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ABSTRACT 

The molecular level understanding of the strong adsorption of Xe to silver modified zeolites 

remains elusive. Here, we probe the effect of silver oxidation state on the thermodynamics of Xe 

sorption in silver functionalized zeolites by measuring the enthalpies of adsorption after various 

treatments using inverse gas chromatography (IGC). The enthalpy of adsorption was measured for 

silver functionalized chabazites (AgCHA) before and after hydrogen reduction and subsequent re-

oxidation. The sorption enthalpy (ΔH) for AgCHA was 35.2 kJ/mol which decreased to 25.8 

kJ/mol with hydrogen reduction. After re-oxidation (O2-AgCHA), 95% of the binding strength was 

restored. Hydrogen reduction of the base chabazite (CHA) did not influence Xe adsorption. 

Henry’s law constant for Xe adsorption increased in the order AgCHA>O2-AgCHA>H2-

AgCHA>CHA. A decrease in enthalpy and Henry’s constant with silver reduction and increase 

with re-oxidation suggest that ionic silver is playing a role in Xe binding. The effect of reduction 

and re-oxidation on the zeolite microstructure was analyzed using surface area analysis, powder 

X-ray diffraction (p-XRD), scanning electron microscopy/electron x-ray spectroscopy 
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(SEM/EDS) and x-ray photoelectron spectroscopy (XPS). These results lay the groundwork for 

better material design of strong noble gas adsorbents. 

INTRODUCTION 

The efficient capture and release of noble gases from air remains both a technological and 

economical challenge with important applications in waste gas treatment,1 detection of 

radioisotopes,2 and industrial purification.3,4 Radioactive Xe is formed in the fission of heavy 

elements and can be used for verification of the Comprehensive Nuclear Test Ban Treaty 

(CTBT).2,5,6 Monitoring Xe isotopic ratios can discriminate nuclear tests from other sources, such 

as fuel reprocessing and research applications. Noble gases are important to nuclear monitoring 

due to their chemical inertness and gaseous state that allow for their atmospheric release; however, 

these same properties also make their detection and capture challenging.5 In industrial applications, 

noble gases are collected and then separated through cryogenic separation, which is both time and 

energy intensive.7 To overcome this, selective adsorbents can be employed that have high 

selectivity for different gases. Zeolites are one such highly microporous example and have been 

found to be one of the most selective materials for Xe,8-19 Ar,20,21 Kr,22 and I2
23 capture. Unlike metal 

organic frameworks (MOFs), zeolites maintain a stable state even in the presence of high 

radioactivity, high temperatures, and humid environments. Additionally, zeolites are reported to 

have significantly higher heats of adsorption than silver modified MOF’s.16,26 

Despite the large amount of research on Ag-zeolites as catalysts and gas adsorbents, the role of 

the silver atom on noble gas adsorption remains a complex issue with several contradictory reports 

in the literature.9-14,16,17 There are many unknowns related to the role of silver on Xe capture, 

including the electronic state of silver. The literature reports are in disagreement whether the Ag+ 
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ions are responsible for Xe adsorption through dπ-dπ back-donation, through σ donation from the 

5p orbital of Xe to the 5s orbital of Ag, whether Ag0 or Ag+ clusters are responsible,13 or whether 

there is a chemical basis to the interaction at all (i.e. physisorption rather than chemisorption). 

CHA based zeolites were found to have a high affinity for Xe and is attributed to a close match 

between the size of the Xe atom and the CHA pore structure.24 A formation of a partial bond 

between Xe atom and cation by donation of the Xe 5p electrons to the s-orbitals was proposed 

using 129Xe NMR, where there were large paramagnetic contributions to the chemical shift of Xe 

gas.9 129Xe NMR show there are different binding sites for Xe in silver zeolites.25 In metal organic 

frameworks, an increase in polarizable halogenated functional groups led to an increase in gas 

uptake.26  

The reduction of metal cations in ion exchanged zeolites has been investigated using a variety 

of optical spectroscopy and X-ray diffraction to determine the structure of the metal ions in the 

pores.27,28 Baba, et. al. report that silver ions can be reversibly reduced from Ag+ to Ag metal 

particles in Ag-Y zeolites. This reversible reduction, however, was dependent on the amount of 

reduction and the number of reduction/oxidation cycles to which the samples were exposed.27 

Partial reduction of AgCHA is hypothesized to cause Ag+ ions in the pores to agglomerate and 

form silver clusters in the zeolite channels.28 This could have an impact on Xe binding and 

retention, especially with possible silver migration and formation of clusters that may not have as 

strong of an interaction with Xe. Here, we aim to investigate the role that the silver plays in the 

strong noble gas sorption in zeolites.  

