
Supporting Information

Zinc Containing Small-Pore Zeolites for Capture of Low
Concentration Carbon Dioxide
Donglong Fu, Youngkyu Park, and Mark E. Davis*

anie_202112916_sm_miscellaneous_information.pdf

http://orcid.org/0000-0002-5680-6279
http://orcid.org/0000-0002-5680-6279
http://orcid.org/0000-0001-7328-7565
http://orcid.org/0000-0001-7328-7565
http://orcid.org/0000-0001-8294-1477
http://orcid.org/0000-0001-8294-1477


 

S1. Chemicals ............................................................................................................................................... 2 

S2. Synthesis of materials ............................................................................................................................. 2 

S3. Characterizations .................................................................................................................................... 4 

S4. CO2 adsorption performance testing ...................................................................................................... 4 

S5. Estimation of desorption kinetic parameters using temperature programmed desorption (TPD) .......... 5 

S6. Supplementary Figures S1-S32 and Tables S1-S8 ............................................................................... 6 

S6.1. Physicochemical properties of the zeolite materials studied in this work ........................................ 6 

S6.2. Research setup and methodology for the adsorption/desorption measurements ......................... 11 

S6.3. Overview of CO2 adsorption capacity for materials tested in this work. ........................................ 12 

S6.4. Detailed adsorption results from CHA zeolites and other tested materials ................................... 14 

S6.5. Kinetics for desorption using temperature programmed desorption ............................................. 19 

S6.6. FT-IR spectra of CO2 adsorbed in Zn-CHA and FAU zeolites ...................................................... 21 

S6.7. Recyclability of Zn-CHA zeolites for CO2 adsorption/desorption ................................................... 22 

S6.8. CO2/Water adsorption experiments ............................................................................................... 23 

S6.9. Zn-density dependent CO2 adsorption performance ..................................................................... 24 

S6.10. Zinc state and location/environment in Zn-CHA zeolites............................................................. 25 

S6.11. Control experiments for the identification of adsorption sites for CO2 in Zn-CHA zeolites ......... 34 

S6.12. Examination of CO2 adsorption in Zn ion exchanged zeolites with different topologies ............. 44 

S7. References ........................................................................................................................................... 48 

 



S1. Chemicals 

All materials for synthesizing zeolites were used as-received without further purifications from the stated 

vendors. The moisture contents of the solid sources were determined by thermogravimetric analysis (TGA). 

Ludox-AS40 (40 wt% silica dispersed in water, Sigma-Aldrich) and sodium silicate (homemade, SiO2: 38.3 

wt%, SiO2/Na2O: 3.22) were used as silica source. Aluminum sources are aluminum isoporoxide (≥98%, 

Sigma-Aldrich), aluminum hydroxide powder (63 wt% Al2O3, Pfaltz & Bauer), Reheiss F2000 (Al(OH)3, 45% 

H2O) and FAU zeolites with a Si/Al ratio of 12 (denoted as FAU2). The organic structure directing agents 

(OSDAs) are N,N,N-trimethyl-1-adamantammonium hydroxide (25 wt% in H2O, TMAdaOH, Sachem), N,N-

dimethyl-2,6-dimethylpiperidiunim hydroxide (home synthesized), 1,4-diazabicyclo[2.2.2]octane-C4-diquat 

dibromide (provided by Dr. Stacey I. Zones at Chevron). Alkaline aqueous solutions are NaOH (10 wt%, 

homemade), NaOH (50 wt%, Sigma-Aldrich), NaOH (1M, VWR), KOH (45 wt%, Sigma-Aldrich) and CsOH 

(50 wt%, Acros Organics). The salts used for ion exchange are zinc(II) acetate dihydrate 

(Zn(CH3CO2)2•2H2O, ≥ 98%, Sigma-Aldrich), copper(II) nitrate trihydrate (Cu(NO3)2•3H2O, 99-104%, 

Sigma-Aldrich), zirconium(IV) oxynitrate hydrate (ZrO(NO3) 2•xH2O, 99%), indium(III) nitrate hydrate 

(In(NO3) 3•xH2O, 99.9%, Sigma-Aldrich), iron(III) nitrate nonahydrate (Fe(NO3)3•9H2O, 99.95%, Sigma-

Aldrich), cobalt(II) nitrate hexahydrate (Co(NO3)2•6H2O, ≥98%, Aldrich). 

S2. Synthesis of materials 

CHA-type zeolites (SSZ-13 and high aluminum CHA-type): 

The synthesis of SSZ-13 zeolite with Si/Al ratio higher than 6 was modified from the method in international 

zeolite association (http://www.iza-online.org/synthesis/default.htm). A molar ratio of 1 SiO2/ X Al2O3/ 0.2 

TMAdaOH/ 0.2 NaOH/ 44 H2O was used in the synthesis solution (X was calculated based on the targeting 

Si/Al). Typically, a 25% solution of the OSDA (TMAdaOH) was added to NaOH aqueous solution and stirred 

for 10 min at room temperature (RT). Then aluminum isoporoxide was added. After 21 h stirring at RT, 

Ludox-40 was added and stirred 26 h before charging the solution into Teflon-lined Parr autoclaves. SSZ-

13 zeolites with lower Si/Al ratio (Si/Al= 5, CHA5) was synthesized following the method from Deimund et 

al.[1]. The molar composition of the synthesize gel is: 1 SiO2/0.078 Al2O3/0.2 TMAdaOH/0.2 NaOH/40 H2O. 

Reheiss F2000 and fume silica were the aluminum and silicon source, respectively. The gel was stirred 

until it was homogeneous. The solution was placed in a Teflon-lined Parr autoclave and heated in a rotating 

oven to 160 °C for approximately 7 days.  

High-aluminum CHA-type zeolites (Si/Al= ca. 2, CHA2) were synthesized using the method reported by Liu 

et al.[2] The molar ratio in the gel was: 1SiO2:0.2Al2O3: 0.39K2O:0.3NH4F:35H2O. First, aluminum hydroxide 

was dissolved in a KOH aqueous solution, which was under heating at 80 °C. After cooling down, required 

amount of ammonium fluoride and colloidal silica were added. This mixture was stirred at room temperature 

for 6 h to form a milk-like gel. The gel was loaded into Teflon-lined Parr autoclaves and hydrothermally 

treated at 150 °C for 7 days. It should be noted that CHA-type zeolites with Si/Al=2 (denoted as CHA2(a)) 

were also prepared from the hydrothermal conversion of zeolite Y (FAU-type) following the International 

Zeolite Association synthesis method. In a typical synthesis, 26.42 g of deionized water was mixed with 

3.58 g of a potassium hydroxide solution (45 wt%, Sigma-Aldrich), to which 3.33 g of CBV500 (a NH4-form 

zeolite Y with Si/Al of 2.6 from Zeolyst) were added. The mixture was shaken for about 30 s and heated in 

a sealed polypropylene vessel at 100 °C for 14 days under static conditions. However, the CHA material 

converted from FAU showed small pore volume (0.05 m3/g, Table S3) after zinc loading, consistent with 

the recent results from Hong et al.[3]  

The synthesis of SSZ-13 zeolites using K+ as a mineralizer, denoted as CHA(K)7, follows the reported 

method by Gounder et al.[4] A molar ratio of 1 SiO2/ 0.05 Al2O3/ 0.1 TMAdaOH/ 0.4 KOH/ 44 H2O was used 

in the synthesis solution. In a typical synthesis, an aqueous solution of TMAdaOH (25 wt%, Sachem) was 

added to distilled water and stirred for 15 minutes under ambient conditions. Then, an aqueous KOH 

solution (45 wt% in deionized water, Sigma-Aldrich) was added to the TMAdaOH solution and stirred at 

http://www.iza-online.org/synthesis/default.htm


ambient conditions for 15 minutes. Next, aluminum hydroxide powder (63 wt% Al2O3, Pfaltz & Bauer) was 

added and stirred for 15 minutes under ambient conditions. Finally, an aqueous colloidal silica solution 

(Ludox AS40, 40 wt%, Sigma-Aldrich) was added and the contents were covered and stirred for 2 h under 

ambient conditions. The resulting mixture was charged into Teflon-lined Parr autoclaves and heated to 

160 °C for 6 days under static conditions. 

