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Oxide aerogels are pore–solid networks notable for their low density, large pore volume, and high surface area. This three-dimensional arrangement of pore and solid provides critical properties: the high surface area required to maximize the number of active sites and a through-connected porosity that plumbs reactants to the active interior. In decontamination applications where reactivity beyond adsorption is desired to degrade deleterious molecules, oxide aerogels offer multiple avenues to add oxidative power to this unique arrangement of pore and solid. For protection against chemical warfare agents or toxic industrial chemicals, metal-oxide aerogels with their oxide/hydroxide surfaces afford stability under ambient conditions against competing sorbents such as water and oxygen. In this review, strategies to maximize sorptive capacity and degradation rate by modifying surface functionality, compositing with dissimilar oxides, or adding metallic nanoparticles and the subsequent impact on decontamination performance will be summarized and expected directions for future research will be discussed based on the observed trends.
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INTRODUCTION: THE CHALLENGE OF MATERIALS DESIGN FOR MITIGATION OF HAZARDOUS MOLECULES
All technology has unintended consequences, occasionally beneficial, too often detrimental (Tenner, 1997). Chemistry brings people the wonders of modern life, but when chemical technology is not informed by a lifecycle analysis of the fate of chemicals, environmental quality can be compromised. A chronic problem can then arise from environmental accumulation of chemical species deleterious to lifeforms (not just humans), counterbalanced by new materials and processes developed to sequester those chemical species. This type of environmental remediation can be viewed as ameliorating long-term exposure and inform such actions as removing heavy metal ions from water, preventing oil spills from infiltrating the food chain, photocatalyzing decomposition of organic offshoots of the chemical industry, or sequestering CO2. Another class of chemical species, however, poses an acute risk, such as the threats posed by chemical warfare (CW) agents and toxic industrial chemicals (TICs).
Materials that neutralize CW agents and TICs find applicability in both the military and civilian realms, from deliberate release of chemical agents as a hostile act to industrial accidents (Smith, 2008; DeCoste and Peterson, 2014; Mukhopadhyay et al., 2020). Common CW agents, CW simulants, and TICs are inhalation and contact hazards; selected molecular structures for these classes are shown in Figure 1. At present, personal protection from toxic vapors relies almost exclusively on activated carbons, but there is vast room for improvement over these traditional materials. Activated carbon acts solely as an adsorbent material with the caveat that it does not effectively adsorb molecules with high vapor pressures. Those toxic chemicals that do adsorb persist intact such that the spent materials pose the threat of re-exposure, additionally becoming a disposal burden. Activated carbons are impregnated with acids, amines, and certain metals to incorporate additional acid/base chemistry for reaction with higher-volatility compounds. However, even impregnated carbons do not fully neutralize toxic chemicals and may suffer from poor shelf-stability (DeCoste and Peterson, 2014). Other types of highly porous carbon, referred to as aerogels due to their mesoporosity and foam-like morphology, are derived from pyrolyzed polymer foams or freeze-dried foams containing graphene (Lee and Park, 2020) and function similarly to activated carbon, adsorbing intact CW agents (Han et al., 2017) and environmental pollutants (Gan et al., 2019).
[image: Figure 1]FIGURE 1 | Molecular structure of common CW agents, CW simulants, and TICs. Adapted from Dennison et al. (2014) with permission from the Royal Society of Chemistry.
For superior protection, multifunctional mitigation materials are desired that rapidly adsorb and degrade chemical threats into nontoxic products, thus negating the risk of re-exposure and easing the disposal burden of spent materials. Although reactive degradation is far preferred over adsorption, better still are materials that allow regeneration (turnover) of reactive/adsorptive sites such that the material remains active for prolonged lifetimes and/or multiple usage cycles. Beyond these functional requirements, DeCoste and Peterson recently highlight design considerations for formulating new, higher performance materials. Namely, reactive sorbents should operate under a full range of ambient temperature and humidity conditions, and retain functionality after the processing required to formulate into physically stable engineered forms. They note that materials must effectively provide protection while doing so practically, i.e., “balancing weight, volume, hardness, and resistance to aging” (DeCoste and Peterson, 2014).
In decontamination applications where reactivity beyond adsorption is desired, oxide aerogels provide: 1) a high surface area required to maximize the number of active sites, 2) a through-connected porosity that plumbs reactants to the active surface, and 3) multiple avenues to add oxidative power to this unique arrangement of pore and solid. Aerogels—a broad class of materials derived from wet gels dried in a manner that limits collapse of pore structure—are solid monolithic structures notable for their low density, large pore volume, high surface area, and continuous meso/macro/micro pore networks (Kistler, 1931; Pierre and Pajonk, 2002). Aerogels were first synthesized in 1931 (Kistler, 1931), but attracted more extensive research interest in later decades with developments in synthesis, notably the introduction of simplified sol–gel methods using alkoxide precursors in the 1960s and supercritical CO2 drying of the wet gel in the 1980s (Pajonk, 1994). Aerogels have been constructed from oxides (Rolison et al., 2020), carbon (Gan et al., 2019), chalcogenides (Mohanan et al., 2005), metals (Wang et al., 2020), cellulose (Wang et al., 2017b), nitrides (Wang et al., 2019), and MXenes (Zhang et al., 2020) among other materials. Due to their low density, aerogels are commonly utilized as thermal insulators, and their combination of high-surface area and mesoporosity makes them appealing for use as adsorptive materials, heterogeneous catalysts, and for electrochemical charge storage (Pierre and Pajonk, 2002).