In this work, enthalpies of adsorption (ΔH) and Henry’s Law constants were measured using 

inverse gas chromatography (IGC) for Xe sorption in silver modified chabazites (AgCHA).29 The 

specific retention time of Xe was measured as a function of temperature before and after reduction 



 4 

(H2-AgCHA) and re-oxidation (O2-AgCHA) of the silver modified zeolites. IGC allows the 

measurement of surface properties in a chromatographic column packed with the sorbent under 

investigation.30,31 The silver modified zeolite was packed into the column and measured at low Xe 

concentrations at different temperatures. The zeolite was then reduced and subsequently re-

oxidized to investigate the effect of the oxidation state on the sorbent properties. 

EXPERIMENTAL 

Materials 

Ultra-high purity (UHP) Helium, UHP Argon, Research grade Xe, and Oxygen (20% O2/He) 

and Hydrogen mixtures (3% H2/He) were purchased from Nexair. Silver nitrate was purchased 

from Sigma Aldrich. Synthetic chabazite (IONSIV R9160, Honeywell) was used in this work. 

Chabazites have a general formula M2[Al2Si4O12]2 where M=Na, K, Ca, or Mg framework ions that 

balance out the ionic charge.  

Characterization 

X-Ray Photoelectron spectroscopy (XPS). Measurements were obtained on Thermo K alpha 

XPS using mono-chromated Al-Kα X-rays with 200 μm x-ray spot size. The instrument was 

calibrated with Cu 2p, Ag 3d and Au 4f internal standards. Samples were loaded into a powder 

sample holder and evacuated for 1.5 hours before transferring to the analysis chamber. Etching 

was carried out with Ar ion gun at 500-2000 eV and 30-90 s etch times per level on 1x2mm spot 

size. All peaks were fitted with best fit peaks to establish the peak positions.   

Powder X-Ray Diffraction (p-XRD). Crystallographic measurements were collected on a 

Rigaku Ultima IV diffractometer with Cu-Kα radiation (40 kV, 44 mA, λ=1.5418 Å) and a 

scanning step size of 0.01° using a d/tex detector and CBO optics. Silver reference pattern was 
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obtained through ICDD (PDF 00-003-0921) and the chabazite reference pattern was obtained from 

a previously reported simulated chabazite spectrum.32 

Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometry (SEM/EDX). 

SEM/EDX measurements were carried out on a SU8230 SEM (Hitachi) equipped with an X-Max 

150 Silicon Drift Detector. 

Gas Characterization. Temperature programmed reduction (TPR) and surface area analyses 

were measured on an Anton Paar Quantachrome Autosorb iQ analyzer equipped with a thermal 

conductivity detector (TCD). Prior to analysis, samples were outgassed at 300°C for 300 minutes. 

After outgassing, samples were tested for the presence of residual water by monitoring the sample 

for pressure rise at 300°C (ΔP<25 mTorr). Surface area analyses were carried out using nitrogen 

adsorption-desorption isotherms at 77K. Surface area and pore sizes were calculated using the 

DFT method. Temperature programmed reduction experiments were carried out with 3% H2/He. 

The temperature programmed reduction (TPR) of the different zeolites was carried out to verify 

reduction of the CHA and AgCHA (Figure S1). The reduction experiments in the following 

reactions were carried out at 300 °C for 4 hours, conditions where both the CHA and AgCHA 

samples are reduced. 

Gas Chromatography (GC). GC measurements were carried out on Perkin Elmer Clarus GC 

equipped with a TCD. U loop GC columns were made with 1/4” inch stainless steel tubing and 

were packed with about 2 g of zeolites. The samples were outgassed at 300°C overnight to remove 

adsorbed water using the same procedure as the surface area analysis. UHP He was used as the 

carrier and TCD reference gas and flowed through the column at 10 mL/min. The flow rate was 

measured before each experiment to ensure consistent flow rate through the column and the TCD. 
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The injector port was held at 175°C and the TCD was maintained at 300°C. Thermodynamic 

measurements were carried out isothermally. 