SSZ-39 (AEI) 

The synthesis of SSZ-39 follows the previously reported method by the Davis group.[5] A molar ratio of 1 

SiO2/ 0.0167 Al2O3/ 0.14 OSDA/ 0.57 NaOH/ 28 H2O was used in the synthesis solution. First, 3.00 g of 

home synthesized organic OSDA (N,N-dimethyl-2,6-dimethylpiperidiunim hydroxide, 0.7008 mmol/g 

aqueous solution) were combined with 0.13 g NaOH (10 wt% aqueous solution) and 2.89 g water in a 23 

mL Teflon-lined Parr autoclave followed by 20 min stirring under ambient condition. Then, 2.95 g home-

made silica source (sodium silicate, SiO2 27.97 wt%, Na2O 8.66 wt%, H2O 63.38 wt%) as well as aluminum 

source (CBV500, a NH4-form zeolite Y with Si/Al of 2.6 from Zeolyst) were added. After 1 h vigorous stirring, 

a homogeneous gel was obtained. The Teflon-lined Parr autoclave was then sealed and placed in a rotating 

oven at 140°C for 7 days.  

SSZ-16 (AFX) 

Zeolite SSZ-16 was synthesized using the method reported by Zones et al.[6] A homogeneous solution was 

prepared by mixing 0.22 g of 1,4-diazabicyclo[2.2.2]octane-C4-diquat dibromide, 0.41 g of the FAU2, 0.99 

g of homemade sodium silicate reagent (38% SiO2, SiO2/Na2O= 3.3), 4.5 g of 1 M NaOH solution and 0.7 

g of water. This mix gives an overall OH-/ SiO2 of 0.80. The solution is charged into Teflon-lined Parr 

autoclaves and heated to 135 ºC for 4 days in a rotatory oven. 

Zeolite 13X (FAU-type) and 4A (LTA-type). 

4A and 13X were obtained from Sigma-Aldrich. 

After the synthesis of materials containing OSDAs was finished, the resulting solids were washed three 

times with distilled water followed by acetone washing. The crystals were dried overnight at 80 ºC before 

calcining in air at 580 ºC for 8 h, with a ramp rate of 1.0 ºC•min-1, to remove the OSDAs. Crystallinity was 

evaluated by XRD. 

Aqueous-phase Ion-Exchange of Zeolites 

Metal-zeolites were prepared by aqueous phase cation ion exchange of calcined zeolites with 

corresponding salt solutions. Typically, 600 mg of zeolites were added to 30 mL of salt solutions, which 

were then stirred at 80 ºC for 24 h. Metal-zeolites were recovered via centrifugation with or without 6 times 

washing using distilled H2O, and the materials were named with and without IE correspondingly. For FAU-

type and LTA-type zeolites, ion exchange was performed at room temperature (RT) for 2 days to prevent 

the dissolution of the materials. The exchanged crystals were dried at 100 ºC in ambient air in a free 

convention oven overnight.   

A similar ion exchange procedure was used to prepare samples for the study of speciation of zinc ions in 

SSZ-13. Depending on the targeting zinc exchange level, 30 mL of 0.001 M to 0.05 M aqueous zinc acetate 

solution were used as the precursor. The Zn2+ solution was adjusted to a pH value of 4.92±0.02 using 0.1 

M HCl aqueous solution before dispersing NH4-SSZ-13 zeolites, and then the solution was stirred at 80 ºC 

for 24 h. The materials were recovered by centrifugation and washed 6 times with copious amount of 

distilled water. The exchanged crystals were dried at 100 ºC overnight. 

To titrate the paired aluminum (2Al) sites in the six membered rings (6MRs) in CHA zeolites using Co2+,[7,8] 

the as prepared CHA-type zeolites were first ion exchanged to Na-form using 1M NaCl at 80 ºC for two 

times. Then the Na-form CHA was added to a 0.25 M aqueous solution of Co(NO3)2 (150 mL•g, >98 wt%, 

Aldrich) and stirred at room temperature for three times (5 h, overnight and 5h) without pH control followed 



by 6 times wash with copious amount of distilled water. The physicochemical properties of the samples are 

summarized in Figures S1-S5. 

S3. Characterizations 

X-ray diffraction: The crystallinity of the materials was examined using powder X-ray diffraction (XRD). The 

XRD patterns were collected using a Rigaku Miniflex II desktop instrument with a Cu radiation source, Kα = 

1.5418 Å.  

Scanning electron microscopy: The morphology of the materials was measured using scanning electron 

microscopy (SEM, ZEISS 1550 VP FESEM). The SEM was equipped with an Oxford X-Max SDD. Energy 

dispersive X-ray spectroscopy (EDS) used for determining the element contents of each sample. Before 

measurement, all zeolites were coated with Pt of ca. 10 nm thickness to avoid charging effects.  

All-solid-state, magic-angle spinning nuclear magnetic resonance: All-solid-state, magic-angle spinning 

nuclear magnetic resonance (MAS NMR) spectra were obtained on a Bruker AVANCE 500 MHz (11.2 T) 

spectrometer using a 4 mm zirconia rotor with a Kel-F cap. 1H MAS NMR spectroscopy experiments were 

conducted on representative samples. Prior to the measurement, samples was loaded in the rotor and 

dehydrated under vacuum (ca. 10-2 Torr) at 400 °C for 12 h using a Schlenk manifold. The spectra were 

acquired at 500.1 MHz and a spinning rate of 12 kHz using a 90° pulse length of 4 μswith varied cycle delay 

times depending on the relaxation time, and then were deconvoluted using Origin 9.1. Signal intensities 

corresponding to the Brønsted acid sites were referenced to hexamethyl benzene and normalized by the 

sample mass to quantify the acid site density (mmol/g). The 1H-decoupled 29Si MAS NMR spectra were 

acquired without dehydration at 99.3 MHz and a spinning rate of 8 kHz using a 90° pulse length of 4 μs with 

a cycle delay time of 60 s. 27Al MAS NMR spectra were acquired on the hydrated samples at 130.3 MHz 

with a spin rate of 12 kHz, a 10° pulse length of 0.5 μs, and a cycle delay time of 0.5 s. Framework Si/Al 

ratios were calculated using eq. S1, where I denotes the intensity of the 29Si NMR signal and nmax = 2 in the 

present case.[9] As the framework Si/Al is dependent on the resonance assignment for Q4 and silanol sites, 

the range of the chemical shift for each site was kept relatively constant over the samples for the consistent 

analysis. 

𝑆𝑖/𝐴𝑙(𝑓𝑟𝑎𝑚𝑒𝑤𝑜𝑟𝑘) =
∑ 𝐼𝑆𝑖(𝑛𝐴𝑙)

4
𝑛=0

∑ 0.25𝑛∗𝐼𝑆𝑖(𝑛𝐴𝑙)
4
𝑛=0

                                                                                                 (Eq. S1)     

Fourier transform infrared spectroscopy: Fourier transform infrared (FT-IR) spectra were collected on 

zeolite samples using a Nexus 470 FT-IR spectrometer equipped with a s deuterated, L-alanine doped 

triglycine sulfate (DTGS) detector. Catalyst samples (∼10-12 mg) were pressed into a self-supporting wafer 

(ca. 1.2 cm in diameter) and placed in a custom-built FT-IR cell. The wafers were treated in flowing dry air 

at 723 K for 120 min, and then cooled to RT for CO2 adsorption under flowing dry air for 30 min. Spectra 

were collected with a resolution of 4 cm-1 and averaged over 64 scans. The baseline correction and 

spectrum normalization follow previously reported method by Gounder et. al.[10] using the framework Si-O-

Si combination/overtone band between 2100 and 1750 cm-1.  

