂROA Ҭ ╕ҹ ̆ ױ

- ╕ӊ № ԑᵬ Ȃp ⌠ ╠ҹ ̆ ╕



ׅ ROA ᾣ Ҭ ΐ Ȃ ҩ ҉ ∆ ⅞ ₃ҩ

ף ᵣ ̆ № ꜚⱬ ҍ QM/MM ╕- ԑᵬ

῀ Ȃ ̆ ԍ № ̆ ױ Ҭ ץ

ȂROA ԑ ⱴ Ȃ ̆

№ ꜚⱬ DFT ̆ № ҍ ROAᾣ ӊ ῏ ̆ҹ

῀ ROA ᶫ ᶭ Ȃ 

R̆OAᾣ ҉ ԅ ᴆҊ ̆p ԍ

ᾣ Ẓ ῀ Ẓ ᾣ ̆ᶏ Ḥ ᾣ
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• Ỳ ╕ ῒ  

̆ ғ Ḥ Ȃ

ᵥ ROAᾣ Ḥ Ӟ Ȃ ᵥ ѿ֓

ᵣ ̆ ῍ ̆ ROAᾣ Ḥ Ḥ Ȃ 

≠ ᾣỲ № └ ̆ Ữ ҹ

̆ ף ╠ᴰ Ȃ Ҭ

43% № ᾣ ̆ 4% Ȃ ̆

ᾣ ᵣᾣỲ ≠ ῏ ȂᾣỲ №

֟ ֟ ңҩ Ȃ ᾣ ῃ№ ̆ ֟

ᾣỲ № Ȃ ̆

ᴨ ᾣ ᾣỲ ֟ Ỳ ╕̆ ᵥ

ᾣ № ᴰ ̆ҹ ᾣỲ ῃ№ ᶫ ‗ Ȃ 

ѿ ̆ ᵣ №׆ ҉ ῀ ᾣỲ

№ ӊ Ȃ ∆ ⅞ ȁ ȁ

ȁҌ ᾣ - ꜚⱬ ᴰ └̆ ᾣỲ №

῀ ̆ ╕ ̆ ץ

ᾣỲ ╕Ȃ ȁ└ ᵝ ̆

№ ◄ḱ ̆ ᵣ ̆

ᴇ ᵝ ̆ ῒᾣỲ № Ȃ ѿ

ᴇ̆ ץ ᾣỲ Ȃ

Ῥ ѿ ᾣỲ № ̆ ץ ѿ֓

⇔ ΐ ᾣ ᾣỲ № Ȃ 

ӊ̆Ỳ ᴆ̆ ҉ ԍ

ᾢ ᵝ ̆ ֓ ᴨ Ḃ≠ ᴆ

ᵬȂ ̆ Ỳ ҩ

̆ ȁ Ỳ ȁ Ỳ ȁ ᾣỲ

ҍ ℗ ᵬ ̆ҹ ѿᴍⱬ Ȃ 



 

ᴆ̔ 

̂ ȁ ȁת ȁֲ ̆ ᴆ

ᶭ ̃ 
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