Silver Modification. Zeolites were functionalized with silver by incubation at room temperature 

with 0.1 M AgNO3 solution for 24 hours in the dark. The zeolites were purified and cleaned with 

fresh deionized water under vacuum filtration. The final silver modified zeolites (Ag-CHA) were 

dried in an oven overnight at 125°C. The average silver loading was measured in triplicate on 

SEM/EDS as 10.8±1.7 wt%. The M:Si:Al atomic ratio was measured as 0.8:1:2.8 from SEM/EDS, 

where M=Na, K, and Ca.  

Zeolite Treatment. An overview of the samples prepared for this work is found in Table 1. 

Treatment of AgCHA samples were carried out with a heat ramp of 10°C/min and a flow rate of 

20 mL/min. The samples were exposed to the different gases for 300 mins.   

 

Table 1. Sample nomenclature and preparation method for these experiments. 

Sample Treatment 

CHA Base chabazite (sodium based) 

H2-CHA Reduction of base chabazite at 300 °C with 
hydrogen (3% H2/He) 

AgCHA Chabazite after silver ion exchange 

H2-AgCHA Reduction of silver chabazite at 300 °C with 
hydrogen (3% H2/He) 

O2-AgCHA Re-oxidation of Ag-CHA at 300 °C with oxygen 
(20% O2/He) 

 

Thermodynamic Measurements. Xe was injected at infinite dilution conditions, where 

interaction with lower energy sites are negligible and the interactions are assumed to only occur 
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with the high-energy sites on the surface.30 This is confirmed by the constant retention time that 

was independent of volume, and a linear adsorption region (Figure S1). Henry’s Constant (K) was 

calculated from the mass flow rate (Q), net retention time (VR = tXe-t0) between the retention time 

of Xe (tXe) and the retention time of nitrogen (t0), gas constant (R), column temperature (T), and 

mass of the zeolite in the column (m) as shown in equation (1): 

K= !!"
mRT

       (1) 

The enthalpy of adsorption (ΔH) was experimentally determined as the slope from a plot of 

ln(K) and -1/RT using equation (2): 

ln(K) = − ∆$
%&
+ C       (2) 

Where C is the constant containing entropy information. All samples were run in triplicate at 

each temperature and regenerated between each run by ramping the temperature to 320 °C and 

heating for 60 minutes.  

 

RESULTS & DISCUSSION 

Zeolites were loaded into a GC column to measure the thermodynamics of noble gas adsorption. 

Figure 1 shows the gas chromatogram for Xe injected into columns packed with unmodified 

chabazites (CHA) and silver modified chabazites (AgCHA). The GC trace for the AgCHA shows 

a longer retention time for Xe compared to the CHA sample, indicating a stronger interaction with 

the AgCHA. These injections were carried out at volumes where the Xe retention time (tXe) is 

independent of injected volume, which occurs at conditions of infinite dilution (Figure S2). These 

experiments were carried out with 40 μL of injected Xe; however, previous reports measure high 

isoteric heats of adsorption of Xe in AgCHA even at atmospheric levels (below 1 ppm).13  
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Figure 1. Gas chromatogram for a 40 μL Xe injection in column packed with different zeolites 

injected at 200 °C. The elution centered at 1 min for CHA is pushed outward to 2.5 min for 

AgCHA. 

 

To investigate the role of the oxidation state of silver on the thermodynamic measurements, 

CHA and AgCHA were reduced with 3% H2/He and then re-oxidized with 20% O2/He (Figure 2). 

Xe adsorption was measured after each gas treatment. 

 

 

Figure 2. Reduction and oxidation of AgCHA to investigate the role of oxidation state on Xe 

adsorption 
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Thermodynamic parameters after Xe adsorption were calculated from isothermal GC/TCD 

measurements (Figure 3 and Figure 4). Reduction led to a change in Xe retention time and peak 

shape for the AgCHA sample but not for the unmodified zeolites (CHA), as shown in Figure 3. 