UV-Vis diffuse reflectance spectroscopy: UV-Vis Diffuse reflectance (DR) spectra were recorded on a Cary 

5000 UV-Vis-NIR spectrometer in a 200–800 nm wavelength range. 

S4. CO2 adsorption performance testing 

The zeolite performance for CO2 adsorption was tested using fixed bed column breakthrough experiments 

(Figure S6). Typically, ca. 500 mg of materials was placed in a quartz tubing (6.74 mm I.D.) to form a fixed 

bed. First, the adsorbent bed was purged under a 20 mL•min-1 flow of 5% Ar/He gas at 550 ºC for 24 h 

before a breakthrough experiment to completely remove the water and CO2. Upon cooling to 30 ºC, the gas 

flow was switched to the desired gas mixture (ca. 400 ppm CO2/400 ppm Ar (internal standard) balanced 

by He) at a flow rate of 20 mL•min-1. The outlet composition was continuously monitored using a Ametek 



Dymaxion Dycor mass spectrometer until complete breakthrough was achieved. After each breakthrough 

experiment, the packed column bed was regenerated at 550 ºC for 2h, or 100 ºC/60 ºC for 240 min with 

constant 5%Ar/He flow (20 mL•min-1) to test the recyclability of the materials. CO2 adsorption experiments 

in pelletized (sieved size:160-600 µm) 13X and Zn-CHA2-1.9W2X were performed under the same 

conditions. To mimic real operating conditions, we performed competitive CO2/water co-adsorption by 

flowing the 400 ppm CO2 gas stream through a water bath, resulting a relative humidity of 49%. Adsorption 

was conducted at 30 ºC until the intensity of CO2 went back to the inlet level. 

S5. Estimation of desorption kinetic parameters using temperature programmed desorption (TPD) 

The TPD experiments were carried out in the same setup as in the column breakthrough measurements. 

Zeolites with comparable dry mass (ca. 77.61 mg, sieved size:160-600 µm) were loaded in a quartz tubing. 

Prior to TPD experiments, the samples of zeolites were outgassed at 550 ºC for 24 h under a 20 mL•min-1 

flow of 5% Ar/He gas. After the temperature was lowered to 30 ºC, the samples were saturated with a gas 

stream of 400 ppm CO2/400 ppm Ar (internal standard)/He at a flow rate of 20 mL•min-1. After saturation, 

TPD experiments were carried out by switching the gas stream to 5% Ar/He at a flow rate of 20 mL•min-1 

and heating up with a constant ramp rate (2, 5, 10, 15, 20 ºC •min-1). Simultaneously, the signal of CO2 was 

detected using a mass spectrometer with m/e= 44 amu. 



S6. Supplementary Figures S1-S32 and Tables S1-S8 

S6.1. Physicochemical properties of the zeolite materials studied in this work 

 

Figure S1. X-ray diffraction (XRD) patterns for zeolites studied in this work.



 

 

Figure S2. Scanning electron micrographs (SEM) for zeolites studied in this work. 



 

Figure S 3. 29Si magic angle spinning (MAS) NMR spectra of CHA zeolites with different Si/Al ratios. The 
spectra were deconvoluted using a Gaussian function. Note the fraction of peak area for Q(2Al) follows the 
order: CHA2> CHA7> CHA5 ≈CHA9, which indicates the order of the fraction of the paired Al sites in the 
CHA zeolites.[11] The detailed information of the fraction of peak area for Q(2Al) as well as the paired Al 
sites titration is summarized in Table S1 and Figure S5.



 

Figure S 4. 27Al magic angle spinning (MAS) NMR spectra of CHA zeolites with different Si/Al ratios. Note 

that extra-framework Al (five-fold and octahedral Al) present in both CHA5 and CHA7 zeolites, leading to 
higher framework Si/Al than bulk Si/Al.  



 

Table S 1. Bulk and framework Si/Al ratios of calcined CHA samples. 

Note:  
a. Elemental analysis of ca. 40 crystals using EDS. 
b. The values were calculated from 29Si NMR. 

 

 

Figure S 5. Correlation of the Co/Al ratio and the fraction of peak area of Q4(2Al).  In general, a 
lower Si/Al ratio in zeolites lead to a larger fraction of paired Al sites (at the D6MRs) in the CHA 
framework.[10] The low fraction of the paired Al sites for CHA5 could be attributed to the different 
aluminum source (i.e., Al(OH)3)used for the synthesis.

Sample Bulk Si/Al ratioa Framework Si/Al ratiob Co/Al 

CHA2 2.33 2.82 0.29±0.02 

CHA5 5.64 7.87 0.13±0.03 

CHA7 7.05 9.32 0.20±0.02 

CHA9 9.25 10.32 0.11±0.03 



S6.2. Research setup and methodology for the adsorption/desorption measurements 

 

Figure S6. Research setup and methodology for the adsorption/desorption measurements. a) Schematic 
illustration of the set-up used in this work for the CO2 adsorption/desorption dynamics measurement. b) A 
representative CO2 breakthrough profile for zeolites obtained at 30 ºC with a gas mixture of 400 ppm 
CO2/400 ppm Ar (internal standard)/He. 



S6.3. Overview of CO2 adsorption capacity for materials tested in this work. 

Table S 2. CO2 adsorption results from materials measured in this work. 

Note: 

a. Zn-CHA7-0.5W denotes CHA zeolites with a Si/Al ratio of 7 was exchanged by 0.5 M Zn2+ aqueous 
solution. If W is not included, the material was not washed with distilled water after ion exchange.  

b. The adsorption experiments were performed at 30 ºC for a gas mixture of 400 ppm CO2/400 ppm Ar 
(internal standard)/He. 

c. The CHA2(a) and CHA2 materials were converted from FAU zeolites and directly synthesized from 
amorphous gel, respectively. The low capacity for Zn-CHA2(a)-1.9W is due to the small pore volume 
(Table S3).

 Samples Capacity (mmol/g) 

FAU 
FAU 0.41 

Zn-FAU-0.5W 0.02 

LTA 
LTA 0.34 

Zn-LTA-0.5W 0.02 

AEI 

AEI 0.06 

Zn-AEI-0.5W 0.28 

Zn-AEI-1.9W 0.35 

AFX 

AFX 0.25 

Zn-AFX-0.5W 0.23 

Zn-AFX-1.9W 0.47 

CHA 

Na-CHA2(a)-0.5 0.10 

Na-CHA5-0.5 0.16 

Na-CHA7-0.5 0.08 

Na-CHA9-0.5 0.06 

Na-CHA20-0.5 0.05 

H-CHA7 0.03 

Ni-CHA7-0.5 0.14 

Cu-CHA7-0.5 0.03 

Cu-CHA7-0.5W 0.03 

Zr-CHA7-0.5 0.04 

Fe-CHA7-0.5 0.04 

In-CHA7-0.5 0.08 

Zn-CHA2(a)-1.9Wc 0.27 

Zn-CHA2-1.9W2Xc 0.67 

Zn-CHA5-1.9W 0.30 

Zn-CHA9-0.5 0.16 

Zn-CHA7-0.5(H-form) 0.20 

Zn-CHA7-0.5(Na-form) 0.18 

Zn-CHA7-0.5(as synthesized) 0.17 

Zn-CHA7-0.5W 0.28 

Zn-CHA7-1.5W 0.43 

Zn-CHA7-1.5W2X 0.32 

Zn-CHA7-1.9W 0.51 

Zn-CHA20-0.5 0.08 



Table S 3. Physicochemical properties of the Zn ion exchanged zeolite samples. 