Because of their desirable structural properties, aerogels of a wide range of chemical compositions (carbon, chalcogens, cellulose, etc.) have been developed as high-performance sorbents in various environmental remediation and filtration applications, including removal of heavy metal ions, degradation of organic dyes, oil-spill cleanup, adsorption of hydrocarbons, and CO2 capture (Ahmed et al., 2014; Gan et al., 2019; Hasanpour and Hatami, 2020; Maleki, 2016; Wang et al., 2017b). The base compositions of aerogels are also readily functionalized with other chemical moieties, either during the synthesis/processing steps or post-synthesis modification, to yield multifunctional aerogels that are tuned for specific applications (Long and Rolison, 2007). For protection against chemical warfare agents or toxic industrial chemicals, metal-oxide aerogels with their oxide/hydroxide surfaces, serve as reactive adsorbents with demonstated high performance for a wide variety of CW agents and TICs (Table 1) and afford stability under ambient conditions against competing sorbents such as water and oxygen. Nanostructured metal oxides and hydroxides, such as aerogels, neutralize chemical threats because they possess physisorptive, chemisorptive, and/or catalytically active surface sites. Nanocrystalline oxides drive CW agent and TIC degradation by various mechanisms, such as oxidation, hydrolysis, elimination, and dealkylation (Tang et al., 2008; Saxena et al., 2009).
TABLE 1 | Summary of key oxide aerogel compositions and the reactions evaluated.
[image: Table 1]Other classes of high-surface area, mesoporous materials have also been investigated for use as protective materials from acute chemical threats, including MOFs, zeolites, and molecular sieves, but all of these materials suffer from limitations. Metal–organic frameworks (MOFs) are intriguing materials for hazardous compound decontamination because they possess high surface areas (up to 1,000s of m2g−1 as measured by small-molecule physisorption) and tailorable functional groups (Cavka et al., 2008; Khan et al., 2013; DeCoste and Peterson, 2014; DeCoste et al., 2015; Mondloch et al., 2015; Islamoglu et al., 2020). However, many MOFs have modest chemical, thermal, and mechanical stability and are unstable in water (Canivet et al., 2014; DeCoste and Peterson, 2014). Among MOFs that are well suited to toxic-gas filtration, many of them undergo structural rearrangements and an order-of-magnitude decline in surface area upon exposure to water. Modifications to render MOFs more water-stable, such as exchanging organic linkers or varying the metal center, may come at the expense of filtration performance (DeCoste and Peterson, 2014; Son et al., 2020; Song et al., 2020). Figure 2 highlights the stark contrast in uptake of selected MOFs under dry (0% RH) vs. humid (80% RH) conditions (Chen et al., 2020). Furthermore, during CW agent hydrolysis certain Zr-based MOFs form tightly bound products that render them ineffective as gas-phase catalysts (Wang et al., 2017a).
[image: Figure 2]FIGURE 2 | 2-chloroethyl ethylsulfide (2-CEES) loading of three zirconium-based MOFs under dry (0% RH) and humid (80% RH) conditions. Adapted from Chen et al. (2020) with permission from the American Chemical Society.
 Despite their high surface area, the small pore aperture of most MOFS means that interactions with larger molecules occur at the crystallite surface rather than within the MOF pores (Mondloch et al., 2015; Wang et al., 2017a). A high surface area implies a high number of reactive sites, but these active sites are wasted if the vapor phase must access them through micropores (defined as <2 nm). Practical performance requires a hierarchical pore network, with micropores connected to mesopores (2–50 nm) and even small macropores (>50 nm), such that molecular diffusion can approach open-medium rates while still maintaining contact to a high number density of active sites.
Crystalline porous oxides known as zeolites are water- and thermally stable minerals known since the 18th century (Schwochow and Puppe, 1975; Davis and Lobo, 1992). Microporous networks defined synthetically in one, two, or three dimensions allow size- and shape-controlled sorption of organics into the high surface–area interior. Zeolites can be chemically modified with nanoparticles or inorganic coordination complexes or ion exchanged with more chemically reactive cations that replace the alkali or alkaline earth cations present in the native zeolite that charge balance Al3+ in the oxide framework. Zeolites enable valuable technologies from ion exchange (such as water softening or remediation of radioactive Cs+ from aqueous waste) to separations (even distinguishing ortho, meta, para aromatics) to adsorption to catalysis (such as fluid catalytic cracking to produce high-octane gasoline), but they can also adsorb and potentially detoxify simulants and CW agents (Yekta et al., 2019). But just as with MOFs, microporous entrances and exits into the high surface area of the zeolite’s interior compromise rate-critical applications (Rolison, 2003) such as CW agent or TIC mitigation where the number of molecules affected per second matters. Similarly, silica-based molecular sieves can adsorb CW agents, but suffer from slow kinetics compared to traditional activated carbon (Meneses et al., 2008).
Although some MOFs and zeolites may exhibit moderately higher surface area and pore volume than oxide aerogels, the predominance of 3D-plumbed mesoporosity in the latter ensures that all surface area is accessible to molecules and ions. The combination of facile mass transport, ability to incorporate adsorptive and degradative activity, and their stability under practical conditions make oxide aerogels an especially promising class of materials for advanced degradation applications. In the following sections, we discuss the advantages accrued by expressing metal oxides as aerogel and aerogel-like pore–solid architectures over traditional oxide materials in the context of eliminating threats posed by CW agents and TICs. We review ways in which oxide aerogels have been physically or chemically modified to increase applicability, including how defect site or surface OH group density is increased to enhance chemical degradation. We highlight more recent work on the design of aerogel-based composites—including mixed oxides or metal nanoparticle–decorated oxides—that incorporate multiple functions to enhance performance for decontamination of hazardous compounds. We also discuss how different degradation pathways can be activated using semiconducting oxides or plasmonic nanoparticles.
EFFECT OF COMPOSITION AND MORPHOLOGY FOR STOICHIOMETRIC OXIDE AEROGELS
A basic illustration of sol–gel synthesis of oxide aerogels is shown in Figure 3. While many variations of these methods exist, the most common route includes hydrolysis of the precursor, replacing alkoxide groups (–OR) with hydroxide groups (–OH), followed by condensation of –OH-terminated species to form M–O–M bonds. Further growth through hydrolysis and crosslinking results in a continuous, aperiodic network within the liquid phase (Rechberger and Niederberger, 2017). Because capillary forces established during evaporative drying under ambient conditions compress the nanometric pore walls and risk condensing interfacial M–OH on opposite walls thereby reducing free volume, supercritical drying minimizes surface tension such that pressure release effectively replaces the liquid phase with air while still preserving the gel structure.