After hydrogen reduction for the AgCHA sample, the GC peak was narrower, indicating a decrease 

in binding to the sample. With re-oxidation (O2-AgCHA), the retention time shifted back towards 

the AgCHA peak. The GC peak for the O2-AgCHA is not overlapping completely with the 

AgCHA, possibly due to incomplete oxidation of the zeolites. the presence of irreversibly reduced 

silver particles, or blocked pores from silver aggregates that may have formed during the reduction 

and re-oxidation process.28 

In summary, the strength of Xe adsorption increased in the order CHA>H2-AgCHA>O2-

AgCHA>AgCHA.  This indicates the affinity between Xe and the zeolites decreased with 

hydrogen reduction and increased with re-oxidation and that the charge and microstructure of the 

silver in the zeolite plays a major role in the strength of Xe adsorption. The H2-AgCHA sample 

had stronger thermodynamic interactions than the unmodified CHA, indicating that this adsorption 

is due to the interaction between Xe and silver. Since the AgCHA had the strongest thermodynamic 

interactions with the Xe, it is hypothesized that silver in the positively charged state (i.e. Ag+ ions 

or clusters) have the strongest affinity for Xe adsorption. Xe adsorption increased with decreasing 

temperature as indicated by longer retention times and broader peaks.  
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Figure 3. Effect of reduction and reoxidation on Xe elution at 200 °C for (a) CHA and (b) AgCHA. 

Figure 4. Isothermal spectra of Xe injections for different samples: (a) CHA, (b) AgCHA, (c) H2-

AgCHA, (d) O2-AgCHA. All peaks are normalized to the Xe peak intensity. 
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The interaction energies between Xe and AgCHA were calculated from retention times as a 

function of inverse temperature. As shown in Figure 5a, AgCHA had the ability to retain 

significant amounts of Xe, with isosteric heat of adsorption of 35.2 kJ/mol. This comparable to 

other reported heats of adsorption for Xe adsorption to zeolites.16, 24 

Figure 5. (a) Retention time vs inverse temperature plots for the different Ag-CHA samples; the 

slope of the line gives the heat of adsorption; (b) effect of zeolite treatment on the heat of 

adsorption for Xe; box indicates standard error of measurement, and the whisker shows 5-95 

percentile. 

 

Reduction of the zeolites with hydrogen and subsequent reoxidation with oxygen led to 

significant changes in the heats of adsorption, as shown in Figure 5b. The heat of adsorption 

decreased from AgCHA>O2-AgCHA>H2-AgCHA=H2-CHA=CHA. The ΔH for the H2-AgCHA 
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had a significant effect on the AgCHA and not CHA, the change in the oxidation state of silver 

plays a significant role in the thermodynamic adsorption of Xe. Temperature programmed 

desorption experiments (TPD) with Xe on AgCHA, H2-AgCHA and CHA show similar results to 

the GC measurements. As shown in Figure S3, the desorption of Xe is reduced in the H2-AgCHA 

sample as compared to the AgCHA samples. It is hypothesized that silver nanoparticles hinder Xe 

adsorption to the zeolites, since previous work has shown that hydrogen reduction of the silver 

cations in chabazites leads to the formation of silver nanoparticles.27,33,34 

Henry’s Law constant (K) was calculated for each sample and is found in Table 2. K decreases 

in the following order: AgCHA>O2-AgCHA>H2-AgCHA>CHA. Henry’s law constant is directly 

proportional to the solubility of the gas in a solid, therefore the constant can give an indication of 

the relative number of binding sites for the different samples.35 At 100 °C, the K for AgCHA 

sample was 4.5 times larger than CHA, 2.4 times larger than H2-AgCHA and 1.5 times larger than 

O2-AgCHA. This indicates that almost 65% of the adsorption was recovered with oxidation and 

may be further increased with increased exposure to O2. This is consistent with the mass adsorbed 

at 100 °C. The AgCHA sample adsorbed 0.044 µg Xe/g zeolite, the H2-AgCHA adsorbed 0.008 

µg/g, and O2-AgCHA adsorbed 0.03 µg/g, which is a 63% recovery of Xe adsorption for the O2-

AgCHA compared to the AgCHA. 

 

Table 2. Calculated Henry’s Law Constants (K) for the different samples 

Sample K (mol·kg-1·kPa-1) 
100°C 125°C 150°C 175°C 190°C 200°C 

CHA 0.0103 0.00561 0.00329 0.00205 0.00162 0.00139 
AgCHA 0.0464 0.0204 0.0102 0.00557 0.00430 0.00356 
H2-AgCHA 0.0192 0.00967 0.00729 0.00408 0.00299 0.00247 
O2-AgCHA 0.0299 0.0134 0.00735 0.00411 0.00302 0.00249 
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To investigate the structural effects that occurred with reduction and oxidation, surface area 