Adsorbent Si/Al ratioa Zn/Al ratioa Zn wt% Zn/U.C. 
Micropore 

volumeb (cm3/g) 

Zn-CHA2(a)-1.9W 2.13 0.21 7.62 2.42 0.05 

Zn-CHA2-1.9W2X 2.06 0.64 19.39 7.53 0.19 

Zn-CHA5-1.9W 4.43 0.44 8.45 2.92 0.20 

Zn-CHA7-1.9W 6.50 0.54 7.19 2.60 0.20 

Zn-CHA7-1.5W 7.09 0.62 8.49 2.72 0.21 

Zn-CHA7-0.5W 7.00 0.87 11.10 3.92 0.18 

Zn-CHA7-0.5 6.80 1.43 17.15 6.60 0.13 

Zn-CHA9-0.5 9.25 0.73 7.25 2.56 0.14 

Zn-CHA20-0.5 19.05 1.76 8.55 3.16 0.16 

Zn-13X-0.5W 1.00 0.63 25.71 60.48 0.18 

Zn-LTA-0.5W 0.86 0.43 20.26 5.55 0.17 

Zn-AEI-1.9W 6.28 0.36 5.12 2.37 0.22 

Zn-AFX-1.9W 3.51 0.25 5.71 2.66 0.18 

a. Elemental analysis was performed using EDS.  

b. Micropore volumes were calculated from N2 physisorption data. The results show comparable 

micropore pore volumes (0.18-0.21 cm3/g) for Zn-CHA7 with Zn loading lower than 6.60 Zn/U.C. 

c. The CHA2(a) and CHA2 materials were converted from FAU zeolites and directly synthesized from 
amorphous gel (see synthesis methods in section S2), respectively.  
 

 



S6.4. Detailed adsorption results from CHA zeolites and other tested materials 

 

Figure S7. Bar graphs comparison of CO2 capacity from CO2 breakthrough curves of M-CHA7-0.5 zeolites, 
where M indicates cations exchanged into the CHA cage. Zn-H indicates that Zn ion exchange performed 
with H-form of CHA zeolites. The adsorption experiments were performed at 30 ºC with a gas mixture of 
400 ppm CO2/400 ppm Ar (internal standard)/He. The results show that Zn-CHA zeolites possess the 
highest CO2 adsorption capacity. Note that all samples were not washed after ion exchange unless 
otherwise mentioned.  



 

Figure S 8. Bar graphs comparison of CO2 capacity from CO2 breakthrough curves of Zn-CHA7-NW where 
N indicates the molar concentration of zinc acetate aqueous solution, W means the sample was washed 6 
times with copious amount of distilled water after ion exchange. If W is not listed, then no wash was 
performed after ion exchange. The adsorption experiments were performed at 30 ºC with a gas mixture of 
400 ppm CO2/400 ppm Ar (internal standard)/He.   
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Figure S 9. Bar graphs comparison of CO2 capacity from CO2 breakthrough curves of Zn-CHAX-0.5, where 
X indicates the Si/Al ratios of zeolites. The adsorption experiments were performed at 30 ºC with a gas 
mixture of 400 ppm CO2/400 ppm Ar (internal standard)/He. Note that ion exchange was performed without 
washing with distilled water. 
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Figure S 10. Comparison of sorption behavior of powder and sieved materials. Dynamic gas breakthrough 
profiles for: a) zeolite 13X and b) Zn-CHA7-1.9W. Solid and dash lines indicate the breakthrough profiles 
from powder and sieved (160-600 µm) zeolites, respectively. The results show that the sorption behavior 
is independent of particle size as the flow is laminar (Reynold number= 2.6X10-4) during adsorption.   



 
Figure S 11. Bar graphs of breakthrough and saturation capacities from FAU (zeolite 13X) and Zn-
exchanged small pore zeolites studied in this work. The results show much smaller differences in the 
breakthrough and saturation capacities for small pore zeolites than zeolite 13X. This suggests that Zn-
exchanged small pore zeolites possess faster diffusion kinetics than 13X. We surmise that the slow diffusion 
kinetics of the large pore FAU zeolite is likely to be related to the possible large surface diffusion barrier.[12,13] 

 



S6.5. Kinetics for desorption using temperature programmed desorption 

Desorption kinetic parameters of CO2 from 13X and Zn-CHA7-1.9W zeolites were estimated using 

temperature programmed desorption (TPD). The method developed by Cvetanovic and Amenomiya was 

applied with assumption of 1st order desorption and homogeneous adsorption surfaces.[14] Generally, a 

linear relationship between 2 ln(𝑇𝑚) − 𝑙𝑛𝛽 and 
1

𝑇𝑚
 can be established (see equation 2).  

2 ln(𝑇𝑚) − 𝑙𝑛𝛽 =
𝐸𝑑

𝑅𝑇𝑚
+ ln

𝐸𝑑

𝐴𝑅
                                                                                                                                                        (2) 

Where 𝑇𝑚 is the temperature of peak maximum (in K), 𝛽 is the constant heating rate (in K•s-1), Ed is the 

activation energy for desorption, A is pre-exponential factor for desorption, R is universal gas constant 

(8.314 J•K-1•mol-1). 

Therefore, the activation energy (Ed) and pre-exponential factor (A) for desorption can be obtained from the 

slope and intercept of a plot 2 ln(𝑇𝑚) − 𝑙𝑛𝛽 =𝑓 (
1

𝑇𝑚
), respectively. Please note that the activation energy (Ed) 

for desorption obtained is contributed from the intrinsic activation energy for desorption, diffusion and 
readsorption.[15] In particular for porous materials like zeolites, where diffusion and readsorption from the 
micropores are inevitable.[16]  
 
The interaction strength between CO2 and zeolites is often indicated using isosteric heat/entropy of 
adsorption, 𝑄𝑠𝑡  𝑜𝑟 𝛥𝐻𝑎𝑑𝑠, that is derived from two to three isotherms measured at different temperatures. In 
the present work, we performed TPD experiments to directly evaluate the energy required for desorption of 
CO2 from zeolites. As shown in Table S4, the desorption energy is 47.93 kJ•mol-1 for 13X after saturated 
with 400 ppm CO2. This value is within the range of adsorption energy (46-49 kJ•mol-1) for CO2 in zeolites 
at zero coverage.[17,18] Note that in the situation of physisorption the adsorption heat released from the 
adsorption process is the reverse of the desorption heat.[19] As CO2 molecules primarily/exclusively 
physisorbed in zeolites, the results obtained from TPD also reflects the adsorption heat. Therefore, the 
consistency between the desorption energy measured in this work and the reported adsorption energy 
validates the method used in this work.  



 

Figure S 12. TPD results for CO2 desorption from a,b) FAU (zeolite 13) and c,d) Zn-CHA7-1.9W after being 
saturated with CO2 from a gas stream of 400 ppm CO2/400 ppm Ar (internal standard)/He. a,c) TPD spectra 
obtained using the following heating rates: 2, 5, 10, 15, 20 K•min-1. b,d) Microkinetics analysis assuming 
first order desorption.  

Table S 4. Kinetic parameters obtained from TPD analysis of CO2 desorption from FAU (zeolite 13) and 
Zn-CHA7-1.9W. 