[image: Figure 3]FIGURE 3 | Illustration of the sol–gel synthetic route to aerogels, including the many points (●) during the synthetic and processing steps at which new physicochemical functionality can be introduced.
High surface–area oxides can also be synthesized through various template-based nanopatterning techniques. For electrocatalysts and photocatalysts, nanosphere lithography (Lee et al., 2017; Brinkert et al., 2018), nanoimprint lithography (Contreras et al., 2006; Xie et al., 2019), proximity-field nanopatterning (Ahn et al., 2013; Kim et al., 2019; Tiwari et al., 2020), and other similar methods (Xu et al., 2020) are widely explored to create highly porous, periodic structures that more effectively expose active sites than occurs with MOFs or zeolites. However, these template-based approaches are typically applicable only to thin films supported on substrates, making them unsuitable for TIC/CW agent remediation where a large quantity of the freestanding material must be economically synthesized. Our review thus focuses on the more manufacturable sol–gel-derived oxide aerogels.
In their pioneering work, Klabunde and co-workers established the efficacy of sol–gel-derived alkaline-earth and transition metal–oxide aerogels as reactive adsorbents for TICs and CW agents. Recognizing that destruction of toxic chemicals is accomplished mainly through noncatalytic surface reactions that are thermodynamically favorable on most oxide surfaces, they focused on preparation of high surface–area oxides. They initially explored aerogel preparations of CaO and MgO, and later evaluated aerogel-prepared (AP) Al2O3, ZnO, V2O5, TiO2, and SiO2 (Table 1). Their findings consistently show that aerogel preparations of oxides outperform conventionally prepared (CP) counterparts, even when nanometric, for removal of a variety of compounds, including chlorocarbons, organophosphorous compounds, acid gases, and nerve agents.
The enhanced surface area and facilitated mass transport characteristic of solids expressed as co-continuous pore–solid architectures account for much of the improved performance of aerogels, but in many cases, aerogels outperform CP oxides even when normalizing to specific surface area (SA). Expressing an oxide as an aerogel also leads to changes in intrinsic surface chemistry of the oxides (Koper et al., 1997). The nanoscale oxide particles characteristic of aerogels facilitate a high number of edge and corner defect sites and may stabilize lattice planes that would be minimally expressed in larger particles (Wagner et al., 2000), in agreement with the thermodynamics of nanometric oxides established using calorimetry (Navrotsky, 2011). The acidity/basicity of oxide surfaces also depends on SA/particle diameter. Small particles characteristic of the aerogel preparation possess a higher ratio of edge:surface sites, and thereby favor monodentate binding vs. particles with wider faces that favor bidentate bonding. The aerogel-prepared materials also possess persistent, isolated OH groups, even at high temperatures in vacuum conditions (Koper et al., 1997). A final benefit of an aerogel route to high surface-area oxides lies in the fact that the oxide nanoparticles generate a covalently networked solid, which prevents particulate agglomeration and consequent occluded mesoporous volume typical of nanoscale powders.
Over a range of reactions probing the activity of CP-CaO and CP-MgO versus their AP versions for molecular degradation (Table 1), the Klabunde group validates that both surface area and intrinsic surface activity dictate mitigation efficacy. Small nanocrystallites of AP-MgO and AP-CaO contain more edge sites, four-fold under-coordination sites, and oxygen (O2–) vacancies compared to CP-MgO and CP-CaO (Itoh et al., 1993; Klabunde et al., 1996). Both the basicity and distribution of surface–OH groups on aerogel surfaces determine the performance of MgO and CaO aerogels for removal of SO2, CO2, HCl, CCl4, and the organophosphorus CW simulant, dimethyl methylphosphonate (DMMP) (Klabunde et al., 1996). The elution of DMMP through AP vs. CP-MgO and CaO clearly shows the superior destructive adsorption capacity of the AP oxides as enhanced by their greater basicity (Figure 4A). Isolated–OH groups favor monodentate rather than bidentate binding, of importance for enhancing the uptake of SO2 and CO2 on the AP oxides (Klabunde et al., 1996; Koper et al., 1997).
[image: Figure 4]FIGURE 4 | (A) Comparison of destructive adsorption of DMMP over aerogel-prepared (AP) and conventionally prepared (CP) nanometric oxides. Adapted from Klabunde et al. (1996) with permission from the American Chemical Society. (B) Reaction profile of VX on AP-MgO. Adapted from Wagner et al. (1999) with permission from the American Chemical Society. (C) Reaction profile for HD on CaO and AP-CaO under various conditions. Adapted from Wagner et al. (2001) with permission from the American Chemical Society.
The choice of oxide must account for its surface reactivity, not just its ability to be expressed as a high surface area, mesoporous aerogel. A comparison of various oxide aerogels for removal of H2S highlights that both kinetics and thermodynamics are important (Carnes and Klabunde, 2002). For CaO, MgO, Al2O3, and ZnO aerogels, kinetics factors dominate because higher degradation efficiencies result when using smaller crystallites with higher surface areas. But for oxides where the surface reaction with H2S is thermodynamically unfavorable (MgO and Al2O3), some H2S is degraded, but full surface reactions are not obtained. In contrast, a stoichiometric reaction is realized for oxides where the H2S surface reaction is thermodynamically favored (ZnO and CaO). For CaO in particular, the reaction proceeds into the “bulk” of the nanocrystals, which is attributed to edge/corner or defect sites that facilitate H2S penetration (Carnes and Klabunde, 2002).
Aerogel-prepared CaO (Wagner et al., 2000), MgO (Wagner et al., 1999), and Al2O3 (Wagner et al., 2001) were subsequently tested for removal of CW agents soman, nerve agent (VX), and mustard gas (HD), as well as the CW simulant 2-chloroethyl ethylsulfide (2-CEES). All three aerogels stoichiometrically degrade soman and VX by hydrolytic pathways whereas HD degrades by both hydrolysis and HCl elimination pathways (Wagner et al., 1999; Wagner et al., 2000; Wagner et al., 2001). For reaction of soman and VX at CaO and MgO, two kinetics regimes occur. A fast, initial rate of removal is attributed to facile liquid-phase mass transport of the CW agent through the aerogel pores while reactive adsorption occurs at the wave front. The fast reaction terminates once liquid spreading ceases. At that point, the steady-state first-order reaction rate is mediated by evaporation rate and depends on the vapor pressure of the CW agent; gas-phase diffusion is not rate-limiting (Wagner et al., 1999; Wagner et al., 2000). Figure 4B shows the distinct fast and slow kinetics regimes for VX degradation over MgO aerogels. For Al2O3, only VX follows two kinetics regimes.