measurements, p-XRD, and SEM/EDX measurements were carried out. Surface area 

measurements were obtained using nitrogen isotherms. As shown in Table 3, a decrease in surface 

area was observed with ion exchange. This is expected; however, since the surface area decreased 

with ion exchange while the Xe adsorption significantly increased, it is presumed the silver is 

playing a role in the Xe binding.  For the unmodified zeolites, hydrogen reduction did not change 

the surface area significantly. The surface area is a balance between the formation of AgNPs on 

the surface and potential pore blocking effects from the movement of reduced Ag0 atoms. The 

slight increase in surface area and micropore volume may be due to the removal of strongly bound 

water in the pores. This data suggests that the reduction did not significantly change the base 

chabazite pore structure. Reduction of the AgCHA did not change the surface area of the zeolite 

within error; however, reoxidation decreased the surface area significantly. Most of the Xe activity 

recovered after oxygen treatment, so the surface area does not appear to correlate with Xe 

adsorption. This may point towards a chemical, rather than physical, mechanism of adsorption.   

 

Table 3. Surface area analysis from nitrogen isotherms at 77K 

Sample Surface Area (m2/g) 

CHA 451 ± 4 

H2-CHA 462 ± 19 

AgCHA 400 ± 30 

H2-AgCHA 401 ± 29 

O2-AgCHA 292 ± 27 
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The microstructural effects of reduction and oxidation on the zeolites was measured using 

SEM/EDS. As shown in Figure 6 and Figure 7, the reduction led to the formation of silver particles, 

as confirmed by EDS (Figure 7).  These particles were not visible on the SEM before reduction or 

after oxidation (Figure 6c).  

 

 

Figure 6. SEM images for (a) AgCHA, (b) H2-AgCHA, and (c) O2-AgCHA. 

 

Figure 7. SEM/EDX scan of silver particles on the surface of the zeolite 
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The zeolite structure before and after reduction was evaluated using p-XRD in Figure 8. The p-

XRD spectrum of H2-AgCHA contained the main diffraction peaks for metallic silver, which was 

not observed in AgCHA sample alone. This is consistent with previous reports, where silver 

diffraction peaks only appear after hydrogen reduction due to the formation of larger silver 

particles under hydrogen exposure.27 After reoxidation, the intensity of the silver peaks for O2-

AgCHA decreased significantly, indicating the formation of metallic silver is reversible. The O2-

AgCHA sample still contains a small amount of silver, as indicated by the presence of the Ag(111) 

peak. This is consistent with the thermodynamic measurements that showed a small decrease in 

Xe adsorption affinity for the O2-AgCHA sample compared to the AgCHA; however, this may be 

further increased with increased oxidation. 

Figure 8. Effect of reduction and re-oxidation on p-XRD spectra. Peaks for metallic silver are 

labelled in gray. 
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Changes in the silver oxidation state was measured using XPS. As shown in Figure 9 and Table 

4, reduction led to a ~1 eV negative shift in the binding energy for both Ag3d peaks. Peak 

deconvolution shows the presence of a small Ag signal close to the Ag binding energy for the 

AgCHA sample. Etching the Ag-CHA sample did not show a change in peak location; however, a 

positive peak shift was observed for H2-AgCHA. Deeper etching removed the small shoulder peak 

due to the formation of nanoparticles on the surface that lead to a shift in the binding energy (Figure 

S4 and S5 and Table S2). Even at the deeper etch, there is still a negative shift in the binding 

energy for the reduced sample compared to the Ag-CHA and O2-AgCHA. The smaller shift of 0.5-

1 eV may point toward Ag+ species rather than Ag2+, which generally show larger peak shifts, 

about 2 eV. The atomic composition of the samples did not show a significant difference in relative 

oxygen content. XPS may not be sensitive enough to detect small changes to oxygen content bound 

to Ag (i.e. for Ag2O vs AgO) since the Ag comprises about 2 atomic percent, much lower than the 

composition of oxygen in the zeolite (Table S3).  

Etching the AgCHA sample did not change the Ag3d binding energy, indicating that the silver 

oxidation state is the same on the surface and in the pores (Figure S4), unlike in the H2-AgCHA 

sample. The shift in Ag binding energy was reversible after re-oxidation and returned to the same 

oxidation state as the AgCHA. This indicates that the oxidation state is reversible and oxidation of 

the H2-AgCHA sample recovered the original oxidation state. The shift of the binding energy 

correlated to a decrease in Xe binding, indicating that ionic silver is responsible for strong Xe 

adsorption in zeolites.  

