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ABSTRACT: This paper describes the development and provides
comparisons of thiolated (−SH) and unthiolated Ag−Al−Si−O
xerogels for iodine gas capture. These xerogels were produced from
alkoxides and then heat-treated at 350 °C to provide mechanical
strength for subsequent processing steps. Then, a portion of the
xerogels was thiolated using (3-mercaptopropyl)trimethoxysilane.
Next, thiolated and unthiolated batches were ion-exchanged in
AgNO3 solutions where Ag+ replaced Na+ in the gel network on a
near 1:1 molar basis. Subsamples of the Ag-exchanged xerogels
were subjected to a reduction step in H2/Ar to convert Ag+ to Ag0

where the rest of the Ag-exchanged (Ag+) were not reduced. X-ray
diffraction, X-ray photoelectron spectroscopy, and transmission electron microscopy revealed nanoscale Ag0 in the Ag+ samples
despite no active reduction where actively reduced samples had bimodal Ag0 distribution of ∼2−3 nm hexagonal and ∼6−7 nm
cubic crystallites. Synchrotron X-ray absorption spectroscopy was used to assess the oxidization states of Ag, S, and I within the
different xerogel samples. The specific surface areas of the base xerogels decreased as subsequent treatments were performed on the
as-made samples, albeit the decreases were smaller than aerogel equivalents of these samples from a previous study. All iodine-loaded
Ag-based samples showed a mixture of β-AgI and γ-AgI. Comparisons of iodine-loading results with other Ag-based iodine sorbents
show that the thiolated Ag0-xerogels in this work have one of the highest iodine-loading capacities (qe) reported to date in saturated
conditions with the thiolated Ag0-xerogel showing 522 mg iodine per g of the sorbent.
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1. INTRODUCTION

While iodine is an integral part of human metabolism and is
often found in common foods, radioiodine is indistinguishable
by the body, and the uptake by the thyroid can lead to cancer.
The two most prevalent forms of radioiodine that are of interest
include short-lived and highly active 131I with a half-life (t1/2) of
8.02 d and long-lived 129I with a t1/2 of 1.57 × 107 y. Several
different types of radioiodine sorbents have been reported for
capturing iodine as a gas in different forms [e.g., I2(g) and
CH3I(g)] or as an ion from liquid effluents (e.g., I− and IO3

−).1−5

The primary types of iodine capture systems include solid
sorbents or liquid scrubber systems, often utilizing an aqueous
hydroxide or molten hydroxide.2,3,6 A wide range of solid
sorbents have been reported that typically utilize active metal
sites targeted to remove the iodine species from the environ-
ment through physisorption and/or chemisorption mecha-
nisms. Some examples of solid sorbents include activated
carbon;7 metal-exchanged zeolites like Ag-mordenite (Ag-MOR
or AgZ), Ag-faujasite (Ag-FAU or AgX and AgY), and Ag-Linde
type A (AgA);8−14 metal−organic frameworks;15,16 metal-
loaded aerogels or xerogels;17,18 metal-impregnated ceramics;19

and solid metal substrates.20,21 The current work will focus
primarily on chemisorption-based iodine capture.

For solid sorbents, the sorbent typically comprises a porous
scaffold into (or onto) which metal getters are added. For
zeolites, the getter metals are often installed through an ion
exchange process by replacing some of the cations with the
getter ions of choice. Additional approaches can be
implemented for installing getters, such as the utilization of
tethers to bind the getter metal indirectly. This is accomplished
by functionalizing the gel surfaces with an intermediate “tether”
layer whereby the getter bonds to this layer instead of directly to
the scaffold. An example of this type of tether approach is to use
thiol groups that can be installed through surface treatment with
(3-mercaptopropyl)trimethoxysilane (abbreviated here as 3-
MPTMS),22,23 which was utilized in the current study.
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The selection of the getter metal is of particular concern
because it will dictate the iodine-loading capacity as well as
several other variables described below. One of the more
commonly studied getter metals is Ag but others include Bi,24−26

Cd,27 Cu,20,28 Pb,27 Sn,28 and Zn.27 Aspects worth considering
when choosing the active metal getter include (1) the
thermodynamics of metal-iodide formation versus metal-oxide
formation, (2) the kinetics (capture rate) of the getter−iodine
reaction, (3) the cost of the metal, (4) chemical hazards of the
metal, (5) the process(es) required to install the metal on the
surface of a sorbent, (6) the oxidation state of the getter, (7) the
stability (e.g., chemical, thermal, and mechanical) of the scaffold
framework holding the getter, and (8) the disposal pathways for
the final iodine-containing product (i.e., the chemical durability
for disposal within a repository environment).
For the first aspect, the thermodynamic properties are critical

because, if the capture process is performed in an oxygenated
environment, the spontaneity to form the metal-iodide has to be
higher than that of the metal-oxide or the metal will oxidize (and
likely convert to a metal oxide) before it can react with iodine. A
recent study based on thermodynamic calculations of Gibbs free
energies of formation (ΔGf°) using HSC Chemistry (Reaction
Module, v9.9.0.1) revealed that very few metals fit this
requirement and only under specific temperature ranges where
Ag showed the highest preference for metal-iodide formation
over the metal oxide.18 When forming some metal compounds,
the tendency to form the oxide over the iodide (i.e., ΔGf°,o <
ΔGf°,i) is preferred at elevated temperatures for Pb2+ (T ≥ 125
°C), Pt2+ (T ≥ 175 °C), and Pt4+ (T ≥ 50 °C), while the
opposite is true for metals like Tl+ (T ≤ 400 °C). While these
predictive tools are helpful, in practice, some metal-iodide
reactions are more complicated than this simplistic approach
and will likely require a delicate understanding of potential
intermediate reactions between the starting and end points
within the relevant temperature ranges and expected real-world
environment including potential interfering species (e.g., other
halide gases).
Second, the kinetics aspect is also important here because

different metals can show different metal-iodine reaction rates.
The kinetics of these reaction are also likely affected by the
oxidation state and form of the getter (e.g., oxides vs
oxyhydroxides vs metals), the size of the installed getters (e.g.,
nanocrystals vs microcrystals), and the accessibility of the getter
[e.g., low vs high specific surface area (SSA) scaffolds].
Third is the cost of the metal-based precursor selected as this

can vary extensively. While Ag is a precious metal, it can be less
expensive than some other non-precious metals based on the
form factor required for installation onto or into the scaffold
[e.g., AgNO3 vs Sn(IV) acetate]. If a tether is required to install
the getter metal, this can add extra steps and costs. Some thought
has also been given to the recovery of the Ag following iodine
capture such as the reaction of AgI with Na2S to form Ag2S and
NaI, as shown in eq 1,29 the latter of which could be
incorporated into a different waste form such as iodosodalite
[i.e., Na8(AlSiO4)6I2]

30,31 or iodoapatite [e.g., Pb10(VO4)6I2]
29

starting from NaI. However, several other getter metals are
available that could be less expensive such as Cu and Bi, albeit
with different capture performances than Ag.18,32

2AgI Na S 2NaI Ag S(s) 2 (aq) (aq) 2 (s)+ + (1)

Fourth includes an assessment of safety and health hazards
introduced by the getter metal of choice, which need to be taken
into consideration. For instance, while Ag, Cd, Hg, and Pbmight

be effective iodine sorbents, they are all regulated by the US
Environmental Protection Agency under the Resource Con-
servation and Recovery Act (RCRA) as toxic elements,33 which
might complicate disposal in a repository. Also, adding the getter
metal into the sorbent as a nanoparticle might improve the
capture performance but introduces nanomaterial hazards.
These need to be taken into account when considering materials
handling and disposal restrictions.

Fifth, while a getter metal might be very effective at capturing
iodine species, and the most effective form is typically in a very
small form factor (e.g., metal crystallites or ionic clusters
nanometers in size), installing these into cages for zeolites or
onto porous scaffolds can be difficult. Also, if the getter metal is
installed in the ionic form, it can be actively reduced in some
cases to exemplify the functionality of the sorbent further. In a
recent study,32 solid metal wires were used to capture iodine
vapors in a saturated I2(g) environment, and some of the metals
showed complete reaction over a 24 h period, suggesting that
perhaps the nanoscale sized getter form factor is not required in
certain applications for effective iodine capture.