 

 

 

Samples Tm (K) A (s-1) Ed (kJ•mol-1) 

13X 334.50 349.21 364.17 373.17 378.14 5.90±0.08E4 48.14±0.34 

Zn-CHA7-1.9W 329.81 347.61 365.45 373.25 378.72 0.69±0.08E4 41.98±0.34 



S6.6. FT-IR spectra of CO2 adsorbed in Zn-CHA and FAU zeolites 

 

 

Figure S 13. In situ FT-IR spectra for desorption of CO2 from a,b) Zn-CHA7-1.9W and c,d) zeolite 13X. The 
physisorption and chemisorption regions are in panels a,c) and b,d), respectively. The IR absorption peak 
at ca. 2356 cm-1 is assigned to the physiosorbed CO2 molecules, while the peaks between ca. 1300 and 
1700 cm-1 are attributed to the chemisorbed carbonate-like species.[20,21] Specficially, the ca. 1700 and 
1365 cm-1 pair and ca. 1485 and 1425 cm-1 pair are both originated from carbonate-like species.[22] The 
results in a,c) show that physiosorbed molecules can be desorbed by Ar purging at RT, the chemisorbed 
species, however, were still present at 300 ºC. Moreover, the absence of the CO2 vibrations in the 
chemisorption region in panel b) demonstrates that CO2 exclusively adsorbed in the Zn-CHA zeolite via 
physisorption. 

 



S6.7. Recyclability of Zn-CHA zeolites for CO2 adsorption/desorption 

 

Figure S 14. Dry 400 ppm CO2/400 ppm Ar (internal standard)/He adsorption-desorption recyclability over 
7 consecutive cycles for Zn-CHA7-1.9W. The first three cycles were obtained by regenerating the material 
at 550 ºC for 120 min. Then the material was regenerated at 100 ºC for 240 min for two cycles before a 
deep regeneration at 550 ºC for 120 min. The last cycle was obtained by regenerating the sample at 60 ºC 
for 240 min. The results show that the material exhibit high recyclability even at temperature as low as 100 
ºC. Note that the relatively low starting capacity (compared to data in Figure S8) is because the material 
has been tested for adsorption of CO2 under humid conditions (49% RH) before the recyclability test. 



S6.8. CO2/Water adsorption experiments 

TGA results (Figure S15) show that the water capacities are 19.78 wt% and 12.51 wt% for 13X and Zn-

CHA7-1.9W, respectively. These results show that the Zn-CHA material is more hydrophobic than 13X. To 

further examine how the more hydrophobic nature of Zn-CHA7-1.9W impacts the CO2 adsorption, column 

breakthrough experiments were performed in a manner similar to previous reports.[21] The competitive 

CO2/water adsorption experiments were performed using an adsorption gas stream of 400 ppm CO2/400 

ppm Ar (internal standard)/He with a relative humidity of 49%. The results from these experiments are 

provided in the main text as Figure 3.  

 

Figure S 15. TGA profiles of FAU (zeolite 13X) and Zn-CHA7 zeolites after equilibrium at RT under air with 
a relative humidity of ca. 20%. The TGA experiments were performed with a ramp rate of 10 ºC•min-1 under 
dry N2 flow. The results show that Zn-CHA zeolites are more hydrophobic than zeolite 13X, and that water 
removal from Zn-CHA requires less energy (lower temperature, as indicated by the arrow). 



S6.9. Zn-density dependent CO2 adsorption performance 

Table S 5. CO2 adsorption results from Zn-CHA7 zeolites with different Zn loadings. 

Note:  

a. Ion exchange experiments were performed in Zn2+ aqueous solution with pH adjusted to 4.92 by adding 

0.1 M HCl aqueous solution. If not labeled, pH was not controlled for those materials during ion 

exchanges. 

b. The adsorption experiments were performed at 30 ºC for a gas mixture of 400 ppm CO2/400 ppm Ar 

(internal standard)/He.

Samples Zn/U.C. Capacity (mmol/g)b CO2/U.C. CO2/Zn 

Zn-CHA7-0 0 0.03 0.06 - 

Zn-CHA7-0.001Wa  0.16 0.09 0.19 1.19 

Zn-CHA7-0.002Wa  0.33 0.12 0.27 0.81 

Zn-CHA7-0.005Wa  0.60 0.20 0.44 0.74 

Zn-CHA7-0.01Wa 0.67 0.21 0.46 0.68 

Zn-CHA7-0.015Wa  0.98 0.25 0.55 0.56 

Zn-CHA7-0.02Wa  1.21 0.27 0.60 0.49 

Zn-CHA7-0.05Wa  1.37 0.30 0.68 0.50 

Zn-CHA7-0.5Wa  2.00 0.40 0.92 0.46 

Zn-CHA7-1.9W 2.60 0.51 1.21 0.44 

Zn-CHA7-1.5W  2.72 0.43 1.02 0.37 

Zn-CHA7-0.5W 3.92 0.28 0.69 0.28 

Zn-CHA7-0.5 6.60 0.17 0.48 0.07 



S6.10. Zinc state and location/environment in Zn-CHA zeolites  

The state of the Zn ions was qualitatively analyzed by studying the OH stretch region (Figure S16) of the 

FT-IR spectra and the 1H MAS NMR spectra (Figures S17 and S18). In the H-CHA sample, the Brønsted 

acid sites (BAS), extra-framework Al-OH and silanol groups are identified by the three set of features in the 

O-H region in the FT-IR spectra at 3610 and 3588 cm-1, 3650 cm-1, and 3732 and 3745 cm-1, respectively.[23] 

Correspondingly, three major 1H NMR signals (Figure S17) are observed at 4.0, 2.6 and 1.8 ppm, assigned 

to Brønsted acidic protons (SiOHAl), extra-framework OH groups (AlOH) and non-acidic silanol groups 

(SiOH), respectively.[24] The successful ion exchange with Zn ions is demonstrated by the gradual decrease 

of the bands for BAS as a function of Zn density in the Zn-CHA samples, as shown in Figures S16 and S17. 

Upon Zn exchange at stage I, a new feature appears in FT-IR spectra at 3665 cm-1 (Figure S16) 

accompanied by the band at 902 cm-1 (Figure 3b). On the basis of previous reports of Cu-SSZ-13 zeolites, 

the OH band at 3665 cm-1 is assigned to the harmonic O-H stretch of Zn(OH)+.[25] This is further confirmed 

by 1H MAS NMR, where a weak signal at 1.08 ppm resonance at stage I is observed.[26] It has been 

demonstrated that the 2Al sites in the 6MRs are energetically favorable for accommodating isolated Z2+, 

and these sites saturate before remaining isolated aluminum sites are populated with Z(OH)+.[10] Therefore, 

we exclude the possibility that the Zn(OH)+ at the stage I is from the dehydration of Zn(H2O)n(OH)+, that 

replaces isolated aluminum sites in CHA. Furthermore, another reported approach of the Z(OH)+ formation 

is the dissociation of Z2+(H2O)n upon calcination.[10,25] Indeed, it has been demonstrated that the Zn2+ in Zn-

exchanged zeolites can dissociate water molecules under mild conditions and gives enhanced Brønsted 

acidity by Zn2+ favoring proton transfer reactions.[26,27] Therefore, we speculate that Zn ions at stage I are 

initially stabilized as Zn2+(H2O)n in the 6MRs (Figure S21), that are either directly dehydrated to Zn2+ or 

reduced to Zn(OH)+ upon calcination depending on the type of 2Al sites in the 6MRs.[28] For stage II and III 

with Zn ions higher than 1.20 Zn/U.C., the isolated aluminum sites located at the 8-membered rings (8MRs) 

are normally exchanged by monovalent complexes, i.e., Zn(H2O)n(OH)+.[10,25,29] In this case, the formation 

of Zn(OH)+ upon dehydration does not require any water dissociation, and the concentration of Brønsted 

sites in the dehydrated material can be rationalized assuming that the total exchange level corresponds to 

Zn(OH)+/Al3+ = 1.  

Further, the fraction of Zn2+ and Zn(OH)+ was quantitatively calculated using the residual H+ density 

obtained from the 1H NMR results (Figure S18, and Tables 1 and S6) and the Zn/Al ratio from elemental 

analysis. As the data shown in Figure S18, three stages were clearly observed for the residual H+ density 

vs. Zn/Al in the Zn-CHA7 samples. Specifically, Zn ions primarily exchange two H+ sites at stage I, while 

they gradually replace one H+ starting from stage II and mainly consumes one H+ per Zn ion at stage III. 

