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1. Materials  

The gases CO2 (> 99.997%) and O2 (> 99.999%) were supplied by Shanghai Chengkung Gas Co., 

Ltd. Metallic Zn (A.R.), zinc nitrate hexahydrate (A.R.) and zinc acetate dihydrate (A.R.) were 

purchased from Sinopharm Chemical Reagent Co., Ltd. The NaY zeolite was prepared by the 

procedure described in the literature. (L. Li, X. S. Zhou, G. D. Li, X. L. Pan and J. S. Chen, Angew. 

Chem. Int. Ed., 2009, 48, 6678.) The ICP analysis and 29Si MAS NMR spectroscopy indicated that the 

molar composition of the NaY was approximately Na[AlSi2.46O6.92]. 

2. Experimental Section 

2.1 Preparation of HY 

The protonated zeolite Y (HY) samples were prepared by calcining their corresponding 

NH4-forms in oxygen, whereas the NH4-form Y materials were obtained through a four-fold ion 

exchange process from the corresponding Na-forms at 80 ºC in a 1.0 M aqueous solution of 

ammonium chloride. When an ion-exchange degree of 86 % for zeolite Y was reached, the material 

was washed in deionized water and dried in an oven at 110 ºC for five hours. Subsequently, the 

NH4-form zeolite sample was calcined in oxygen at 500 ºC for 10 hours to achieve the corresponding 

protonated form. The ICP analysis and 29Si MAS NMR spectroscopy indicated that the molar 

composition of the HY was approximately H0.86Na0.14[AlSi2.46O6.92]. 

2.2 Preparation of Zn2+-Y 

The Zn2+-Y sample was prepared by calcining in oxygen at 500 ºC the Zn2+-exchanged Y which 

was obtained through a four-fold ion exchange process from the corresponding Na-form Y zeolite at 

80 ºC in a 1.0 M aqueous solution of zinc nitrate. The ICP analysis and 29Si MAS NMR spectroscopy 

indicated that the molar composition of Zn2+-Y was approximately Zn0.43Na0.14[AlSi2.46O6.92]. 

2.3 Preparation of Zn2+-Y- 

The electron-rich Zn2+-Y- material was prepared by vapor chemical reaction of metallic zinc in 

the cages of the HY zeolite. First, the HY sample and the metallic zinc were loaded into a Pyrex® (a 

registered trademark of Corning Incorporated) glass tube at different locations, and the tube system 

was then evacuated at 500 °C (at the zeolite location) for two hours to remove the water and other 

molecules adsorbed in the zeolite. Afterwards, the tube with both ends sealed was heated at about 500 

°C so that the metallic zinc vaporizes to react with the protons in the HY material. Following this 

treatment for about 40 hours, the Pyrex® glass tube was evacuated at 450 ºC for another six hours to 

remove the physically adsorbed Zn atoms (See the schematic preparation procedure). The ICP analysis 

and 29Si MAS NMR spectroscopy indicated that the molar composition of Zn2+-Y- was approximately 

Zn0.53Na0.14[AlSi2.46O6.92]. 

2.4 CO2 decomposition 

The decomposition of CO2 was conducted in a Pyrex® glass tube reactor loaded in a tube furnace. In 

order to prevent the electron-rich Zn2+-Y- sample from deactivation by air and moisture, the 

experiments were performed under dry Ar atmosphere or vacuum using Schlenk glassware, glove box 

or vacuum line techniques. After reaction, the resulting zeolite sample was taken out from the reactor 

in the glove box, and for the following characterization the sample was always under the protection of 

argon gas. The gas reactant and product were collected from the reaction system with a syringe and 
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analyzed on a Shimadzu GC-2014 gas chromatograph with a Paropak Q, TDX-01 column; column 

temperature, 70 ºC; carrier gas, H2; total flow, 30.0 mL/min; injection detector temperature, 100 ºC; 

thermal conductivity detector (TCD) temperature, 120 ºC. The carbon content in the solid after the 

decomposition reaction was obtained on a Vario EL III CHNS/O elemental analyzer. 

3.  Characterization Results, Figures and Table 

3.1 Material characterization 

  The powder X-ray diffraction (XRD) patterns were recorded on a Rigaku D/Max 2550 X-ray 

diffractometer with Cu Kα radiation (λ =1.5418 Å). The electron paramagnetic resonance (EPR) 

spectra were obtained on a JES-FA 200 electron paramagnetic resonance spectrometer, and the 

instrumental parameters were as follows: scanning frequency, 9.45 GHz; central field, 3360 G; 

scanning width, 8000 G; scanning power, 0.998 mW; scanning temperature, 25 ºC. The magnetic 

susceptibility data were recorded on a Quantum Design MPMS-5T SQUID magnetic property 

measurement system. A Perkin-Elmer Optima 3300DV inductively coupled plasma (ICP) spectrometer 

was used for the ICP elemental analysis. The 29Si MAS NMR measurements were performed on a 

Varian Infinity plus 400 NMR spectrometer. 

The X-ray absorption data at the Zn K-edge of the samples were recorded at room temperature in 

transmission mode using ion chambers at beamline BL14W1 of the Shanghai Synchrotron Radiation 

Facility (SSRF). The station was operated with a Si (111) double crystal monochromator. During the 

measurement, the synchrotron was operated at 3.5 GeV and the current was between 150-210 mA. The 

data for each sample were collected three times and calibrated with standard zinc metal foil. Data 

processing was performed using the program ATHENA. All fits to the EXAFS data were performed 

using the program ARTEMIS. 