Sixth, it is unclear whether or not the getter needs to be in the
metallic state or if it can be at least partially oxidized prior to the
reaction. The redox state optimization is likely inconsistent for
different getter metals. It is also clear that both oxidized Ag
(Ag+) and metallic Ag (Ag0) function as I2(g) getters when
exposed to saturated environments.23 The data presented in this
paper show the similarities in samples made under like processes
where, after Ag-exchanging the gels, batches were left in the
oxidized Ag+ state, while separate batches were actively reduced
to Ag0 and both perform well in iodine capture experiments.
However, this could change depending on the selected getter
metal.

The seventh point of interest includes the difference between
the stabilities (e.g., acid resistance) of various silica and
aluminosilicate substrates in representative off-gas environ-
ments pertaining to reprocessing of used nuclear fuel or
remediation after nuclear accidents. These environments have
moderate temperatures (i.e., T > 100 °C) and can contain
oxidizing species (e.g., NOx). Matyaś ̌ et al. demonstrated that
thiolated Ag0-functionalized silica aerogels can withstand
oxidation and undergo far less aging-related effects in these
environments than sorbents like Ag-MOR and this is due, at
least in part, to the thiol groups helping prevent oxidation of the
Ag0 to Ag+ during iodine-loading experiments.17,34 The higher
silica content is also part of the justification for why zeolites like
Ag-MOR (i.e., Si/Al = 5) perform better and aremore durable in
these oxidizing environments than lower-silica zeolites like Ag-
FAU (Si/Al ∼ 1.0−1.5 for AgX and ∼ 1.5−3.0 for AgY).10,35−38

These types of parameters are important when comparing
sorbents that might perform similarly in some testing conditions
but could be very different in other conditions (e.g., higher
oxidizing environments with higher temperatures).39 The
mechanical stability and integrity of the base sorbent are also
paramount as off-gas sorbents can be subjected to large
pressures in high-flow systems, and it is necessary for the
sorbent to remain intact (i.e., not friable) so sorbent particles do
not transport downstream in the collection system. Upon a
metal-iodine reaction, the volume of the initial getter form is
expanded due to the added iodine mass (e.g., Ag and Cu metal
wires39). This is often observed as the formation of crystalline
metal-iodide complexes (e.g., AgI) and can even result in the
amorphization of the scaffold crystal structure (e.g., Ag-FAU).39

If these metal-iodide crystals grow too large for the scaffold to
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hold them effectively or the scaffold becomes friable due to the
volume expansion upon iodine capture, it is possible that the
process of iodine loading and scaffold amorphization could
facilitate downstream release of the metal-iodide particles.
The last point is the chemical durability of the final metal

iodide form in the sorbent after capture.40 While several metal
iodides are found in nature with base metals often existing at
different oxidation states, only a select few have low leach rates,
especially when excluding metals like Hg due to high inherent
toxicities. This is important when considering the fate of the
material after iodine loading, which includes the final disposition
pathway in a geologic repository.41Of the existing metal iodides,
CuI (Ksp = 1.27 × 10−12), AgI (Ksp = 8.52 × 10−17), and Bi (Ksp =
7.71 × 10−19) have some of the lower solubility product
constants and should lead to chemically durable final forms.42

The current study was aimed at evaluating thiolated versus
unthiolated Ag-based xerogel sorbents that utilize a chem-
isorption-based I2(g) capture mechanism to create AgI crystals
within the sorbent matrix. Several parameters were investigated
including the Ag+/Ag0 redox state of the base materials, the
oxidation state of S (i.e., thiol vs sulfate) in thiolated samples, the
SSAs of samples after various stages of sample treatment, as well

as the microstructure, nanostructure, and crystalline nature of
the materials before and after iodine loading. In all cases, all Ag-
loaded sorbents performed effectively at capturing large
amounts of I2(g), but some sample preparation variables seem
to be more essential at maximizing capture than other variables.
The main goal of this study was to provide more information to
help advance scientific research regarding the performance
impacts of various sample treatments on I2(g) capture in
saturated environments.

2. MATERIALS AND METHODS

2.1. Sample Preparations. A summary of the sample preparation
process is presented in Figure 1. The major categories of preparation
include the xerogel production process (Figure 1a), the heat-treatment
(HT) process (Figure 1b), the thiolation process (Figure 1c), the Ag+-
exchange process (Figure 1d), the Ag0-reduction process (Figure 1e),
and the iodine-loading process (Figure 1f). More details for each of
these processes are provided in the subsections below.
2.1.1. Xerogel Production Process.A batch of NaAlSiO4 gels with an

approximate target solid mass of 5 g was made using sodium ethoxide
(NaOEt; NaOC2H5, 21% by volume in ethanol or EtOH; Sigma-
Aldrich) along with ethanol (EtOH) at a 6:1 (V V−1) mixture with
aluminum tri-sec-butoxide [Al(OBus)3; 97%, Sigma-Aldrich] using pre-
hydrolysis and an acetic acid (HOAc; glacial, Sigma-Aldrich) catalyst.

Figure 1. Summary of sample preparation processes including (a) making xerogels including (i) mixing precursors, (ii) mixing precursor solutions
together including the catalyst, (iii) creating the sol, (iv) making the hydrogel, (v) making the alcogel, and (vi) making the xerogel; (b) heat-treatment
(HT) process; (c) thiolation process [in supercritical CO2 or CO2(SC)]; (d) Ag+ exchange process; (e) Ag0 reduction process; (f) iodine-loading
process; (g) pressure designations (AP = atmospheric pressure, EP = elevated pressure, and HP = high pressure) for a given procedure; and (h) vessel
types designated in the graphics (i.e., open or closed). RT denotes room temperature; other definitions are provided in the text. Reprinted (in part)
with permission from Riley et al.23 Copyright 2017 American Chemical Society.
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Here, 7.94 mL of EtOH, 0.634 mL of deionized water (DIW; 18.2 MΩ
cm), 7.94 mL of tetraethyl orthosilicate (TEOS; 99%, Sigma-Aldrich),
and 0.101 mL of HOAc were added to a Teflon beaker and mixed for 6
h (i.e., 1:1 V V−1 of TEOS/EtOH; 1:1 TEOS/DIW, by mole; 1:0.05
TEOS/HOAc, by mole), at which point it was moved to a nitrogen
glovebox (M-Braun, Germany), and mixing was resumed. Then, 55.46
mL of EtOH (200 proof, Decon Labs, Inc.) was added to this solution
immediately followed by 9.24 mL of Al(OBus)3; the solution turned
cloudy white when the Al(OBus)3 was added. After mixing overnight
(∼19 h), 13.14mL ofNaOEt was slowly added dropwise to this mixture
over the course of 10 min and, about halfway through this addition, the
solution appeared yellow in color. Then, 4 h later, the solution was
taken out of the glovebox, and 2.536 mL of DIW was added. Finally,
after 30 min of stirring, the mixture was cast into 4 mL polypropylene
vials (Wheaton Omni-Vial), capped with tightly fitting lids and left to
undergo gelation (i.e., Figure 1a-i,ii). The gelation time (tgel) was
determined by visual observations of the rigidity of the mixture (i.e.,
Figure 1a-iii,iv). Following gelation, the gels were removed from their
vials, cut into smaller pieces of ∼2−8 mm with a stainless-steel razor,
and placed into a 50% solution of EtOH in DIW (V V−1). The 50%
EtOH solution was replaced 10 times in 17 days while the gels were
aging. This process helps draw out the reaction byproducts and helps
strengthen the gel network by providing additional water that can aid in
completing the hydrolysis process in the hydrogel state (i.e., Figure 1a-
iv). Following aging, the gels were solvent exchanged in pure EtOH 10
times to remove water in the pore structure and replace it with EtOH
(alcogel stage; Figure 1a-v). To create xerogels (see Figure 1a-vi),
EtOH-saturated alcogels were removed from the EtOH solution, placed
into pre-tared Nalgene bottles, and placed into a glass vacuum
desiccator. Here, the EtOH solvent matrix in the alcogels was
evaporated under vacuum at room temperature for approximately 2
weeks until no more mass loss was observed.
2.1.2. Heat-Treatment Process on Xerogels. A portion (2.0205 g)

of the as-made xerogel (X) was heat-treated in an alumina crucible in a
Thermolyne box furnace for 30 min at 350 °C. The crucible containing
the sample was inserted into the furnace at this temperature and
removed after 30 min, so it was allowed to quickly heat but also air cool
to room temperature afterward. The final mass of xerogel after HT was
1.7346 g (14.2 mass % decrease). After this process, the sample was
placed into a separate 125 mL Nalgene container and stored at room
temperature in a vacuum desiccator.
2.1.3. Thiolation Process. For the thiolation process, 0.8696 g of