This reflects the formation of different Zn species in Zn-CHA7 at the three stages. Calculation of the fraction 

of Zn species (Tables 1 and S6) confirms that Zn2+ is the main species at stage I. It should be noted that a 

continuous increase of overall Zn2+ (Figure S20) is observed with Zn siting in the 8MRs. Previous studies 

suggest that 2Al sites are preferentially located at the 6MRs in the CHA cages for SSZ-13 zeolites 

synthesized using methods similar to this work with Na+ as the inorganic mineralizer.[4,10] Moreover, Co2+ 

titration of the density of 2Al sites in the 6MRs shows a CO2
+/Al ratio of 0.20 (Table S1).[4] This value is the 

same to the highest Zn2+/Al obtained at the end of stage II. Therefore, we postulate that the pre-formed 

Zn(OH)+ in the 6MRs is then converted into Zn2+. This transformation is responsible for the increase of Zn2+ 

at stage II. Thus, it contributes to a relatively constant fraction of Zn2+ species as well as adsorption 

efficiency. Although Na+ can also stabilize 2Al sites in the 8MRs,[4] these sites would be excluded for 

accommodating Zn2+ in the present work for the following reasons: 1) The 2Al density in the 6MRs is equal 

to the highest Zn2+ density obtained; 2) Using K+ directed CHA as a control (see detailed discussion in 

section S6.11) , we demonstrated that Zn2+ in the 8MRs is likely inactive for CO2 adsorption, while a sharp 

increase of CO2 capacity is observed at stage II in Figure 2a for Zn-CHA7; 3) It was well-documented thin 

the 8MRs favor the formation of Z2+(OH) species for extra framework cations in the Na+ directed CHA 

zeolites, e.g., copper cation.[10,25,30,31] Further increase of Zn loading at stage III results in the introduction 

of a significant amount of Zn(H2O)n(OH)+ in the 8MRs, as evidence by the trend of the residue H+ density 

(Figure S17). Those species might preferably condense to Zn-O-Zn during calcination rather than 

converting the Zn(OH)+ in the 6MRs as at stage II, as demonstrated by a sharp decline of Zn2+ at 6MRs 



(Figure S20) as well as the UV-Vis results (Figure 3c). Based on these results, we propose the plausible 

speciation mechanism for Zn ions depending on the density in CHA cages (Figure S21). 

 



Table S 6. Chemical compositions and CO2 capacities of H-CHA7 and the representative Zn-CHA7 
samples. 

Samples Zn/Alb Zntot/U.C.c Zn2+/Zntot
d Zn(OH)+/Zntot

d Zn2+/Al Zn2+/U.C. CO2/U.C. CO2/Zn2+ 

H-CHA7 0.00 0.00 0.00 0.00 0.00 0.00 0.06 - 

Zn-CHA7-0.002Wa 0.08 0.33 0.65 0.35 0.05 0.21 0.27 1.26 

Zn-CHA7-0.015Wa 0.23 0.98 0.55 0.45 0.13 0.54 0.55 1.03 

Zn-CHA7-0.02Wa 0.29 1.21 0.45 0.55 0.13 0.54 0.60 1.11 

Zn-CHA7-1.9W 0.54 2.60 0.37 0.63 0.20 0.96 1.21 1.26 

Zn-CHA7-0.5W 0.87 3.92 0.09 0.91 0.08 0.36 0.69 1.94 

a. Ion exchange experiments were performed in Zn2+ aqueous solution with pH adjusted to 4.92 by adding 

0.1 M HCl aqueous solution. If not labeled, pH was not controlled for those materials during ion 

exchanges. 

b. Measured by EDS mapping of the area containing at least 100 crystals. 

c. Total Zn ions per unit cell SSZ-13 calculated from the EDS results. 

d. Zn2+ or Zn(OH)+ cations per unit cell SSZ-13 calculated from the EDS results and 1H density. 



 

 

Figure S 16. The FT-IR spectra for the O-H vibration region for the Zn-CHA7 zeolites as a function of Zn 
loading. The gradually decreased intensity of peak at 3610 and 3588 cm-1 indicates that Zn ions replace 
Brønsted acid sites (BAS). The appearance of a new band at 3665 cm-1 indicates the formation of Zn(OH)+ 
in all stages upon loading Zn into the CHA cage.[10] 



 

Figure S 17. 1H MAS NMR spectra for the pristine H-CHA7 and representative Zn-CHA7 samples with 
various Zn loadings. The gradually decreased peak intensity of SiOHAl indicates that Zn ions replace 
Brønsted acid sites (BAS). Moreover, a new peak at 1.08 ppm appeared concomitantly upon Zn loading, 
suggesting the formation of Zn(OH)+.  



 

Figure S 18. 1H MAS NMR spectra for the Zn-CHA7 samples with various Zn ion loadings. The spectra 
were deconvoluted using a Gaussian function. Note that ion exchange experiments for samples in (b-d) 
were performed in Zn2+ aqueous solution with pH adjusted to 4.92 by adding 0.1 M HCl aqueous solution. 
The pH values for (e-f) were not controlled. 



 

Figure S 19. Number of residual H+ sites measured by 1H MAS NMR on Zn-CHA7 samples of increasing 
Zn density. The two dashed lines reflect exchange of only monovalent (1 Zn vs. 1 H+) or divalent (1 Zn vs. 
2 H+) species, respectively. The results show that most of the Zn ions replace two H+ at stage I, while they 
start to replace less H+ sites per Zn ion at stage II, and followed by primarily exchanging one H+ sites at 
stage III. 



 

Figure S 20. Correlation of Zn2+ cation and total Zn ion density per unit cell SSZ-13, denoted as Zn2+/U.C. 
and Zn/U.C., respectively. The results show that Zn2+ continuously increases at stages I and II upon Zn 
loading. Dashed lines are interpolations to guide the eye.  



 

Figure S 21. Plausible speciation mechanism of Zn ions in CHA zeolites. a) Potential extra-framework 
cation locations are denoted by brown and blue spheres in 8MRs and below 6MRs in a CHA cage, 
respectively. b) The mechanism for the speciation of Zn ion in CHA cages proposed based on the results 
from this work and previous researches on Cu-CHA zeolites (synthesized using Na+ as the mineralizer),[4,25] 
that contain isolated and 2Al sites in the in 8MRs and below 6MRs, respectively..  



S6.11. Control experiments for the identification of adsorption sites for CO2 in Zn-CHA zeolites 

Control experiments were performed to further identify the adsorption sites in Zn-CHA zeolites. As 

discussed in the text, the state and location/environment of Zn ions are crucial for CO2 adsorption. To further 

study this, we prepared CHA zeolites with a Si/Al of ca. 7 with the K+ as the mineralizer, denotated as 

CHA(K)7. Gounder et al. has demonstrated the predominant presence of isolated aluminum in the 6MRs 

in K-directed CHA with a Si/Al of 10 and that this material is unable to coordinate bivalent cations in the 

6MRs.[4] Inspired by this work, we prepared CHA(K)7 zeolites using the same method. Co2+-titration showed 

(Table S7) a Co/Al ratio of 0.02±0.02, suggesting that the CHA(K)7 zeolite possesses limited amount of 

paired Al sites in the 6MRs.  

Similar to the CHA7 material, Zn ions were exchanged into CHA(K)7 with various loadings. FT-IR spectra 

(Figure S22a) of the T-O-T vibration region shows that Zn ions are firstly located at the 6MRs in the CHA 

cage (Zn/U.C.<0.84), and further increase of Zn ions leads to the loading of additional Zn ions in the 8MRs. 