 

3.2 Proportion of Zn atoms reducing one proton each in the Zn2+-Y- sample  

The proportion (x%) of the Zn atoms that reduced one proton each among the total incorporated Zn 

atoms can be calculated through Equation-S1 derived from charge balance requirement. 

 

R(Zn/Al) and R(Na/Al) are the measured atomic ratios of Zn/Al and Na/Al, respectively, on the basis of 

the ICP analysis. x% is the percentage of the Zn atoms reducing one proton each whereas (1-x%) the 

percentage of the Zn atoms reducing two closely-positioned protons each among the total zinc atoms 

incorporated in the zinc-modified zeolite Y. 

The value of x % is calculated to be about 38 % in our Zn2+-Y- sample. 

 

3.3 Carbon Mass Balance 

The calculation of the carbon balance during the decomposition of CO2 was performed based on 

the ratio of carbon output (carbon or CO) to carbon input (CO2), as shown in Equation-S2: 
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As an example, Entry 1 of Table 1 in the main text presents the amount variation for the reactant 

(CO2) and for the products (C and O2) during the reaction. The data indicate that after 8 hours, the 

amount of CO2 varied from the initial 4,000 to 3,580 μmol, and none of carbon monoxide (CO) was 

detected in our system. The deposited carbon amount was 425 μmol. Therefore, according to 

Equation-S2, the value of the carbon balance under this condition is calculated to be: 

Carbon balance = [(3580 + 425)/4,000] × 100 % = 100.1% 

 

Figures and Table 

 

 
Figure S1. Schematic preparation procedure for the Zn2+-Y- sample. 
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Figure S2. XRD patterns for the samples of zeolite HY, Zn2+-Y , and Zn2+-Y-. 

 

 

 

 
Figure S3. Gas chromatographic (GC) profiles of gases in the reaction system (a) before and (b) after 

reaction with Zn2+-Y- sample . The tiny O2 peak in (a) is attributed to air in the gas chromatograph or 

injector. These results unambiguously demonstrate that the evolved O2 molecules are generated from 

the consumed CO2 molecules. 
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Figure S4. Color changes for Zn2+-Y- and Zn2+-Y samples during the decomposition of CO2 at 300 ºC 

for 24 hours. (A) Zn2+-Y- before (left) and after the CO2 decomposition reaction (right); (B) Zn2+-Y 

before (left) and after (right) the CO2 decomposition reaction. 

 

 

 

 

 
Figure S5. The activation performance of the Zn2+-Y- sample on the basis of gas-chromatographic 

(GC) traces. Typical reaction conditions: CO2, 4,000 μmol; Zn2+-Y- sample, 1.0 g; reaction temperature, 

300 ºC; reaction time, 24 hours; reactor volume, 90 cm3. When the reaction was terminated after 24 

hours, the product O2 and the reactant CO2 were both extracted from the Schlenk glassware reactor at 

300 ºC. Afterward, the amount of 4,000 μmol reactant CO2 was introduced into the reactor again for 

the following decomposition reaction. The result unambiguously demonstrates that the Zn2+-Y- sample 

retained its oxygen evolution activity after the extraction treatment. 
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Figure S6. The recycling results of the Zn2+-Y- sample by removing carbon. Typical reaction 

conditions: 4,000 μmol CO2, 1.0 g Zn2+-Y- sample, 300 ºC, 8 hours. After the reaction, the product O2 

and the reactant CO2 were both extracted from the Pyrex® reactor at 300 ºC. Then the Zn2+-Y- sample 

in the reactor was calcined to remove the carbon entirely at 500 ºC for 6 hours in an O2 flow. 

Afterward, the O2 was evacuated completely from the Pyrex® reactor at 500 ºC for 2 hours. The 

Zn2+-Y- sample without carbon and oxygen in the reactor was reused for the next run. The result 

demonstrates that the activity of the Zn2+-Y- material can be recovered if the deposited carbon species 

are removed by calcination. 

 

 

 
Figure S7. XRD patterns for the Zn2+-Y- sample (a) before and (b) after the decomposition reaction. 
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Figure S8. A typical EPR spectrum of the superoxide radical anions registered for the Zn2+-Y- sample 

after adsorption of pure O2.  

 

 

 

 
Figure S9. Fourier-transformed results of Zn K-edge EXAFS spectra for the Zn2+-Y- sample during the 

reaction. Zn2+-Y- sample (a) before the reaction, (b) after the reaction for eight hours, and (c) followed 

by evacuation of O2 at 300 ºC for four hours. 
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Figure S10. Amount of evolved O2 based on gas chromatographic (GC) trace versus temperature. 

Reaction conditions: 800 μmol CO2, 0.2 g Zn2+-Y- sample, 8 hours. 

 

 

 

 

Table S1. EXAFS results of Zn K-edge for the Zn2+-Y- sample during the reactiona 

Zn2+-Y- sample Shell CN R (Å) 103 Δδ2 (Å)2 ΔE0(ev) 

a O 3.6 1.98 7.2 1.4 

b O 4.1 1.98 8.4 0.2 

c O 4.2 1.98 8.8 4.7 

a The accuracies of these parameters are estimated to be as follows: coordination number (CN), ± 10%, 

distance R, ± 0.02 Å; Debye-Waller factor Δδ2, ± 10%; and inner potential ΔE0, ± 10%. 

 

 

 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