heat-treated xerogel (HTX) was poured into a 10 mL pressure vessel
(Thar Instruments Inc.), 2 mL of 3-MPTMS [HS(CH2)3Si(OCH3)3,
95%, Sigma-Aldrich, St. Louis, MO] was added with a syringe, and the
vessel was sealed and heated to 150 °C with a silicone heat tape. Then,
supercritical CO2 (∼24 MPa or ∼3500 PSI) was charged into the
vessel, using a syringe pump connected to the CO2 bottle with a syphon
draw tube, after the temperature of the vessel reached 125 °C. The
sample was soaked under these conditions for 44 h before removing any
residual (unreacted) silane by flushing the system with 150 mL of
supercritical CO2. This was carried out twice with a 10 min soak
between each flushing. To determine the mass gain, the sample was
removed and weighed on a 4-digit balance (1.1277 g). The sample
gained 29.7 mass %, indicating a good coverage of the xerogel surface.
The product resulting from this procedure was a thiolated HTX
material denoted as HTX-SH.
2.1.4. Ag+-Exchanging Gels.Two separate experiments were run for

the Ag+-exchanging process, including one for HTX and one for HTX-
SH. Here, two 350 mL solutions were prepared by dissolving ∼10.3 g of
AgNO3 (≥99%, Sigma-Aldrich) in a 5:1 V V−1 solution of DIW/EtOH
(292:58 mL) and stirred for 1 h on a magnetic stir plate. Approximately
0.70 g each of the HTX and HTX-SH gels were separately added into
the different solutions and stirred for 1.5 h. The ratio of gel mass to
moles of AgNO3 (msMAg

−1) in these solutions was ∼11.5 g mol−1. After
soaking, the gels were removed and placed in pre-tared 20 mL
scintillation vials, and then these vials (with loosened caps) were placed
in a vacuum desiccator for drying. The extent of Ag exchange into the
base materials was evaluated using energy-dispersive X-ray spectrosco-

py (EDS) on powdered forms of the materials (discussed in a later
section).
2.1.5. Ag0-Reduction Process. About 0.5 g each of HTX-Ag+ and

HTX-S-Ag+ were utilized in the silver reduction test. The samples were
loaded into separate 15 mL columns, heat-treated at 150 °C for 42 h
under 10 mL/min of flowing 2.7% H2/Ar; more information on this
process can be found in our previous work for treating aerogels.23 Each
sample was weighed before and after for mass changes, and both
samples lost some mass during the process. Both samples were dark
black in color following the reduction process, confirming reduction of
silver ions to metal.
2.1.6. Iodine Capture Process. To assess the iodine loading in the

different samples, granules of each material were placed into 4 mL glass
vials (Qorpak GLC-00980), which were in turn placed into a 1 L
perfluoroalkoxy (PFA) vessel (100-1000-01; Savillex; Eden Prairie,
MN) along with a 20 mL glass scintillation vial containing 0.8341 g of
solid iodine pieces (mI, ≥ 99.9%, Sigma-Aldrich); the ratio ofmI to total
sample mass [i.e.,mI/Σj =1

n (ms)j; where j denotes different samples] was
1.0228. Masses were obtained using theME204E analytical balance. An
additional empty vial (the blank) was added to assess the iodine capture
on the vial itself, which was taken into account in subsequent
calculations. Then, the Savillex vessel was placed into an oven
(3511FSQ, Isotemp, Fisher Scientific; Hampton, NH) at 150 °C (±4
°C) for 24 h. Following this soak, the vials were carefully removed from
the apparatus and placed directly into the same oven at 150 °C for 1 h
without the iodine present so that any physisorbed iodine could be
desorbed. Sample names after iodine loading are denoted with “+I”
suffixes.

Following the iodine-loading experiments, eqs 2−4 were used to
evaluate the gravimetric iodine capacities based on the mass uptake
where ms is the starting mass of the sample, ms+I is the final mass
following iodine capture, mI is the mass of iodine captured by the
sample bymass difference fromms [eq 2],m%I is themass % of iodine in
the final sample [eq 3], and “g g−1” is the term denoting the mass of
iodine captured per starting mass of the sorbent (gravimetric iodine
loading) [eq 4]. Alternatively, eq 4 can be written in terms of mg g−1,
which is often referred to as qe and is essentially 1000 × [mI/ms (g g

−1)].
Finally, the Ag-utilization (AgU) was calculated as the ratio of I to Ag in
the iodine-loaded gels, as shown in eq 5, using data collected from EDS
analyses in atomic % with built-in standards in the Bruker ESPRIT
software. When AgU > 1, some physisorbed iodine may remain within
the sample or iodine is binding to a different location within the sorbent
compared to the Ag getter including directly to the aerogel surface.

m m m
I s I s

=
+ (2)

m m m% 100 ( / )I I s I= ×
+ (3)

m mI loading / (or g g )I s
1

= (4)

AgU 100 I / Ag (at %/at%)= × [ ] [ ] (5)

2.2. Sample Pictures and Dimensional Analyses. Pictures were
taken of the samples using a Canon Rebel T1i digital camera using
Canon OES software with a circular polarizer filter. For getting scale
bars on the images, each image was collected at the same magnification
(zoom), and a ruler was included in each picture (not shown) so that a
scalebar could be added to the final image composite using Adobe
Photoshop (v22.5.0). Measurements were made on various samples
during the hydrogel stage (aging in 50/50 DIW/EtOH solution),
alcogel stage (100% EtOH solution), xerogel stage (after drying), and
HTX (after HT). Pictures for these measurements were captured with
rulers in the images (liquid-emersed samples) or using a set of digital
calipers (±0.01 mm). Values reported are average values for all but the
alcogel sample from multiple measurements. Areas (A) were calculated
using the measured diameters (d) [i.e., A = π·(0.5·d)2], and volumes
(V) were also calculated from the diameter values assuming equal
shrinkage in all directions [i.e., V = 4/3·π·(0.5·d)3]. Of course, these
measurements were only used as estimates because the assumption of
regular shrinkage in all dimensions was not expected in all cases.
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2.3. X-ray Absorption Spectroscopy.X-ray absorption near edge
structure (XANES) spectroscopy was performed near the Ag K-edge
(25.514 keV), I L3-edge (4.557 keV), and S K-edge (2.4695 keV) at the
Advanced Photon Source (APS) at Argonne National Laboratory. The
Ag K-edge XANES analyses were performed utilizing beamline 12-BM-
B operated in the fluorescence mode using a Si(311) monochromator
and calibrated using Ag foil. The step sizes for Ag K-edgemeasurements
were 5.0 eV (for the energy range of 25.314−25.499 keV), 0.6 eV (for
25.499−25.544 keV), and 0.05 Å−1 (for 25.545−26.369 keV).

The I L3-edge XANES analyses were performed utilizing beamline
12-BM-B and 9-BM-B operated in the fluorescence mode using a
Si(111) monochromator and calibrated using AgI powder. The step
sizes for I L3-edge measurements were 5.0 eV (for the energy range of
4.410−4.547 keV), 0.4 eV (for 4.547−4.577 keV), and 0.05 Å−1 (for
4.577−4.800 keV).

The S K-edge XANES analyses were performed utilizing beamline 9-
BM-B operated in the fluorescence mode using a Si(111)
monochromator and calibrated using sodium thiosulfate (Na2S2O3)
powder. The step size for S K-edge measurements were 2.0 eV (for the
energy range of 2.319−2.449 keV), 0.15 eV (for 2.449−2.509 keV), and
0.05 Å−1 (for 2.509−3.015 keV).