The state of Zn species was quantified using EDS elemental analysis and residual proton density from 1H 

MAS NMR (Figure S23). As shown in Figure S24, Zn ions primarily replace one H+ and two H+ at stages I 

and II, respectively. Calculation of the fraction of Zn species (Table S8) suggest that Zn ions incorporated 

into the CHA(K)7 are primarily as Zn(OH)+ in the 6MRs except for Zn-CHA(K)7-0.002W with Zn/Al= 0.05 

(see discussion in next paragraph), attributed to the dominance of isolated aluminum sites (Table S7). The 

presence of Zn(OH)+ was corroborated by the OH region from the FT-IR spectra (Figure S22b) with a new 

band appearance at 3665 cm-1 as well as the 1H NMR resonance at 1.08 ppm upon Zn loading. Quantitative 

analysis also shows that Zn ions in the 8MRs in the CHA(K)7 sample are primarily as Zn2+ (Table S8). 

Indeed, the possible existence of 2Al sites in 8MRs in the K-directed CHA was predicted by Gounder et al. 

from simulations.[4] Our results experimentally confirm this predication. Additionally, the absence of the O2-

→Zn2+ ligand-to-metal charge transfer transition band at 360 nm in the UV-Vis DRS spectra (Figure S25) 

for all samples demonstrates that there is no Zn-O-Zn species formed in Zn-CHA(K)7 materials.[32] 

Therefore, by varying the Zn loadings in the CHA(K)7 material, we introduced Zn ions as Zn(OH)+ and Zn2+ 

in the 6MRs and 8MRs (Figure S28), respectively. This contrasts with the case in the Na+ directed CHA 

materials, where Zn2+ and Zn(OH)+ in the 6MRs and 8MRs, respectively. This allows a side-by-side 

comparison to examine the significance of the location of Zn2+ for CO2 adsorption. 

The CO2 adsorption performance was examined for Zn-CHA(K)7 zeolites with various Zn loadings. 

Quantification analysis reveals that 76% of the Zn species introduced in the 6MRs are Zn2+ for the Zn-

CHA(K)7-0.002W sample with a Zn/Al= 0.05, which corresponding to a Zn2+/Al ratio of 0.038 (i.e., 0.16 

Zn2+/U.C. ). This is consistent to the density of paired Al sites at 6MRs determined from Co2+ titration, where 

a Co2+/Al ratio up to 0.04 was observed. Correspondingly, the sample with high fraction of Zn2+ in the 6MRs 

exhibits an adsorption efficiency as high as 1.18 CO2/Zn, which is comparable to the value (1.19 CO2/Zn) 

obtained from Zn-CHA7 (Table S6). However, further increase the loading of Zn species in the 6MRs leads 

to the domination of Zn(OH)+ in Zn-CHA(K)7-0.05W, attributed to the isolated Al sites in the 6MRs. This 

material shows a low adsorption efficiency of 0.65 CO2/Zn. Considering the highly efficient Zn2+@6MRs that 

also contributes to the adsorption in this sample, the real adsorption efficiency for Zn(OH)+@6MRs would 

be even lower. Therefore, these results suggest that only limited fraction of Zn(OH)+ at 6MRs in CHA cages 

can adsorb CO2 molecules. This could be attributed to the heterogeneous nature of the Al sites in CHA 

cages, leading to different environments/energies for the same extra-framework species.[28] Surprisingly, 

locating Zn2+ ions in the 8MRs by further increase of Zn density (Zn/U.C.>1.07) only resulted in a slight 

increase of CO2 capacity from 0.28 to 0.30 mmol/g (0.62 to 0.64 CO2/U.C., Figure S27), indicating that that 

Zn2+ in the 8MRs are inactive or less active for the adsorption of CO2 molecules. The adsorption results 

(Figure S27) show that locating Zn2+ ions in the 8MRs with 1.19 Zn2+/U.C. only adsorbs 0.64 CO2/U.C. 

(Table 1). This is markedly lower than the 1.21 CO2/U.C. obtained for Zn-CHA zeolites with 0.96 Zn2+/U.C. 

in the 6MRs (Figure 4d). Therefore, these results suggest that Zn2+ ions are the primary adsorption sites 

when they are located at the 6MRs, indicating the significance of Zn state and location for the high CO2 

adsorption performance. 



With this discussion, one may argue that Zn(OH)+ could be the primary sites for CO2 molecules adsorbed 

in CHA cages. However, it should be noted that the adsorption capacity for CO2 in Zn-CHA7 and Zn-

CHA(K)7 are greatly different, with the former showing almost two-fold capacity (0.51 vs. 0.28 mmol/g) 

under the same ion exchange condition. Moreover, our results show that all Zn2+ in the 6MRs are active 

adsorption sites for CO2 molecules, while only limited fraction Zn(OH)+ in the 6MRs are able to adsorb CO2. 

Therefore, to obtain superior CO2 adsorption performance/capacity, it is essential to optimize the Al 

distribution in CHA cages with maximized Al located at the 6MRs, preferably as paired Al sites. 



 

Figure S 22. The FT-IR spectra of Zn-CHA7(K) with various Zn loadings. a) T-O-T region; b) OH region; 
c,d) CO2 physisorption (c) and chemisorption (d) regions. The results show that the Zn ions are preferential 
coordinated in the 6MRs when Zn/U.C. ≤ 0.84, and that further increased Zn ions to 1.07 Zn/U.C. leads to 
the addition of Zn cations to the 8MRs. Moreover, CO2 adsorbed in Zn-CHA7(K) exclusively in the form of 
physisorption as no apparent absorption peaks were observed in the chemisorption region.[21] 



Table S 7. Comparison of paired Al sites densities in the 6MRs in the CHA cages in CHA7 and CHA(K)7 
zeolites determined by Co2+ titration. 

Material Co/Al 

CHA7 0.20±0.03 

CHA(K)7 0.02±0.02 

 
Table S 8. Chemical compositions and CO2 capacities of the representative samples. 

Samples 
Bulk 
Si/Alb 

SiOHAl 
(mmol/g)c 

Zn/ 
Alb 

Zn/ 
U.C.d 

Zn(OH)+/
Zntot

e 
Zn2+ 

/Zntot
e 

Zn(OH)+ 

/U.C. 
Zn2+ 
/U.C. 

CO2 
capacity 
(mmol/g) 

CO2/Zn 

H-CHA(K)7 7.60 1.25 - - - - - - - - 

Zn-
CHA(K)7-
0.002Wa 

7.50 1.14 0.05 0.21 0.24 0.76 0.05 0.16 0.12 1.18 

Zn-
CHA(K)7-
0.05Wa 

7.59 0.94 0.20 0.84 0.76 0.24 0.64 0.20 0.28 0.65 

Zn-
CHA(K)7-

1.9W 
7.78 0.66 0.26 1.07 0.18 0.82 0.20f 0.87 0.29 0.51 

Zn-
CHA(K)7-
1.9W2X 

6.61 0.55 0.31 1.47 0.19 0.81 0.28f 1.19 0.30 0.44 

a. Ion exchange experiments were performed in Zn2+ aqueous solution with pH adjusted to 4.92 by adding 

0.1 M HCl aqueous solution. If not labeled, pH was not controlled for those materials during ion 

exchanges. 

b. Measured by EDS mapping of the area containing at least 100 crystals. 

c. Calculated from 1H MAS NMR spectra. 

d. Total Zn ions per unit cell CHA calculated from the EDS results. 

e. Zn2+ or Zn(OH)+ ions per unit cell SSZ-13 calculated from the EDS results and 1H density. 

f. The decline of Zn(OH)+ in Zn-CHA(K)7-1.9W samples compared to Zn-CHA(K)7-0.05W might indicate 

that the isolated Al sites in the 6MRs were not fully occupied when introducing elevated amount of Zn 

cations and that paired Al sites in the 8MRs were preferentially coordinated. 