 



 17 

 

Figure 9. XPS results for (a) all spectra overlaid, (B) AgCHA, (c) H2-AgCHA and (d) O2-AgCHA 

Table 4. Ag3d binding energy (BE) for the XPS data in Figure 9 
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without silver (CHA). The nature of adsorption, (i.e. physisorption, bonding through dπ-dπ back-

donation or via σ donation from the 5p orbital of Xe to the 5s orbital of Ag) is most likely a result 

of the state of the silver at the time of the adsorption. The ability to tune the adsorption strength 

can lead to the creation of better sorbents for detection or gas purification or utilized for sorbent 

regeneration and recycling. 

CONCLUSIONS 

This data indicates that the silver ion plays a strong role in the binding of Xe during adsorption, 

where reduced silver negatively affects the binding of Xe to the zeolite. The thermodynamics of 

Xe adsorption onto Ag-CHA was investigated to elucidate the role of silver oxidation state on 

noble gas adsorption. The reduction of Ag-CHA decreased the strength of interaction of Xe 

adsorption and reoxidation recovered most of the binding strength. The freshly exchanged Ag-

CHA had the strongest binding to Xe. Reduction by H2 to create (H2-AgCHA) lowered the heat of 

adsorption assumedly by converting Ag+ to Ag0. Re-oxidation recovered ~95% of the original 

binding strength. After reduction, silver nanoparticles were observed on the surface, as measured 

on p-XRD and SEM/EDS. A reversible shift in the Ag BE was observed in XPS for the re-oxidized 

sample.  
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Figure S1. Temperature programmed reduction (TPR) of CHA and AgCHA. The 
carrier gas was a mixture of H2 and He, so the consumption of H2 should lead to an 
increase in the signal of the TCD since H2 has a higher thermal conductivity. The 
standard reduction potential of silver (E0=0.8 V) is higher than that of SiO2 and Al 
(Error! Reference source not found.) and is more likely to be reduced by 
hydrogen.1 Additionally, any strongly bound surface water can be released as a 
product of this reduction reaction. The TPR for AgCHA occurs at 184 °C, which is 
lower than that for the CHA at 228 °C. The presence of silver decreased the 
reduction temperature of these samples. This is consistent with previous reports, 
where the TPR of silver on NaY zeolites showed a main reduction peak before 200 
°C.2 
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Figure S2. Effect of [Xe] on retention time for CHA and AgCHA. Xe volumes were 
chosen in the range where retention time was not dependent on volume within error. 
Error bars indicate standard deviation (1σ) of different Xe injections.

Figure S3. (a) TPD of Xe with different treatments for Ag-zeolites, (b) picture of zeolites 
in chemisorption cell before and (c) after reduction.
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Table S1. Standard Reduction potentials in 
order of decreasing likelihood of reduction1

Reaction E0 (V)

O2 + 4H + 4e- ↔ 2H2O 1.229

½ H2 + -OH ↔ H2O + e- 0.82

Ag+ + e- ↔ Ag(s) 0.8

2H + 2e -↔ H2(g) 0

SiO2 + 4H+ + 4e- ↔ Si + 2H2O -0.909

Al(OH)4
-+3e- ↔ Al(s) + 4 -OH -2.31

Figure S4. Effect of etching on XPS BE for Ag3d peaks for AgCHA and H2-AgCHA after 
120 s etch with 500 eV ion gun.
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Figure S5. Deeper etch of H2-AgCHA sample with 2000 eV electron gun and 120 s etch 
time.

Table S3. Atomic Percent from XPS for each sample

Sample O1s Si 2p Al2p Ag3d Si/Al Ag/(Si+Al)

CHA 66.8 24.6 8.6 0 2.9 0

Ag-CHA 61.8 26.1 8.8 3.3 3.0 0.09

H2-AgCHA 64.1 25.8 8.3 1.8 3.1 0.05

O2-AgCHA 62.6 26.3 8.0 3.0 3.3 0.09

Table S2. Binding energy for H2-AgCHA with different etching

Sample Ag 3d3 BE (ev) Ag 3d5 BE (ev)

No etch 374.52, 375.68 368.47, 369.52

500 eV, 120 s etch 374.72, 375.89 368.68, 369.79

2000 eV, 120 s etch 374.90 368.91
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