For Ag K-edge and I L3-edgemeasurements, approximately 5−10mg
of sample powders and standards were separately mixed with∼20mg of
BN binder (Alfa Aesar, 99.5%), pressed into 7 mm diameter pellets at
70 MPa using a uniaxial press, and then cut to fit the sample holders.
Linear combination fittings of Ag K-edge XANES spectra were
performed to estimate the Ag speciations in the samples and the
redox ratio of Ag+/Ag0. This approach assumed that each sample was a
linear combination of measured spectra (si) from Ag0 (Ag metal) and
Ag+ species [i.e., Ag2O(Noah, 99.5%), Ag-MOR (provided by Abney et
al.43), and AgI (Sigma-Aldrich, 99.999%) after iodine sorption] with
these four species summing to 1, as shown in eq 6, where ri is the mole
fraction of species “i” within the sample. The redox ratios for the four
samples were fit to data using a least-squares approach.

rs r r r rAg Ag O AgMOR AgI 1

i

n

i i

1

1
0

2 2 3 4= [ ] + [ ] + [ ] + [ ] =

= (6)

To aid the interpretation of S K-edge measurements, sample spectra
were compared to the spectra of elemental S (ASARCO, 99.999%),
Ag2S (Sigma-Aldrich, 99.9%), Na2SO3 (Allied, 98%), and Ca-
SO4*12H2O (Fisher Scientific, 98%) standards. To aid the
interpretation of I L3-edge measurements, sample spectra were
compared to the spectra of elemental I, NaI, AgI (Sigma-Aldrich,
99.999%), NaIO3, and NaIO4 (Johnson Matthey Co., 98%) standards
where the spectra of elemental I, NaI, and NaIO3 were collected and
provided by Cicconi et al.44

2.4. Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) was performed at the 15-ID-D station of NSF’s Chem-
MatCARS, Sector 15 of the APS. The list of samples analyzed included
HTX, HTX-Ag+, HTX-Ag0, HTX-Ag+(+I), and HTX-Ag0(+I).
Measurements were performed in the Q range of 0.006 and 0.3 Å−1.
The powdered samples were sandwiched between two Kapton films
within a nylon washer that was 1 mm thick.
2.5. X-ray Photoelectron Spectroscopy. X-ray photoelectron

spectroscopy (XPS) was performed on a Kratos AXIS Ultra DLD
system using a monochromatic Al Kα source (hν = 1486.7 eV)
operating at 150 W. The samples analyzed were the four different Ag-
containing sorbents without iodine (i.e., HTX-Ag+, HTX-Ag0, HTX-S-
Ag+, and HTX-S-Ag0). Each sample was finely ground and pressed onto
double-sided conductive carbon tabs (Ted-Pella Inc.) attached to a
silicon substrate for analysis. During analysis, the chamber pressure was
maintained at or below 2 × 10−9 Torr, and any surface changing was
minimized using a low-energy electron flood gun. The binding energy
(BE) scale of the instrument was calibrated to give a BE of 84.0± 0.1 eV
for the Au 4f7/2 feature of metallic gold and 932.6 ± 0.1 eV for Cu 2p3/2

of metallic copper. Survey spectra were acquired at a pass energy (PE)
of 160 eV with a step size of 1 eV, while high-resolution scans were
performed at a PE of 40 eV with a step size of 0.1 eV. A sputter-cleaned

gold foil yielded a full width at half-maximum (FWHM) of 1.9 eV at a
PE of 160 eV and FWHM of 0.8 eV at PE of 40 eV.

The acquired data were processed using CasaXPS software and were
charge referenced to adventitious C 1s (C−C/C−H component) at
285 eV. Data fitting was performed using product Gaussian−Lorentzian
type curves with an Iterated Shirley background approximation. The Ag
3d and S 2p features were fit using a sufficient number of spin−orbit
split doublets of equal FWHM. The separation between the Ad 3d5/2

and Ag 3d3/2 spin−orbit split components was constrained to 6 eV,
whereas the area of the Ag 3d3/2 component was set to 0.67× that of Ag
3d5/2. For the S 2p feature, the separation between the doublets was
constrained at 1.18 eV, whereas the area of the S 2p1/2 component was
set to 0.5× that of the S 2p3/2 component. The only allowed degrees of
freedom in both cases were the intensities and BEs of the peaks. A
modified Auger parameter (MAP),45 which is given in eq 7, was used to
provide a qualitative understanding of the chemical speciation of Ag
where KE is the kinetic energy. The AgMNNAuger features in the XPS
spectra exhibit two distinct regions, namely, M5N45N45 and M4N45N45.
For the calculations in this paper, the higher BE feature was used, which
is M5N45N45. Generally, Ag0 is known to present a higher MAP value
compared to oxidized Ag species.45

MAP KE(M N N ) BE(Ag 3d )5 45 45 5/2= + (7)

2.6. X-ray Diffraction. Powder X-ray diffraction (P-XRD) was
performed by grinding samples in an agate mortar and pestle and
adding these ground powders onto a 25 mm zero-background silicon
holder by first suspending in isopropanol, dropping onto the holder,
and allowing the isopropanol to dry prior to analysis. This process
resulted in better adherence of the sample on the holder and did not
appear to affect the sample diffraction based on previous experience
with similar gels. In the event, the isopropanol addition affects the pore
structure of the gels during drying; the subsample portions used for P-
XRD analyses were not used in other characterization techniques (e.g.,
SSA, pore size measurements, and electron microscopies). Samples
were then analyzedwith aD8Advance (Bruker AXS Inc.;Madison,WI)
diffractometer with Cu Kα emission. The instrument was equipped with
a LynxEye position-sensitive detector with a collection window of 3°
2θ. Typical scan parameters were 5−70° 2θ with a step of 0.019° 2θ and
a 0.5−2 s dwell at each step, but the dwell times were increased as
needed to get better signal-to-noise values for low-signal samples.
Bruker AXS DIFFRACplus EVA (v4.1) and TOPAS (v5) software
programs were used to identify and quantify the crystalline phases,
respectively. Whole pattern fitting was carried out according to the
fundamental parameter approach.46 In some cases, the Rwp values are
provided, which is a weighted fitness metric for the statistical precision
of the data set.47

2.7. Specific Surface Area and Pore Size Distribution. The
SSAs, pore volumes (Vp), and pore sizes (sp) were measured with
nitrogen [N2(g)] adsorption and desorption isotherms collected with a
Quadrasorb EVO/SI (Quantachrome Instruments, Anton Paar).
Samples were broken into 1−3 mm sized pieces to fit into pre-tared
borosilicate type-C long cells with a 6 mm sample chamber bulb (part
number 193621, Quantachrome Instruments) or type-B 9 mm long
cells without bulb (part number 193652, Quantachrome Instruments).
Sample masses (ms,BET) were collected on the analytical balance (see
Table S3, Supporting Information). The samples were degassed under
vacuum at 25 °C for 24 h before the adsorptionmeasurements. For each
sample, nitrogen adsorption and desorption data were collected at 77.3
K with 54 measurements over a total run time of 15−28 h. The surface
area was determined using the five point Brunauer−Emmett−Teller
(BET) method.48 The Barrett−Joyner−Halenda method was used for
the pore size distribution calculations.49

2.8. Scanning ElectronMicroscopy and Energy-Dispersive X-
ray Spectroscopy. Scanning electron microscopy (SEM) was
performed on the specimens using a JSM-7001F field-emission gun
microscope (JEOL USA, Inc.; Peabody, MA). For SEM analysis,
samples were adhered to the double-stick carbon tape and sputter-
coated with 2.5 nm of iridiummetal to create a conductive coating using
an EMS 150T ES sputter coater (Quorum Technologies Ltd., United
Kingdom). The EDSwas performed on the same powdermounts with a
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Bruker xFlash 6|60 (Bruker AXS Inc.; Madison, WI) using ESPRIT
(v2.0). The conditions used for data collection were 15 kV and∼50−80
k counts per second. For EDS analysis, a minimum of five locations
were evaluated for each sample, including locations on separately
prepared specimens, so that compositional averages and standard
deviations could be calculated.
2.9. Scanning Transmission Electron Microscopy and Trans-

mission Electron Microscopy. Samples were prepared for trans-
mission electron microscopy (TEM) and scanning TEM (STEM) by
crushing them between two glass slides. A standard lacy carbon TEM
grid was guided across the resulting fine powder to collect particles
suitable for analysis. TEM analysis was carried out in a JEOL
ARM200CF equipped with a Centurio EDS detector. All TEM images
were collected at bright-field conditions. Then, EDS mapping was
carried out in the STEMmode. The HTX samples that did not contain
Ag were prone to beam damage under prolonged exposure leading to
drift during TEM imaging and EDS analysis that manifested in blurry
micrographs despite limited acquisition times.
2.10. Helium Pycnometry and Skeletal Densities. Skeletal

densities (ρ) of the samples were measured using a helium pycnometer
(Micromeritics AccuPyc II 1340). Sample masses were weighed on the
Mettler ME204E balance and inputted into the AccuPyc II software.
Then, 10 volume measurements of each sample were performed with
the pycnometer. The densities of each sample were calculated using the
average volume and inputted mass for that sample.