 
Figure S 23. 1H MAS NMR spectra for the Zn-CHA(K)7 samples with various Zn loadings. The spectra 
were deconvoluted using a Gaussian function.  



 

Figure S 24. Number of residual H+ sites measured by 1H MAS NMR on Zn-CHA(K)7 samples of increasing 
Zn density. The two dashed lines reflect exchange of only monovalent (1 Zn vs. 1 H+) or divalent (1 Zn vs. 
2 H+) species, respectively. The results show that most of the Zn ions replace one H+ at stage I, while they 
primarily exchange two H+ sites at stage II. Please note that the data point for the sample with Zn/Al= 0.05 
is close to the 1 Zn vs. 2H+ line, indicating this sample primarily accommodates Zn2+ cations (76%) in the 

6MRs. This corresponds to a Zn2+/Al ratio of 0.038, being consistent to the paired Al sites (Co2+/Al=0.02±

0.02) determined from Co2+ titration (see detailed discussion in Section 6.11). 

 

 



 

Figure S 25. UV-Vis diffuse reflectance spectra of Zn-CHA(K)7 zeolites with various Zn loading. the 
absence of the O2-→Zn2+ ligand-to-metal charge transfer transition band at 360 nm in the UV-Vis DRS 
spectra for all samples demonstrates that there is no Zn-O-Zn species formed in Zn-CHA(K)7 materials.[32] 

 



 

Figure S 26. Zn-loading dependent adsorption performance of Zn-CHA(K)7. a) Bar graphs of breakthrough 
and saturation CO2 capacities obtained from CO2 breakthrough curves for Zn-CHA(K)7 zeolites. b) CO2 
capacity per unit cell (CO2/U.C.) measured on Zn-CHA(K)7 samples of increasing Zn ion density. 
Adsorption experiments were performed at 30 ºC with a gas mixture of 400 ppm CO2/400 ppm Ar (internal 
standard)/He. Dashed lines are interpolations to guide the eye. 



 

Figure S 27. Comparison of the results between Zn-CHA(K)7 and Zn-CHA7 when correlating CO2 
adsorption capacity with Zn2+ per unit cell SSZ-13. Note that based on the results of Co2+ titration and FTIR, 
Zn2+ are exclusively located at the 6MRs for Zn-CHA7 (see detailed discussion in Section S6.10). For the 
Zn-CHA(K)7 zeolites, Zn2+ are located at the 6MRs for the samples with 0.16 and 0.20 Zn2+/U.C., and the 
materials with 0.87 Zn2+/U.C. or more possess additional Zn2+ in the 8MRs (see detailed discussion in 
S6.11). The sharp increase of CO2 adsorption capacity in the first two points of Zn-CHA(K)-7 could suggest 
that, besides Zn2+@6MRs, Zn(OH)+ accommodated on certain sites in the 6MRs are active for CO2 
adsorption (see detailed discussion in Section S6.11). Dashed lines are interpolations to guide the eye. 
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Figure S 28. Plausible speciation mechanism of Zn ions in CHA(K) zeolites. a) Potential extra-framework 
cation locations are denoted by brown and blue spheres in 8MRs and below 6MRs in a CHA cage, 
respectively. b) The mechanism for the speciation of Zn ions in CHA cages proposed based on the results 
from this work and previous researches on the Al sites in K-directed CHA zeolites[4], that contain paired 
and isolated aluminum sites in the 8MRs and 6MRs, respectively.  

 

 

 



S6.12. Examination of CO2 adsorption in Zn ion exchanged zeolites with different topologies 

 

Figure S 29. Illustrations of framework topologies for AEI-type, AFX-type and CHA-type zeolites. The 8-
membered rings (8MRs) and double 6-membered rings (D6MRs) are highlighted in pink and gold, 
respectively. 

 

AEI: It is a three-dimensional interconnected channel system, bound by 8-membered rings 8MRs (0.38 × 

0.38 nm) and basket-shaped cages, which are connected by double 6-membered rings (D6MRs). 

AFX: It is made up of elongated larger aft cages (0.55 × 1.35 nm) and smaller gme cages (0.33 × 0.74 nm), 

which each joined by D6MRs units. 

CHA: It is composed of D6MRs in an AABBCC sequence. All D6MRs have the same orientation, and link 

to other D6MRs to give a structure that contains the cha cage. Each cha cage is linked to six others via 

8MR windows. 



CO2 primarily adsorbs in FAU-type (with sodalite cage, i.e., SOD) zeolites at site II with a small fraction on 

site III.[33] Divalent cations occupy sites with a preferential order of I, I’, II’ (Figure S30).[34–41] It should also 

be noted that the exchangeable sites I, I’, and II’ (in total 80/U.C.) are more abundant than site II (32/U.C.) 

in FAU. The preferential sites are either in the hexagonal prism of D6MR or inside the SOD cages (pore 

size ≤ 2.8Å) that are inaccessible to CO2 molecules (3.3 Å). Due to the divalent nature, we can speculate 

that the divalent cations located at site II’ also consumes the monovalent Na+ near site II. In this way, the 

primary CO2 adsorption sites are vanished, resulting in a sharp decline of CO2 adsorption capacity in the 

divalent exchanged 13X zeolite. This speculation is supported by control experiments using LTA-type (4A) 

zeolite with SOD cages. Similar to FAU-type zeolites, divalent cations preferentially coordinates 6MRs in 

the SOD cages, while it was not determined if the cations face the LTA cage or SOD cage.[42] Furthermore, 

it has been shown that Zn cations are located at SOD cages for Zn-LTA after further reaction with KI.[43] 

Therefore, we speculate that Zn cations might sit in the SOD cage and close to the 6MRs, which are 

inaccessible to CO2 molecules. 

 

 

Figure S 30. Illustrations of framework topologies for FAU-type and LTA-type zeolites. The 8 or 12-
membered rings (8MRs, or 12MRs), double 6-membered rings (D6MRs) and D4MRs are highlighted in pink, 
gold and purple, respectively. Roman numerals in the FAU framework indicate the possible exchange sites 
for divalent cations.  

 

FAU: It is built by linking SOD cages through D6MRs, which creates a large cavity in FAU-type zeolites 

called the “supercage” accessible by a three-dimensional 12MR pore system. 

LTA: It is built by linking SOD cages through D4MRs, which creates a large cavity in LTA-type zeolites 

called the “supercage” accessible by a three-dimensional 8MR pore system.



 

Figure S 31. In situ FT-IR spectra for desorption of CO2 from Zn-exchanged 13X (Zn-FAU-0.5W). The 
physisorption and chemisorption regions are in panels a) and b), respectively. The absence of the peaks 
for both physisorbed (2356 cm-1) and chemisorbed (1300-1700 cm-1)[21] CO2 in a,b) demonstrates that Zn-
exchange inhibits CO2 adsorption in zeolite 13X. 

 



 

Figure S 32. In situ FT-IR spectra for desorption of CO2 from a,b) 4A (LTA-type) and c,d) Zn-exchanged 
4A (Zn-LTA-0.5W). The physisorption and chemisorption regions are in panels a,c) and b,d), respectively. 
The IR absorption peak at ca. 2356 cm-1 is assigned to the physiosorbed CO2 molecules, while the peaks 
between 1300-1700 cm-1 are attributed to the chemisorbed carbonate-like species.[21] Specifically, the ca. 
1700 and 1365 cm-1 pair and ca. 1485 and 1425 cm-1 pair are both originated from carbonate-like species.[22] 
The results show that physiosorbed molecules can be desorbed by Ar purging at RT, the chemisorbed 
species, however, were still present even at 300 ºC. Moreover, the absence of the peaks for both 
physisorbed and chemisorbed CO2 in c,d) demonstrate that Zn-exchange inhibits CO2 adsorption in zeolite 
4A. 
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