For HD, degradation occurs via hydrolytic and HCl elimination pathways to varying extents that depend upon oxide composition and reaction conditions. The percentage of total HD degraded by HCl elimination was 17%, 50%, and 80% for Al2O3, MgO, and CaO, respectively (Wagner et al., 1999; Wagner et al., 2001; Mukhopadhyay et al., 2020). Like VX and soman, HD degradation has an initial fast reaction followed by a slower, steady-state reaction on all oxides. The only exception is HD reaction on partially hydrated CaO aerogel, which occurs by fast steady-state elimination of HCl after an induction period. The induction period is attributed to conversion of a surface layer of CaO to CaCl2, which is a more active dehydrohalogenation catalyst than CaO. The rapid reaction that follows necessitates surface water to drive acid-catalyzed surface reconstruction, which continually replenishes the surface. Heavily hydrated CaO aerogel does not show the same rapid autocatalytic behavior, suggesting that too much adsorbed water prevents HD from binding to the oxide surface (Figure 4C) (Wagner et al., 2000).
Similar reactivity occurs at MgO aerogels for dehydrochlorination of 1-chlorobutane adsorbed from the gas phase with a substantial increase in catalytic activity as MgO partially converts to MgCl2 (Shuvarakova et al., 2018). The authors use perylene as a molecular probe to reveal the presence of electron-acceptor sites on the MgO surface during reaction with 1-chlorobutane. They report that the MgO aerogel surfaces initially do not contain the electron-acceptor sites needed to drive acid-catalyzed reactions (ex., 1-chlorobutane degradation or HD degradation). The electron-acceptor sites appear during dehydrochlorination as MgO reacts with the generated Cl–. They conclude that these sites are Brønsted acid sites resembling chemisorbed HCl fragments on the MgO surface (Shuvarakova et al., 2018).
In a study of various classes of porous sorbents, Winter et al. compared the performance vs. carbon of a series of metal oxides with wide-ranging surface areas (10s of m2g−1 to >1000 m2g−1) and pore volumes (10−2 to >1 cm3g−1) (Winter et al., 2009). Although aerogels were not included in this study, the mesoporous oxides they evaluate have surface areas comparably high to aerogels. In order to down-select materials that offer broad applicability, they compare adsorption of SO2 and the CW simulant 2-CEES: the former is volatile and polar while the latter relatively nonvolatile and nonpolar. Their work affirms that carbon works well only for nonvolatile and nonpolar materials, whereas, among all the oxides tested, TiO2 and MgO show the best dual performance for both compounds (Figure 5). By comparing compositionally similar but structurally different porous solids, they confirm that high surface area and pore volume are crucial elements dictating reactive adsorption, but once adequate surface area and porosity are present, degradation rates are then dictated by the chemical properties of the surface. Polar oxide surfaces that provide isolated –OH sites and Lewis base/Lewis acid sites are the best at not only adsorbing, but also degrading, polar and nonpolar compounds (Winter et al., 2009).
[image: Figure 5]FIGURE 5 | Comparison of various high surface area oxides and carbon for adsorption of SO2 and 2-CEES, data adapted from Winter et al. (2009).
Saxena et al. also report a side-by-side comparison of multiple oxides (MgO, Al2O3, CaO, and SiO2), but expressed as aerogels, and conclude that MgO outperforms the other oxides for removal of the nerve agent simulant diethyl chlorophosphate (DCP, Figure 1). The MgO aerogels have the fastest adsorption kinetics and the highest adsorption capacity for DCP among the oxides tested, although CaO has higher adsorption capacity normalized to specific surface area (Saxena et al., 2010a). Their activity trend agrees with the above study in which MgO outperforms Al2O3 for removal of another nerve agent simulant, 2-CEES (Winter et al., 2009).
OPTIMIZATION OF OXIDE/HYDROXIDE PHASES IN ZIRCONIUM- AND MANGANESE-BASED AEROGELS
While the previous section explored early work with largely stoichiometric oxide aerogels, transition metals such as Zr and Mn offer options to explore more complex non-stoichiometric oxides and hydroxide phases. The family of manganese oxides (MnOx) exhibits a rich diversity of crystal structures, defect structures, and substituted compositions that can be tuned for a variety of applications, including as sorbents and catalysts for such toxic compounds as formaldehyde, ozone, 2-CEES, and carbon monoxide (Prasad et al., 2007;Wang et al., 2015; Dey and Praveen Kumar, 2020; Zhang et al., 2021). Expressing MnOx in an aerogel-like morphology offers the opportunity to combine the surface area and mass-transport advantages inherent to aerogel architectures with the sorption/catalytic functionality of particular MnOx polymorphs and compositions (Long et al., 2016). For example, Long et al. synthesized MnOx aerogels by oxidizing fumaric acid with aqueous permanganate to form gels (Livage and Sanchez, 1992), which they then supercritically dried. This process generates low-density mesoporous monoliths in which the walls of the pore–solid architecture comprise networked nanolaths of birnessite-type MnOx, a layered polymorph (Figures 6A,B). Denser xerogel counterparts are also prepared from the same wet gel by drying at ambient pressure. Powdered forms of these MnOx aerogels and xerogels were tested by microbreakthrough techniques for their filtration efficacy against common TICs including NH3, SO2, and H2S (Figure 6C) (Long et al., 2001).
[image: Figure 6]FIGURE 6 | (A) SEM and (B) TEM of MnOx aerogels. Adapted from Long et al. (2016) with permission from the American Chemical Society. (C) Comparison of H2S, NH3, and SO2 uptake under dry and humid conditions.