3. RESULTS

3.1. Sample Appearances and Measurements (before
Iodine). The sample appearances for the base materials are
shown in Figure 2. The as-made xerogel (i.e., X in Figure 2a) and

HTX (in Figure 2b) did not appear any different visually, and
both samples were bright white in color. The thiolated HTX
sample (i.e., HTX-SH in Figure 2c) was less bright white in color
with a pinkish hue. The Ag+-exchanged HTX-SH sample (i.e.,
HTX-S-Ag+ in Figure 2d) was light brown in color, the Ag+-
exchanged HTX sample (i.e., HTX-Ag+ in Figure 2f) was dark
brown, and both Ag0-reduced versions of these (i.e., HTX-S-Ag0

in Figure 2e andHTX-Ag0 in Figure 2g) were dark black in color.
Size reductions were observed between the various initial stages
including hydrogel > alcogel > xerogel > HTX, which are
documented in Figure S12 (Supporting Information). The
largest observed decrease within this sample set was during the
alcogel → xerogel stage. During the silver reduction process,
HTX-Ag+ lost ∼4.5 mass % (to create HTX-Ag0) and HTX-S-
Ag+ lost ∼8.4 mass % (to create HTX-S-Ag0), indicating that
they were not completely dry after the silver impregnation step
to create these precursors. This could also explain some fine
particles generated during the reduction process.
3.2. TEM and STEM/EDS Data. TEM micrograph collages

are presented in Figure 3a−c for unthiolated samples (i.e., HTX,
HTX-Ag+, and HTX-Ag0) and in Figure 3d−f for thiolated
samples (i.e., HTX-SH, HTX-S-Ag+, and HTX-S-Ag0). For all
samples, the fractal geometries observed are common in these
types of porous Ag−Al−Si−O gel-based substrates.18,23,50,51

Both thiolated and unthiolated gels with Ag+ and Ag0 forms of
silver showed evidence of less electron-transparent and
somewhat spherical regions indicative of high silver, which
were confirmed with STEM−EDS maps shown in Figure S5
(Supporting Information). Figure S5 (Supporting Information)
also shows homogeneous elemental distributions for all of the
expected species in the different samples.
3.3. XPS Data. XPS analysis was used to probe the near-

surface chemical speciation of the Ag-xerogel materials. The
survey spectra on the Ag-substituted xerogels do not show the
presence of a Na 1s feature, signifying a high degree of Ag-
substitution for Na in the materials (i.e., Na is below the XPS
detection limits)�see Figure S1 (Supporting Information). In
the thiolated Ag-xerogels, the S 2p feature reveals that sulfur is
primarily present as a thiol (i.e., S2−) species, likely bound to
silver, as evidenced by BE of 162.9 eV. A small amount of sulfate
(i.e., SO4

2−) was also present in both thiolated xerogels with a
BE of 168.3 eV for the S 2p3/2 feature and was attributed to
oxidation of near-surface thiol groups.

Probing Ag speciation using XPS is known to be quite
challenging.17,45 Although assigning oxidation states based
solely on the BE of the Ag 3d5/2 feature can lead to erroneous
conclusions, it has been shown that the MAP can be used to
differentiate between reduced (i.e., Ag0) and oxidized (i.e., Ag+)
silver species.45 Therefore, in the current work, a combination of
MAP values and peak-deconvoluted Ag 3d features were used to
assign plausible Ag-oxidation states, which were then correlated
with results obtained from other analytical techniques (e.g.,
XRD and TEM). The MAP values for Ag were calculated using
the formula presented in eq 7, and these values are listed in Table
S2 (Supporting Information). It is known from previous reports
that oxidized Ag species exhibit a lower MAP value compared to
a Ag0 species.45 From Table S2 (Supporting Information), it is
clear that both the Ag-substituted xerogels exhibit a notably
lower MAP value compared to the reduced analogues (see
Figures S2 and S3, Supporting Information). This points to a
successful reduction step where the reduced Ag0-xerogels (i.e.,
HTX-Ag0 and HTX-S-Ag0) have higher Ag0 concentrations

Figure 2. Pictures of the samples at various stages in the synthesis
process including the (a) as-made xerogels (X), (b) HTXs, (c)
thiolated HTX (HTX-SH), (d) Ag+-loaded HTX-S (HTX-S-Ag+), (e)
Ag0-loaded HTX-S (HTX-S-Ag0), (f) Ag+-loaded HTX (HTX-Ag+),
and (g) Ag0-loaded HTX (HTX-Ag0). Following thiolation, −SH
tethers are installed on the gel surface and subsequent Ag processes
remove H, and thus, the nomenclature changes for those samples.
Samples were in glass vials during imaging, hence the reflections.
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compared to the equivalent Ag+-exchanged versions of the
samples (i.e., HTX-Ag+ and HTX-S-Ag+), respectively.
Following these processes and calculations, the Ag 3d features

were deconvoluted to allow for a better understanding of the
distribution of Ag-oxidation states in the materials, and these
deconvolutions are shown in Figure 4. The Ag 3d5/2 feature for
HTX-Ag+ was fit using two major components at BEs 368.4 and
368.8 eV (Figure 4a), and HTX-S-Ag+ also had two primary
components at similar BEs of 368.5 and 368.9 eV (Figure 4c).
The components at ∼368.8 eV were assigned to Ag0 species,
while the lower-BE components ∼368.4 eV were attributed to
Ag+ species. The presence of both Ag0 and Ag+ species in the Ag-
exchanged materials was verified with XAS data described below
in more detail. Here, although the BEs of Ag0 species were
slightly higher than that observed for bulk Ag foil (see Tables S1
and S2, Supporting Information), these differences can be
attributed to the size effect of Ag0 on its BE. It has been shown in
the previous reports17,52 that ∼6 nm Ag0 nanoparticles exhibit a
BE of approximately ∼368.8 eV, while those around 2 nm have
an even higher BE of ∼369.1 eV or greater. These values are in
excellent agreement with XRD analysis that reveals a bimodal
distribution of Ag0 nanoparticles of sizes ∼6 and ∼2 nm (vide
infra), as shown in Table S9 (Supporting Information).
Additionally, these values also agree well with crystallites
observed during TEM observations discussed in later sections.
Upon reduction, the Ag 3d5/2 peak shifts to a slightly higher BE

value. When peak-fitting the Ag 3d feature of the HTX-Ag0

material, the primary component in the Ag 3d5/2 region was
found to have a BE of 368.7 eV, which was attributed to Ag0

species (Figure 4b). The component at a higher BE of 369.4 eV
also possibly represents Ag0 nanoparticle but of a smaller size
(<2 nm). Similar results were also obtained for the HTX-S-Ag0

material, which was also found comprised of Ag0 species (Figure
4d). These results align well with that concluded using MAP
values, where the reduced Ag-xerogels were found to consist of
Ag0 species. The most prevalent sulfur species found in both
HTX-S-Ag+ (Figure 4e) and HTX-S-Ag0 (Figure 4f) were thiols
with smaller amounts of sulfate present in each sample.

Finally, BE peak shifts toward higher energies were observed
in Si 2p, Al 2p, and O 1s regions between HTX-Ag+ and HTX-
Ag0 (see Figure S4, Supporting Information). This is likely due
to subtle changes in the bonding environments for charge
compensation after the Ag+ → Ag0 reduction process.
3.4. BET Data. The SSA data from BET measurements are

provided in Figure 5, and isotherms as well as the pore size
distribution plots are presented in Figure S6 (Supporting
Information). As expected, every subsequent treatment after the
as-made xerogel lowered the SSA values. The thiolation process
did not notably reduce the SSA from the HTX starting material
(i.e., 313 m2 g−1 for HTX → 294 m2 g−1 for HTX-SH; or ∼6%),
whereas when a similar process was performed for heat-treated
Na−Al−Si−O aerogels (HTA) of the same target composition,

Figure 3. TEM collage showing progressively higher magnifications from top to bottom for (a−c) unthiolated samples (a) HTX, (b) HTX-Ag+, and
(c) HTX-Ag0 and (d−f) thiolated samples (d) HTX-SH, (e) HTX-S-Ag+, and (f) HTX-S-Ag0.
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the same thiolation process resulted in an SSA decrease of >90%
from 291 to 28 m2 g−1 (HTA-SH).23 A comparison of the
xerogels from the current study with aerogels of the same
composition (i.e., Ag−Al−Si−O) from our previous study23 is
provided in Figure S7 (Supporting Information), which shows
that while the as-made aerogel had a much higher SSA value
compared to the as-made xerogel, the SSA of the xerogel was
notably higher after the HT process and at all subsequent steps.
Thus, while the xerogels had only marginally higher SSA

values for unthiolated gels over equivalent aerogels (i.e., 1.1−
1.2×),23 the thiolated xerogels showed 3.6−10.5× higher SSA
values compared to thiolated aerogels, providing evidence that
the xerogels are much less susceptible to pore structure collapse
during processes such as the heat treatment (HT), thiolation
(SH), silver loading (Ag+), and silver reduction (Ag0). This is
another demonstration of how the xerogels provide a far more
rigid scaffold for subsequent processes required to prepare these
types of sorbents.
3.5. Appearance (after Iodine Loading). Pictures of the

iodine-loaded gels are provided in Figure S10 (Supporting
Information). The iodine-loaded HTX, that is, HTX(+I), was
mostly unchanged but had a slightly off-white color. The HTX-
Ag+(+I) and HTX-Ag0(+I) looked very similar and a bright
yellow in color. The iodine-loaded HTX-SH, or HTX-SH(+I),
was white with dark gray/black patches on various locations of
certain granules. The HTX-S-Ag+(+I) granules looked similar to
the unthiolated equivalent samples but were a lighter yellow.
The HTX-S-Ag0(+I) granules were a darker yellow than the
other Ag-loaded sorbents with small patches of brown.

3.6. Sample Densities. The skeletal pycnometric densities
for X, HTX, HTX-Ag+, HTX-Ag0, HTX-SH, HTX-S-Ag+, and
HTX-S-Ag0 are shown in Figure S9 and Table S5 (Supporting
Information). The ρ value for HTX was slightly higher than the
value for X, which is likely due to the desorption of residual
hydrocarbons present in the X sample (from the gel synthesis
process) and adsorbed water during the HT process to form
HTX. This hydrocarbon removal was observed for HTs on Na−
Al−Si−O aerogels in our previous work.23 The value for HTX-
SH was slightly lower, which is due to the addition of the
thiolpropyl monolayers added to the HTX gel during the
thiolation process, which are lower in density than the base gel.
Adding silver to the base materials notably increased ρ values
(∼53−72%; see Δρ(base→Ag) values in Table S5, Supporting
Information) where the thiolated gels were consistently lower
than the unthiolated equivalents (i.e., HTX-Ag+ > HTX-S-Ag+

and HTX-Ag0 > HTX-S-Ag0). These differences were also
attributed to the addition of the thiolpropyl monolayers on the
thiolated gels. In each case, the Ag0 samples had slightly higher ρ

values than the equivalent Ag+ samples (i.e., HTX-Ag0 > HTX-
Ag+ andHTX-S-Ag0 >HTX-S-Ag+), and this could be due to the
removal of other adsorbed species in the Ag+ gels during the Ag0

reduction process performed under H2/Ar. All Ag-containing
samples showed higher densities after iodine loading, and the
thiolated gels showed higher relative ρ increases (22−25%) than
the unthiolated gels (9−13%) (see Δρ(Ag→AgI) values in Table
S5, Supporting Information).
3.7. XRDData.The raw XRD spectra are provided in Figures

S13−S24 (Supporting Information). A summary of the XRD

Figure 4. (a−d) XPS of the Ag 3d5/2 region for (a) HTX-Ag+, (b) HTX-Ag0, (c) HTX-S-Ag+, and (d) HTX-S-Ag0. The yellow area denotes Ag0 at <6
nm diameter (estimated), red denotes Ag0 at <2 nm diameter (estimated), and green denotes Ag+; examples of differently sized Ag0 clusters are shown
in the form ofmolecular drawings in (b). Refer to the online version for color references. (e,f) XPS data showing spectra of the S 2p region for (e)HTX-
S-Ag+ and (f) HTX-S-Ag0 along with peak deconvolution for both spectra; molecular drawings are provided for sulfate (SO4

2−) and thiol (SH) groups.
The background is gray for all fits.
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data is provided in Figure 6 where background intensities were
removed for each data set. The amorphous structure of the X
and HTX samples was similar to broad diffraction peaks that
represent the amorphous structure of these samples (Figure 6a).
No diffraction, including any broad amorphous diffraction
peaks, was observed for HTX-SH (Figure 6d). The diffraction
patterns for HTX-Ag+, HTX-Ag0, andHTX-S-Ag0 showed peaks
for Ag0 (see Figure 6c−f). Rietveld refinements were performed
for HTX-Ag0 and HTX-S-Ag0 and show very low residuals (Rwp

values)47 after two separate Ag0 phases were used including a
cubic (space group Fm3̅m) and a hexagonal (space group P63/
mmc)�see Figure 6e,f. Table S9 (Supporting Information)
provides a list of the crystallite sizes determined with the
refinements, and both show majority phases of cubic Ag0 (>85
mass %) with average crystallite sizes of ∼6.6 nm and minority
phase of hexagonal Ag0 (<15 mass %) with average crystallite
sizes of ∼1.9−2.7 nm in diameter. In our previous work with
thiolated Ag0−Al−Si−O aerogels, only the cubic Fm3̅m phase
was used for fitting, and the sizes were similar when measured by
Rietveld refinements of XRD scans (7.4 nm) and when
measured from TEM micrographs (5.9 ± 1.4 nm).23 For all
four of the iodine-loaded samples, a mixture of β-AgI (space
group 186, P63mc)

53 and γ-AgI (space group 216, F4̅3m)54 was
observed, which is consistent with our previous work.23,32,50,51

3.8. EDS Data. The EDS data for all samples are provided in
Table S8 (Supporting Information) in addition to calculations
like AgU values and Si/Al molar ratios. The samples showed
very high iodine loadings of 45.5, 44.9, 47.9, and 47.8 mass %
iodine for samples HTX-Ag+(+I), HTX-Ag0(+I), HTX-S-

Ag+(+I), and HTX-S-Ag0(+I), respectively, where the thiolated
samples showed higher values for both the Ag+ and Ag0 samples.
The AgU values for HTX-Ag+(+I), HTX-Ag0(+I), HTX-S-
Ag+(+I), and HTX-S-Ag0(+I) were 1.12, 1.02, 1.18, and 1.16,
respectively, where Ag+ samples showed higher values than Ag0

samples. The addition of 3-MPTMS to the gels notably increases
the Si loadings in all samples due to the addition of the Si in the
3-MPTMS where the Si/Al molar ratios are all increased by an
average of 31 ± 7% between unthiolated and thiolated samples
after the same treatments; this is shown graphically in Figure S11
(Supporting Information).
3.9. XAS Data. A summary of the Ag K-edge XANES data is

provided in Figure 7a−h. The analysis presented in Table S4
(Supporting Information) shows the quantitative data of the
various Ag-containing phases used to fit the XANES data. These
data show the majority phase for HTX-Ag+, HTX-Ag0, HTX-S-
Ag+, andHTX-S-Ag0 (i.e., samples without iodine)matched that
of the Ag-MOR standard with actively reduced materials
containing some Ag0 and Ag2O. In the HTX-Ag+, HTX-S-Ag+,
and Ag-MORXANES spectra, only one spectral feature is visible
just after the absorption edge, demonstrating that the Ag+

species must be present in channels or cages in the
aluminosilicate network, which leads to large positional disorder
of Ag ions and therefore relatively few spectral features, as
previously described by Abney et al.43 The Ag2O fractions in
thiolated samples (i.e., HTX-S-Ag+ and HTX-S-Ag0) showed
higher Ag2O content than the unthiolated versions of these
samples (i.e., HTX-Ag+ and HTX-Ag0). The Ag0/Ag+ content
ratio was higher for HTX-Ag0 versus HTX-S-Ag0.

A summary of S K-edge XANES data is provided in Figure 7i.
The location of various S-based species with different oxidation
states can be seen in distinctly different locations within XANES
spectra, as shown roughly by the vertical bars in Figure 7i. In this
case, all samples without iodine showed better qualitative
overlap to S2− (i.e., Ag2S) species than to the SO4

2− (i.e., CaSO4)
species, whereas the opposite was true for iodine-loaded
samples.