Under dynamic-challenge conditions with NH3 (2,000 mg m−3 in balance of air), beds of MnOx aerogel powder exhibit sorption/capture capacity as high as 4.8 mol kg−1 (82 mg g−1) in dry flow conditions. The MnOx xerogels also uptake NH3 in breakthrough tests but at lower specific capacity (1–2 mol kg−1), confirming that the larger pores (10–80 nm) and greater cumulative pore volume (∼2.0 cm3g−1) of the aerogel form are beneficial for filtration under dynamic-flow conditions. The high NH3 capacity of the MnOx aerogel is competitive with values reported for common MOFs examined under similar breakthrough testing, despite the MnOx aerogels having significantly lower specific surface area (∼250 m2g−1) compared to MOFs (typically >1,000 m2 g−1) (Peterson et al., 2014; Jasuja et al., 2015). The MnOx aerogel also retains a relatively high NH3 capacity of 2.3 mol kg−1 when the NH3 feed stream is mixed with H2O vapor to 80% relative humidity, a critical performance characteristic for practical filtration applications. For both aerogel and xerogel MnOx, capture is facilitated in part by intercalation of NH3 between the layers of the birnessite structure, as previously shown for non-aerogel birnessite-type MnOx (Wang and Kanoh, 2001). In the case of these MnOx nanoarchitectures, the walls of the networked solid have built-in sites for the specific capture/sieving of NH3, which readily diffuses to these active sites via the through-connected pore network.
In addition to capture mechanisms, manganese oxides serve as redox-active substrates in which Mn3+/4+ reactions mediate the oxidation or reduction of molecules that adsorb at their surface. For example, MnOx aerogels exhibit SO2-uptake capacities as high as 1.0 mol kg−1 (64 mg g−1) under dry conditions and 3.5 mol kg−1 (220 mg g−1) at 80% RH in microbreakthrough testing; these values are competitive with many MOF compositions of higher specific surface area (Martínez-Ahumada et al., 2020). Removal of SO2 is achieved by its well-known oxidation to SO42– on MnOx surfaces (Li et al., 1968; Vadjić and Gentilizza, 1985; Qu et al., 2013). Hydrogen sulfide also reacts specifically with MnOx aerogels and xerogels, but through a different mechanism in which polysulfides are formed on the oxide surface concomitant with reduction of the mixed-valent (Mn3+/4+) oxide to MnOOH. Removal capacities for H2S at MnOx aerogels reach 1.7 mol kg−1 (58 mg g−1) under dry conditions, while the presence of co-adsorbed water under 80% RH increases the H2S removal capacity to an impressive 20 mol kg−1 (680 mg g−1). The ability of MnOx aerogels to effectively remove three chemically distinct TICs—NH3, SO2, and H2S—at technologically relevant capacities under humid, not just dry conditions, makes these materials promising candidates for further development as air-filtration media.
Over the past decade, zirconium hydroxides have emerged as a leading contender for filtration of common TICs such as Cl2 (Peterson and Rossin, 2012) and SO2 (Peterson et al., 2009), and reactive decontamination of multiple categories of CW agents and simulants (Bandosz et al., 2012). Inspired by these advances with conventional Zr(OH)4, we recently explored zirconium oxyhydroxide (ZrOxHy) aerogels as substrates for the sorption and degradation of the common organophosphorus simulant, DMMP (Long et al., 2020). Zirconia gels are synthesized via reaction of propylene oxide with aqueous solutions of ZrCl4, ultimately yielding fragile aerogel monoliths after supercritical drying. Further heat treatment at temperatures ≥350°C removes residual organic contaminants derived from the epoxide-based synthesis and activates the zirconia aerogel toward the sorption and degradation of vapor-phase DMMP.
In situ infrared spectroscopy of zirconia aerogel powders verifies partial hydrolysis and degradation of DMMP, generating zirconium–methoxy fragments (Zr–OCH3) on the ZrOxHy surface. Aerogel-expressed ZrOxHy maintains and even enhances reactivity with DMMP in the presence of humidity, as shown in the dynamic IR spectra in Figure 7 for exposure under 40% RH conditions. Much like Zr(OH)4, zirconia aerogels are rich in surface hydroxyl groups that provide reactive sites for molecules such as DMMP. The ZrOxHy aerogels are less vigorously reactive toward DMMP when compared to Zr(OH)4, a trait that may be advantageous in some circumstances. For example, ZrOxHy aerogels evolve less vapor-phase methanol (a moderately toxic molecule) from their sorption/decomposition of DMMP. They also exhibit greater thermal stability, with reactive hydroxyls persisting even after heating the aerogel as high as 600°C.
[image: Figure 7]FIGURE 7 | Time-resolved attenuated total reflection–infrared spectroscopy (ATR-IR) of ZrOxHy aerogels under DMMP dosing (top) and DMMP removal (bottom). Adapted from Long et al. (2020) with permission from the American Chemical Society.
COMPOSITE OXIDE AEROGELS AND METAL-MODIFIED AEROGELS
As a starting point, oxide aerogels offer molecularly accessible high surface area and a high number density of distributed reactive sites (e.g., hydroxyl groups) to neutralize chemical threats. Aerogels can then be modified by impregnating with reactive compounds, compositing with other oxides, or supporting metal nanoparticles to incorporate enhanced degradative or catalytic activity. Aerogel synthetic routes provide design flexibility to incorporate additional functionality (Figure 3), thereby increasing decontamination efficacy (Rolison et al., 2002). For example, blending two or more oxides in a composite aerogel can exploit synergistic interactions between the oxides and thus improve degradation efficiency for a number of TICs. Composite aerogels have been prepared in core@shell-like configurations by depositing an oxide layer on an aerogel (Klabunde et al., 1996; Jiang et al., 1998; Carnes and Klabunde, 2002; Martyanov and Klabunde, 2004) or through a co-gelation route where multiple oxide precursors are incorporated into sol–gel synthesis (Carnes et al., 2002; Prasad et al., 2010; Vu et al., 2015). Analogous to activated carbon, impregnation with active compounds can improve the degradative capability of adsorptive oxides. By supporting metal nanoparticles in the aerogel, a heterojunction is created that can activate small molecules and promote degradation reactions.