A summary of I L3-edge XANES data is provided in Figure 7j.
For these data, all Ag-exchanged samples showed a qualitative fit
with AgI, and this included HTX-Ag+, HTX-Ag0, HTX-S-Ag+,
and HTX-S-Ag0. The HTX-S sample that did not undergo Ag+

exchange showed a better fit with NaI than the other I-
containing standards analyzed. This suggests that the iodine
bonded to Na+ present in these samples (see Table S8 in the
Supporting Information), but the XRD data do not show the
presence of crystalline NaI.
3.10. SAXS Data. Figure S8 (Supporting Information)

provides the SAXS data for 10 samples including HTX, HTX-
Ag+, HTX-Ag0, HTX-Ag+(+I), HTX-Ag0(+I), HTX-SH, HTX-
S-Ag+, HTX-S-Ag0, HTX-S-Ag+(+I), and HTX-S-Ag0(+I). A
broad peak can be seen in the SAXS data for several samples
centered near q = 0.08 Å−1 (where q is the magnitude of the
momentum transfer vector) indicating the presence of Ag0

nanoparticles with a corresponding average particle diameter
of 7.9 nm, based on the relationship of d = 2π/q where d is the
particle diameter in nm, which corresponds well with the data
shown in Figure 6e,f and Table S9 (Supporting Information).
The remaining Ag-containing samples appear to have some
indication of a scattering signal; however, these signals were
shifted to lower q, which corresponds to larger average particle
sizes. However, the SAXS instrumentation was not optimized to
measure correlations at this low q range and would necessitate
ultra-small-angle X-ray scattering (USAXS). The SAXS data of

Figure 5. BET data showing the data (a) plotted with lines drawn
between like series and (b) column chart showing the data. The x-axis is
the same for both (a,b).
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HTX show the presence of at least one peak, the largest of which

is centered near 0.01 Å−1 (∼63 nm), suggesting the presence of

∼60 nm particulates in the HTX sample, which is similar to the

TEM shown in Figure 3a where the particles are denoted as the

agglomerates of the gel material, and the matrix is air. This is in

contrast to Ag-containing material where the particles are likely

the Ag0 crystal agglomerates, and the matrix is either (1) the gel

or (2) gel + air depending on the way the X-rays interact with

these different material phases and the interfaces between them.

After thiolation, the peak for the HTX-SH sample is shifted

toward 0.09 Å−1 (∼7 nm).

4. DISCUSSION

An overview of which characterization techniques were
performed on each sample is provided for convenience in
Table S10 (Supporting Information). Based on the XRD, XPS,
and TEM data, molecular drawings are provided in Figure 8 that
show the generalized structure of the thiolated materials and
how the 3-MPTMS groups tether to the xerogel network (Figure
8a,b). The Ag0 crystallites in actively reduced sorbents were
present in various sizes with sphere-like clusters of varying sizes
that appeared to be polycrystalline with different lattice
orientations (see Figures 3c,f, 4b,d, 6e,f, 8e, and Table S9 in
the Supporting Information). These types of information are
essential for designing future sorbents and optimizing the

Figure 6. XRD data including (a) X and HTX, (c) unthiolated gels HTX-Ag+, HTX-Ag0, HTX-Ag+(+I), and HTX-Ag0(+I), and (d) thiolated gels
HTX-SH,HTX-S-Ag+, HTX-S-Ag0, HTX-S-Ag+(+I), andHTX-S-Ag0(+I). (b) Legend showing what phases the symbols represent in other subfigures.
Common sample treatments are aligned vertically for unthiolated and thiolated samples. (e,f) Summary of Rietveld fitting of XRD data from Ag0 (i.e.,
Fm3̅m and P63/mmc) present in the Ag-reduced samples including (e) HTX-Ag0 and (f) HTX-S-Ag0. Data from these fits are shown in Table S9
(Supporting Information).
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materials for having the desired oxidation states for the getter
(e.g., Ag+ vs Ag0) as well as any tether being implemented (e.g.,
thiol vs sulfate). Figure 8d also provides an overview of how the

sulfur species are expected to bond to the sorbents and how they
might change upon oxidation (i.e., thiol groups → sulfate
groups).

Figure 7. (a−h) Silver K-edge XANES data for (a) HTX-Ag+, (b) HTX-Ag0, (c) HTX-S-Ag+, (d) HTX-S-Ag0, (e) HTX-Ag+(+I), (f) HTX-Ag0(+I),
(g) HTX-S-Ag+(+I), and (h) HTX-S-Ag0(+I) as well as (i) sulfur K-edge XANES and (j) iodine L3-edge XANES for all samples.
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The structures of the Ag0 crystallites and the AgI crystallites
seem to follow similar crystallographic trends of cubic and
hexagonal Bravais lattices, which are shown graphically in
Figures 8g and 9 (also see Figures 3, 6, and Table S9 in the
Supporting Information). This suggests that it is possible that
nanoscale cubic Ag0 (Fm3̅m) crystals convert to cubic γ-AgI
(F4̅3m) and hexagonal Ag0 (P63/mmc) crystals convert to
hexagonal β-AgI (P63mc), which could be explored more in the
future.
It should be noted that linear combination fitting of XANES

data of HTX-Ag+ does not exactly corroborate the XPS findings.
It should be noted that a similar fraction of Ag+ prior to
reduction by H2 in Ag-MOR was reported by Abney et al.43

where the local structure of Ag in Ag-MOR varied significantly
before and after reduction by H2. However, few studies have
attempted to understand the oxidation state of silver through
both XPS and XANES. The XANES measurements, which were
performed in both fluorescence and transmission modes,
represent a bulk characterization method because the material
was crushed and mixed with a binder while the XPS data
represent a surface-sensitive characterization method. Addition-
ally, XANES measurements are performed using a high X-ray
flux in air, and XPS measurements are performed under an
ultrahigh vacuum, both of which affect the oxygen fugacity,
particularly for redox-sensitive species. Previous investigations
of silver oxidation states for electrochemical reduction of CO2

Figure 8. Summary of how 3-MPTMS [shown in (a)] interacts with the gel network [shown in (b)] showing the union between the 3-MPTMS and the
xerogel. (c) Summary of how Ag+ interacts with the thiol group, (d) sulfur complexation, (e) how Ag+ is reduced to Ag0, (f) how the Ag0 crystals form
around the thiol group and on the surface of the gel, as confirmed by various characterizations described in the text, (g) forms of AgI that are created
upon iodine chemisorption, and (h) the legend. Atoms are not drawn to scale.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c01741
ACS Appl. Nano Mater. 2022, 5, 9478−9494

9489

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c01741/suppl_file/an2c01741_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01741?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01741?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01741?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c01741?fig=fig8&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c01741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


through XPS suggest that the levels of vacuummay convert Ag−
O to Ag0.55 On the other hand, when Ag0 is present as nanoscale
crystallites, the high-surface area may enhance the ability to
oxidize in air when irradiated with the synchrotron X-rays and
artificially increase the fraction of Ag+ in these samples. In
general, XPS tended to demonstrate a higher fraction of Ag0,
whereas XANES demonstrated a higher fraction of Ag+.
A comparison of iodine-loading capacities in terms of qe [i.e.,

mg iodine per g of the sorbent or 1000·(g g−1), a modification of
eq 4] for various Ag-based sorbents is provided in Figure 10 with
the full data set provided in Table S11 (Supporting
Information).23,32,56−60 This comparison includes Ag-based
sorbents that were loaded in the same manner under similar
saturated conditions in our laboratory using a 1 L Savillex PFA
jar for 24 h followed by 1 h of desorption. The comparison
includes two zeolites including Ag-MOR (IONEX Ag-900
mordenite) and AgX (IONEX Ag-400 faujasite), both in the
form of engineered particles from Molecular Products with
proprietary clay binders. The data from a previous study was
used for Ag-MOR since the values were higher (qe = 131mg g−1)
than those presented in Table S11 (Supporting Information)
from the current study (qe = 90.4 mg g−1). This comparison has
data from a recent study32 of pure Ag0 metal wire with a value of
qe = 1192 mg g−1, which is close to that of the expected
theoretical maximum (qe = 1176 mg g−1) assuming full
chemisorption to form AgI from all of the available Ag0 present.
This figure also provides a direct head-to-head comparison of
Ag−Al−Si−O aerogels from a previous study23 with the xerogel
equivalents, including unthiolated and thiolated versions of both
Ag-exchanged (Ag+) and Ag-reduced (Ag0) samples. All of the
Ag−Al−Si−O samples outperform the zeolite sorbents. For the
unthiolated Ag−Al−Si−O sorbents, both the Ag+ and Ag0

aerogels showed higher qe values than the xerogel equivalents,
but this was reversed for the thiolated versions. Since these
sample batches were made at vastly different times, it is difficult
to compare them directly, but these discrepancies could be due
to differences in Ag contents or thiol loadings. These types of
comparisons show the data gaps that can help guide the
development of next-generation sorbents with nanoscale
functionalization for these types of applications.