Impregnating Al2O3 aerogels (Saxena et al., 2009; Saxena et al., 2010b) or coupling them with other oxides (Prasad et al., 2010) improves their performance for protection against 2-CEES (Saxena et al., 2009), DCP (Saxena et al., 2010b), sarin (Saxena et al., 2010b), and HD (Prasad et al., 2010). Saxena et al. postulate that the degradation efficiency of metal oxides can be enhanced by impregnating them with reactive compounds already proven to neutralize toxic agents (Saxena et al., 2009; Saxena et al., 2010b), similar to the approaches used for carbon. They performed kinetics studies of adsorption and degradation of sarin (Saxena et al., 2010b) and the simulants 2-CEES (Saxena et al., 2009) and DCP (Saxena et al., 2010b) at Al2O3 aerogels and Al2O3 aerogels impregnated with 9-molybdo-3-vanadophosphoric acid (MoVPA(V3)), dodecatungsto-phosphoric acid (PTA), NaOH, or K2OsO4. All four of the impregnants reduce surface area and pore volume of Al2O3 by blocking meso/micropores (Saxena et al., 2009; Saxena et al., 2010b). Unimpregnated Al2O3 has the highest adsorption capacity for all simulants and agents tested due to its higher surface area and more facile transport through its unoccluded pores, but the worst degradation capacity. The authors conclude that the best composition to remove 2-CEES is Al2O3 impregnated with MoVPA(V3) because it yields modestly high equilibrium capacity combined with the most rapid equilibrium time (Saxena et al., 2009). Similarly, Al2O3 + MoVPA(V3) aerogel is deemed to be the most effective system for removal of DCP and sarin when considering both physisorption and subsequent degradation (Saxena et al., 2010b).
Coupling Al2O3 with other oxides also enhances degradation activity. According to Prasad et al., the basic surface of Al2O3 is amenable to driving hydrolytic degradation of contaminants, but lacks enough Lewis acid and Brønsted acid sites to effectively drive the formation of other surface complexation products (Prasad et al., 2010). In order to blend Lewis acid, Brønsted acid, and additional basic sites, they form mixed metal–oxide aerogels by co-gelling Al2O3 sol with Fe2O3, V2O5, or CuO. Although the composites possess lower surface area and pore volume than pure Al2O3, all composite aerogels more rapidly degrade HD than the pure oxide aerogel (Prasad et al., 2010). Among the composites, Al2O3–V2O5 is the only one to drive HD degradation by combining hydrolysis, surface complexation, and oxidation (Prasad et al., 2010).
Comparing mesoporous Al2O3 to other oxides reveals that MgO may be a better oxide for compositing because MgO shows more promise for degradation of a suite of toxic compounds (Winter et al., 2009; Saxena et al., 2010a). Coating MgO and CaO with a layer of Fe2O3 increases degradation of CCl4, SO2, and H2S relative to either oxide on its own (Klabunde et al., 1996; Carnes and Klabunde, 2002). The authors postulate that in these synergistic core@shell composites, iron chloride or iron sulfites/sulfides/oxysulfides form on the surface but are highly mobile in the Fe2O3 layer. These mobile species can then migrate to the oxide||oxide interface where they exchange ions with the core oxide (Figure 8). The formation of intermediate species and subsequent ion exchange are both thermodynamically favorable steps for the proposed reactions and oxide systems (Klabunde et al., 1996; Carnes and Klabunde, 2002).
[image: Figure 8]FIGURE 8 | Formation of intermediate species through ion exchange under H2S adsorption in Fe2O3/CaO. Adapted from Carnes and Klabunde (2002) with permission from the American Chemical Society.
The synergistic effects of other first-row transition metal–oxide shells coated on CaO and MgO were compared for a host of chlorocarbons as well as DMMP (Jiang et al., 1998). For V2O3 shells, like Fe2O3, solid-state ion exchange allows penetration into the underlying core, thereby regenerating an oxide-rich surface for additional catalytic activity. This regeneration of reactive surface oxide continues until complete conversion of the oxide core, thereby enhancing degradation capacity relative to the bare oxide (Jiang et al., 1998). The V2O3 layers promote conversion of the underlying oxides better than Fe2O3. In order to compare how universal this ion-exchange behavior is for different halogens in V2O3, the authors then investigated core@shell-like composites with MgO cores for removal of chlorofluorocarbons (CCl3F) (Martyanov and Klabunde, 2004). After heat treatment, the two oxides react to form a MgVxOy phase. Similar to Fe2O3, the MgVxOy layer forms vanadium chloride that reacts with MgO, but the MgVxOy layer does not accumulate fluoride. The composites not only show higher activities for CCl3F degradation compared to either bare oxide, but also shorten the induction period. Low weight loadings of vanadium shorten the induction period, but do not eliminate it (Martyanov and Klabunde, 2004).
In a different route to designing oxide composites, Carnes et al. synthesized Al2O3/MgO aerogels by blending aluminum and magnesium precursors in the sol–gel synthesis (Carnes et al., 2002). The MgO aerogel is the more active oxide for TIC degradation due to its more basic surface, but Al2O3 aerogels possess higher surface area (805 vs. 400 m2g−1). The co-gelled aerogel maintains—or even further improves upon—the surface reactivity of MgO while expressing MgO in a higher surface area form. The co-gelled aerogel with a 1:1 molar ratio of Al2O3/MgO takes on mesoscale characteristics more similar to the Al2O3 and possesses a surface area of 793 m2g−1 (Carnes et al., 2002). These intermingled oxides enhance adsorption capacity and degradation capacity over either pure oxide aerogel for SO2 and the CW simulant Paraoxon (Carnes et al., 2002). This enhanced capacity is due, in part, to forcing MgO into a higher surface-area phase, but also due to enhanced surface reactivity by promoting unusual morphologies and additional disorder (Carnes et al., 2002).
Vu et al. sought to improve upon the sorption capacity and reaction capacity of MgO by adding Fe2O3 or SiO2 nanopowder to sol–gel precursors for MgO aerogels (Vu et al., 2015). The MgO + Fe2O3 composites have lower surface area and lower sorption capacity for 2-CEES but improved reactivity relative to MgO. In contrast, the MgO + SiO2 mixtures have higher surface area and adsorption capacity for 2-CEES, but decreased reactivity relative to MgO. A MgO/SiO2 composite aerogel synthesized through cogelation by adding silica precursors to the MgO precursors has smaller sorption capacities than the physical mixtures despite both composites containing 40 wt% SiO2 (Vu et al., 2015). In the cogelled aerogels, SiO2 covers the MgO particles, thus limiting access to the adsorptive/reactive MgO surface.
Contrasting two designs of composite aerogels—blending precursors vs. adding pre-formed solid guests to the sol (Vu et al., 2015) — highlights the fact that functionality is not derived from composition alone. The arrangement of solid-state components is also crucial for functionality. For example, when designing a composite that combines two or more phases (multiple metal oxides or metal + metal oxide), ensuring that sites at or near solid||solid interfaces are accessible is perhaps the single most important design consideration for optimal function. Rolison and co-workers coined the term “nanogluing” to describe the ability of about-to-gel sols to disperse a range of chemically and physically diverse guests into a host aerogel (Morris et al., 1999). Adding particulate guests—ranging from Pt nanoparticles, Au nanoparticles, Vulcan carbon, metal-oxide particles, and micron-sized zeolite crystallites—to silica sols just prior to gelation ensures that the guest is not fully enveloped by the oxide sol during gelation and that guest surfaces remain molecularly accessible (Morris et al., 1999; Rolison et al., 2002). Catalytic Au nanoparticles could be dispersed in a TiO2 aerogel (Pietron et al., 2002) using a similar procedure. Adding mixed methyl + carboxy monolayer–protected Au nanoparticles to a titania sol prior to gelation yields a composite aerogel in which the Au nanoparticles have a uniform size distribution and are highly dispersed (Pietron et al., 2002). Their distribution is facilitated by initial adsorption at an amorphous, highly hydroxylated support with abundant nucleation sites. The resulting Au–TiO2 guest–host composite shows remarkably high catalytic activity on the basis of Au loading, which arises from a high density of Au||TiO2 interfaces with a high degree of contact intimacy augmented by an ability to size-stabilize the Au nanoparticles (Pietron et al., 2002; Pennington et al., 2020).
Although the majority of composite aerogels used for decontamination of CW agents and TICs discussed thus far are based on Al2O3 and MgO, other promising oxides have also been identified. In particular, TiO2 is one of the most active and versatile oxides for remediation of CW simulants and other toxic compounds (Trubitsyn and Vorontsov, 2005; Panayotov and Morris, 2009a; Panayotov and Morris, 2009b; Winter et al., 2009). Additionally, highly reducible metal oxides such as TiO2 and ceria (CeO2) are less susceptible than other oxides to poisoning with adsorbed phosphorous compounds (Ratliff et al., 2009; Chen et al., 2010). These reducible oxides offer multiple adsorption/degradation cycles with DMMP prior to deactivation (Ratliff et al., 2009; Chen et al., 2010). Despite this promise, TiO2 surfaces still mainly drive hydrolytic, stoichiometric degradation of organophosphorus compounds, although efforts underway seek to activate other degradation pathways and enhance active site turnover. Oxidative degradation pathways can be initiated, delaying deactivation by exciting the semiconducting bandgap of TiO2 (Trubitsyn and Vorontsov, 2005; Sato et al., 2011; Hirakawa et al., 2013; Komano et al., 2013) or by creating metal||TiO2 heterojunctions with supported metal nanoparticles (Panayotov and Morris, 2008; Ratliff et al., 2009). Gold nanoparticles supported on TiO2 drive degradation of organophosphorus compounds, including complete oxidation of DMMP, by activating O2 species at the Au||TiO2 interface (O2–) (Panayotov and Morris, 2008). Exciting the TiO2 bandgap during DMMP exposure simultaneously drives adsorption, hydrolysis, and photooxidation, resulting in faster removal of DMMP than occurs in the dark or under sequential dark/illuminated conditions (Trubitsyn and Vorontsov, 2005).
While TiO2 performs as a reactive adsorbent (Trubitsyn and Vorontsov, 2005; Panayotov and Morris, 2009a; Panayotov and Morris, 2009b; Winter et al., 2009), a photocatalyst (Trubitsyn and Vorontsov, 2005; Sato et al., 2011; Hirakawa et al., 2013; Komano et al., 2013), and a metal support for degradation of CW agents (Panayotov and Morris, 2008; Ratliff et al., 2009), DeSario and co-workers developed composite TiO2 aerogels that incorporate these multiple functions into a single platform. Figure 9A illustrates the synthesis of Cu/TiO2 aerogels through photodeposition, with inset transmission electron micrographs showing the highly porous network structure. The TiO2 aerogel provides a high surface area for CW agent adsorption, facilitates mass transport via the mesoporous network, and serves as a promoting support for catalytic/plasmonic nanoparticles of Cu (DeSario et al., 2017; DeSario et al., 2019; Maynes et al., 2020; McEntee et al., 2020; DeSario et al., 2021) or Au (DeSario et al., 2013; Panayotov et al., 2013; Pennington et al., 2020; Rolison et al., 2020). Coupling TiO2 to supported metal nanoparticles provides the dual benefits of enhancing dark and photo-driven degradation pathways. The metal||oxide interface provides a reactive perimeter that activates molecular species, including H2O and O2, which initiate degradation of organophosphorous (OP) compounds. Choosing metals that possess a surface plasmon resonance (SPR) in the visible (e.g., Au, Cu) sensitizes the wide bandgap of TiO2 into a broader portion of the solar spectrum (DeSario et al., 2013; DeSario et al., 2017), Figure 9B.