Data not included in Figure 10 include that Ag-based sorbents
run under different conditions such as the Ag−Ni foam by Tian
et al.61 with a reported qe = 442 mg g−1 (T = 200 °C, t = 4 h).
Additionally, several other sorbent types could be included here
such as Bi-based materials. For instance, recent studies showed
qe values of 351 mg g−1 for Bi-functionalized silica aerogel (i.e.,
BFSA),62 618.9 mg g−1 for a Bi−Ni foam,61 and 732 mg g−1 for a
Bi-based electrospun sorbent (i.e., HT-Bi-ESCNF, 200 °C).63

Utilizing getters with higher metal oxidation states for the metal-
iodide form like bismuth (i.e., Bi3+ in BiI3) means a higher
theoretical iodine capacity for the same starting moles of a lower
oxidation state metal like Ag (i.e., Ag+ in AgI); of course, this
assumes full utilization of the getter metal. However, this
approach could have tradeoffs when it comes to the final
disposition pathway for the iodine-loaded sorbents since the
water solubility of AgI is very low (i.e., 3 × 10−6 g per 100 g of

Figure 9.Crystal structures of Ag0 and AgI including (a) hexagonal Ag0

in the P63/mmc space group, (b) cubic Ag0 in the Fm3̅m space group,
(c) hexagonal β-AgI in the P63mc space group, and (d) cubic γ-AgI in
the F4̅3m space group. The same orientations are shown for both cubic
and hexagonal space groups separately.

Figure 10. Summary of iodine-loading capacities (qe in mg g‑1) in
saturated conditions for Ag-based materials in categories of (a)
unthiolated porous sorbents, (b) thiolated porous sorbents, and (c)
pure Ag0 metal.32 Sorbents include AgZ (IONEX Ag-900 silver
mordenite),23 AgX (IONEX Ag-400 silver faujasite; see Table S7,
Supporting Information), silver-functionalized silica aerogel (SFSA-S-
Ag0),60Ag−Al−Si−Oaerogels,23 thiolated Ag−Al−Si−Oaerogels,23 as
well as thiolated and unthiolated Ag−Al−Si−O xerogels from the
current work. For the Ag−Al−Si−O samples, both silver-loaded (Ag+)
and silver-reduced (Ag0) samples are included separately for
comparison. Temperatures utilized for the iodine-loading procedure
are listed in each plot separately (i.e., 139 or 150 °C). All loadings were
conducted for 24 h in a 1 L Savillex PFA jar. The data used in this figure
are included in Table S11 (Supporting Information). For pure Ag0, the
theoretical maximum chemisorption potential for iodine assuming full
conversion of 2Ag + I2(g) → 2AgI is qe = 1176 mg g‑1; therefore,
anything over that value is likely physisorbed iodine.
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water) and outperforms most other metal-iodide complexes
including BiI3 (i.e., 7.8 × 10−4 g per 100 g of water) and CuI (i.e.,
2 × 10−5 g per 100 g of water).42,64

A wider range of both inorganic and organic sorbents that rely
on physisorption and/or chemisorption mechanisms to
scavenge iodine is provided in Table S13 (Supporting
Information),32,65−69 and readers are referred elsewhere for
more comprehensive reviews of sorbent lists from the literature
for this application.3,4,70 In this comparison, it is clear that
inorganic sorbents relying solely on chemisorption-based
processes show much lower iodine capacities than those that
utilize physisorption or both chemisorption and physisorption.
However, it is likely that the pathway to disposal for
chemisorption-only sorbents will be easier since they can often
be hot-pressed (volume-reduced) into monolithic waste forms
for storage in a waste repository, whereas loosely bound iodine
will probably volatilize off during hot pressing. Sorbents that
only physisorb iodine could potentially require iodine release
and subsequent recapture prior to long-term disposal in a
repository as, if left in the original adsorbed state, iodine might
desorb over geologic timescales or if the storage environment
changes (e.g., increases in temperature). Finally, adding
additional processing steps into nuclear facilities can lead to
drastic increases in cost, especially over long plant operation
lifetimes and large-scale material handling, so a limited-step
capture and disposal process is more attractive from that
perspective.
The data generated from this study revealed the limitations of

analyzing these types of porous and redox-sensitive sorbents
with different techniques. Some analysis techniques were
performed under vacuum in the absence of air (e.g., SEM,
EDS, TEM, and XPS), whereas others were performed at
atmospheric pressure (e.g., XRD, XANES, and density) in the
presence of air where Ag-redox (i.e., Ag+/Ag0 ratio) and bonding
environments (e.g., Ag2O vs Ag-MOR) are subject to change.
Oxygen-containing environments that could accelerate the
conversion of reduced Ag0 toward more oxidized species (e.g.,
Ag2O and Ag-MOR), especially in experimental conditions that
require high energies and fluxes such as those performed as
synchrotron facilities (e.g., SAXS and XAS), might change the
samples from the original state to something nonrepresentative.

5. SUMMARY AND CONCLUSIONS

Several key pieces of information were gained during this study
including the following: (1) using HTX substrates for thiolation
significantly reduced the pore structure collapse of the base
material over what was observed for aerogel equivalent samples,
(2) two types of nanoscale Ag0 crystals are formed during the
Ag-reduction process that include ∼6−7 nm cubic (space group
Fm3̅m) and a ∼2−3 nm hexagonal (space group P63/mmc)
crystals based on XPS and XRD data, (3) based on XPS data,
both HTX-Ag+ and HTX-S-Ag+ samples contained some Ag0 on
the order of ∼50% (with the rest being Ag+) where HTX-Ag0

and HTX-S-Ag0 samples showed complete Ag reduction to Ag0,
(4) XPS data showed thiol as the primary form of sulfur present
in the thiolated samples (HTX-S-Ag+ and HTX-S-Ag0) with
minor amounts of sulfate present, (5) this is the first account of
documentation of size changes of our materials as a function of
different treatment stages of hydrogel → alcogel → xerogel →
HT process, and (6) thiolation did not notably change the
iodine capacity over unthiolated sorbents under the conditions
utilized in the current study. The qe values for HTX-Ag+(+I),
HTX-Ag0(+I), HTX-S-Ag+(+I), and HTX-S-Ag0(+I) were 454,

497, 424, and 522 mg g−1, respectively, showing that the
thiolation marginally improved the iodine capacity of Ag0 gels
(+5%) but decreased the capacity for Ag+ gels (−6.6%). It
should also be noted that thiolation using 3-MPTMS [i.e.,
HS(CH2)3Si(OCH3)3] adds Si to the gels and thereby increases
the Si/Al molar ratio by 20−43%. These compositional shifts
could play an important role in improving chemical durability of
the final sorbent in different environments whereby the thiol
groups can aid in delaying or maybe even preventing Ag-redox
reactions until the thiol groups fully oxidize to sulfate groups. In
addition, while thiolation might provide a redox buffer to slow
the conversion of Ag0 → Ag+, adding 3-MPTMS also installs
hydrocarbons (propyl groups) that could complicate the
consolidation process after iodine loading to produce a final
waste form for disposal.

These data provide additional insights into the material
properties as a function of the range of surface and bulk
treatment processes utilized to fabricate the materials. However,
based on a holistic view of the entire analytical data set, it is likely
that some of the characterization techniques employed in this
study altered the sample properties by changing Ag-redox states
(i.e., due to high energy fluxes associated with synchrotron
techniques). An important conclusion from this work is that
these types of corroborative and noncorroborative data sets
could be easily misinterpreted if the additional data sets were not
collected. This finding provides justification for conducting
parallel analyses to justify conclusions with porous redox-
sensitive samples.

In situ evaluation of Ag0 oxidation in different conditions
representative of those expected in an off-gas facility using a
variety of techniques (e.g., XAS, hot-stage XRD) would be an
interesting way of evaluating the kinetics of this reaction for
these sorbents. Also, to avoid the addition of propyl groups to
the gel during thiolation, alternative approaches for installing
thiol groups could be evaluated in the future. Using an approach
that does not add unwanted SiO2 molecules would also help
because, at a fixed Ag-loading (based on the initial Na
concentrations in the gel), adding these SiO2 molecules this
just dilutes the iodine capacities of the thiolated sorbents if only
accounting for Ag-based iodine chemisorption. However, since
the iodine capacity of HTX-S-Ag0(+I) was higher than that of
HTX-Ag0(+I), this suggests that the thiol groups might play an
important role in the iodine capture process and warrants further
investigation.
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