[image: Figure 9]FIGURE 9 | (A) Synthetic schematic to prepare Cu/TiO2 aerogels (inset: accompanying transmission electron micrograph of resulting composite aerogel). (B) UV–vis spectra for Cu NP-decorated and pristine TiO2 aerogels. (C) Degradation pathway of DMMP over Cu/TiO2 aerogels. (D) Spectrum of DMMP using diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and DRIFTS difference spectra of DMMP-exposed Cu/TiO2 and Au/TiO2 aerogels. (A, C, and D) adapted from McEntee et al. (2020) with permission from the American Chemical Society. (B) adapted from DeSario et al. (2017) with permission from the Royal Society of Chemistry.
McEntee et al. characterized the hydrolytic degradation of DMMP on composite Cu/TiO2 aerogels and Au/TiO2 aerogels under aerobic and anaerobic conditions (McEntee et al., 2020). The Cu/TiO2 aerogels prepared by photodepositing ∼3–5 nm diameter Cu nanoparticles (DeSario et al., 2017; DeSario et al., 2019; Maynes et al., 2020) exhibit significantly faster and more complete hydrolytic degradation of DMMP compared to Au/TiO2 or TiO2 aerogels. After 1 h of exposure to DMMP vapor, only hydrolysis products are observed on the Cu/TiO2 aerogel surface (McEntee et al., 2020). In the proposed mechanism, a surface-adsorbed OH group cleaves methoxy (CH3O) groups of DMMP through nucleophilic attack, leaving methyl phosphonate on the surface (Figure 9C). In contrast, TiO2 or Au/TiO2 aerogels retain intact DMMP, as observed in the spectra obtained by diffuse-reflectance infrared Fourier transform spectroscopy (Figure 9D). The high hydrolytic activity of Cu/TiO2 is attributed to a high surface concentration of basic OH groups that form at Cu||TiO2 junctions, whereas these excess surface OH species are not observed to the same extent on Au/TiO2 aerogels. Hydrolysis of DMMP is accelerated in the presence of O2 due either to regeneration of active OH sites or promotion of oxidative pathways through O2 activation at the metal||oxide junctions (McEntee et al., 2020).
DeSario et al. then demonstrated that the high hydrolytic activity of Cu/TiO2 aerogels, combined with photoactivity courtesy of broadband excitation of the TiO2 bandgap and Cu SPR, provides a powerful combination of hydrolysis + oxidation that enables rapid degradation of live chemical agents (DeSario et al., 2021). Sarin, like DMMP, degrades rapidly on the Cu/TiO2 aerogel surface by hydrolytic routes by consuming basic, surface OH sites. Broadband illumination accelerates degradation of sarin with products more fully mineralized than in the dark. Under visible illumination (>480 nm), which excites the Cu SPR but not the TiO2 bandgap, the rate of hydrolysis product accumulation is accelerated on Cu/TiO2, while no additional degradation is driven on TiO2 (DeSario et al., 2021).
At present, only a handful of reports describe SPR-initiated degradation of CW agents (Alvaro et al., 2010; Kuhn et al., 2019). These reports, as well as most of the plasmonic photocatalysis literature in general, utilize Ag or Au as the plasmonic sensitizer. In contrast, plasmonic applications for nonprecious and more abundant Cu are limited by its propensity to oxidize at the expense of its plasmon resonance. The intimate interfacial contact between photodeposited Cu nanoparticles and the TiO2 aerogel stabilizes a high fraction of catalytically active Cu(0/I) and a sufficient amount of Cu(0) to maintain its plasmon resonance, unlike Cu nanoparticles photodeposited on larger, nanoparticulate TiO2 supports (DeSario et al., 2017; DeSario et al., 2019; Maynes et al., 2020). Recent work with photodepositing Cu nanoparticles on ceria (CeO2) aerogels finds retention of Cu plasmonic function and even higher catalytic activity for thermal oxidation of the model probe CO as compared to Cu/TiO2 aerogel (Pitman, et al., 2020), pointing the way to another pore–solid oxide architecture with promise for the more challenging reactions necessary to remediate CW agents and TICs.
SUMMARY AND OUTLOOK
Recent research demonstrates the tremendous potential of various metal-oxide aerogels for protection against CW agents and TICs. While early work largely focused on the performance of unmodified metal-oxide aerogels, later design strategies reveal a wide variety of viable routes towards improving performance. Aerogels inherently arrange co-mapping of a high surface-area solid network with a highly mesoporous network to ensure facile transport of the chosen molecule to active sites dispersed throughout the structure. From this starting point, surfaces can be optimized through metal impregnation to induce additional acid/base sites, or treated to tune the oxide/hydroxide phase, with these approaches improving adsorptive and/or degradative properties. Native oxide aerogels have been heteroatom doped to increase oxygen vacancy content or doped with high-valent cations to impart proton-stabilized cation vacancies that increase the number density of lattice hydroxyls. Introducing heterojunctions by incorporating guests during or after gelation can further promote OH content throughout the entire oxide network. Decoration with metallic NPs such as Cu or Au can also benefit aerogels by activating H2O or O2 at the metal||oxide interface beyond that inherent to the oxide network alone as well as serving as plasmonic sensitizers to promote photocatalysis.
We expect future development of aerogel-based protective materials to benefit from better identification and optimization of specific active species, particularly by tailoring surface chemistry (oxide/hydroxide phases) and metal NP speciation. In particular, heteroatom doping in oxides to tune oxygen vacancy concentration is known to impart significant electronic effects (Laberty-Robert et al., 2007), but remains unexplored in this application space. Recent insights into the importance of the metal||oxide junction morphology for mesoscale electrical transport (Rolison et al., 2020) indicate that optimization of NP morphology on oxide aerogels could reap further benefits.
In addition to progression on the materials design front, future research must also address the current gap between laboratory and field conditions. A key advantage of oxide aerogels in general is their ambient stability and capability to prevent pore flooding (Rolison et al., 2002; Doescher et al., 2005), but the effect of humidity on many of the more recently reported NP-decorated aerogels needs systematic study under field conditions. It also remains to be seen if complete turnover of adsorptive/reactive sites occurs for these reactions under long-term, continuous operating conditions. If extensive surface poisoning occurs, the development of regeneration techniques using some combination of light, heat, or chemical treatments will be necessary for practical utilization of these reactive sorbents.
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