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Degradation of chemical warfare simulants over
CeO, and Gd-doped CeO, aerogels: divergent
results of DMMP and DFP+

Travis G. Novak, @*2 Janna Domenico, ©° Alex Balboa,© Wesley O. Gordon, ©¢
Austin E. Herzog, @19 Nam Q. Le, ®° Evan R. Glaser, @2
Paul A. DeSario @ §* and Debra R. Rolison 2

Ceria (CeO,) is a promising material for binding and degrading organophosphorus chemical warfare agents
(CWAs). This oxide boasts reactive surface hydroxyls, offers a photo-excitable band gap state, and exhibits
a propensity to form reactive oxygen species (ROS). Given the challenges of working with live CWAs,
researchers generally evaluate CeO, and other reactive sorbents against a simulant molecule, but these
simulants may differ in degradative pathways and fail to accurately predict performance of the sorbent
against CWAs. Here, we report key divergence in the properties of Gd-doped CeO, (GCO) aerogels against
simulants, finding that Gd®* substitution for Ce** impedes degradation of dimethyl
methylphosphonate (DMMP) but improves degradation of diisopropyl fluorophosphonate (DFP). We
attribute the difference to enhanced ROS stabilization on the GCO surface. Computational analysis of the
two simulants as well as the CWA sarin (GB) reveals ROS improve the binding of fluorophosphorus
molecules but not fluorine-free DMMP. Our findings identify GCO as a potentially effective material against
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Introduction

Toxic organophosphorus (OP) compounds, such as chemical
warfare agents (sarin, soman) and common pesticides
(parathion, malathion) pose serious health threats to both
military and civilian populations. The traditional filtration
media employed for protection against OP molecules consist
of activated charcoal or other high surface-area carbon
materials, which typically bind the intact OP molecule with
minimal degradation,"”* making the exposed material a
hazard in itself, creating additional disposal burdens, and
eliminating any possibility of catalytic turnover.

Recent research focuses on high surface-area oxides® or
metal-organic frameworks (MOFs)* to unlock destructive
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CWAs and highlight the limits of DMMP as an arbiter for evaluating materials’ efficacy.

adsorption of OP threats. Ceria (CeO,), in particular, offers
many properties favorable for OP adsorption and
degradation.” CeO, strongly bonds phosphoryl groups (P—=0)
at Lewis acid sites® and attacks OP compounds through
surface OH groups.” Under UV illumination, CeO, can
photogenerate reactive oxygen species (ROS), notably
superoxide (0,7), that effectively catalyze various reactions.®
Our group recently described alkaline-treated CeO, aerogels
as a potent material for destructive adsorption of dimethyl
methylphosphonate (DMMP),’ a commonly studied simulant
for chemical warfare agents. The hydroxylated surface of
CeO, aerogels generate hydrolysis products in the dark and
more fully mineralized oxidation products under UV
illumination, outperforming both TiO, and commercial CeO,
nanoparticles under the same conditions.

Although the reactivity of CeO, nanostructures against OP
compounds is widely acknowledged, it remains to be seen
how well this efficacy translates to reactivity against chemical
warfare agents. Common OP molecules studied, such as
DMMP, diisopropyl methylphosphonate (DIMP),"*'* or
p-nitrophenylphosphate (DMNP),"*> do not contain fluorine,
but the P-F bond in sarin is highly reactive and could impact
degradation pathways. Over other reactive oxides, such as
CuO (ref. 13) and TiO,,"* degradation of sarin proceeds
through scission of the P-F bond. To date, the only study
evaluating CeO, against a live agent (sarin) did so in highly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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idealized conditions (O,-free), and did not evaluate any
potential photodegradation pathways."®

Here, we evaluate CeO, and Gd*"-doped CeO, (GCO)
aerogels for destructive sorption of the fluorine-containing
chemical simulant diisopropyl fluorophosphate
(DFP), contrasting the results against the more commonly-
studied DMMP. We find that while Gd*" doping slightly

warfare

impedes reactivity against DMMP, it improves DFP
degradation, showing key divergence between the simulant
molecules. ~ Computational  analysis and  electron

paramagnetic resonance (EPR) spectroscopy reveal that the
defective surface of GCO, with its population of stabilized
ROS, more strongly binds DFP, but not necessarily DMMP.

Results and discussion

Synthesis and characterization of CeO, and GCO aerogels

We synthesize CeO, and Gd*'-doped CeO, (GCO) aerogels
using previously reported sol-gel routes utilizing chloride
precursors followed by supercritical drying in CO,.”'*'” Our
previous study of DMMP degradation over CeO, aerogels
reveals that residual Cl from the synthesis blocks Lewis acid
sites and terminal hydroxyl formation, leading to minimal
degradation of DMMP.? To remove residual Cl and promote
surface ~-OH groups, we soak the aerogels in a mildly alkaline
solution (pH 9.5) for 48 h. An illustration of the GCO surface
(Fig. 1a) highlights the features predicted to be beneficial for
CWA degradation (terminal -OH groups, reactive oxygen
species, surface oxygen vacancies, and Lewis acid sites).
Brunauer-Emmett-Teller (BET) surface area analysis (Fig.
S17) reveals that the alkaline treatment does not significantly
affect aerogel morphology, with the post-treatment surface

Abundant Terminal -OH:
Drives OP hydrolysis

Gd-doping:
Stabilizes oxygen vacancies

View Article Online

Paper

area calculated to be within 5% of the starting value. Gd**
substitution into Ce sites slows crystallite growth in the
aerogels, resulting in substantially higher surface area (142.4
m? g™") for GCO compared to CeO, (80.2 m* g™*)."” Average
Barrett-Joyner-Halenda (BJH) pore sizes of CeO, and GCO
aerogels are 7.7 and 6.8 nm, respectively, which is twice that
of template-based approaches to CeO, (3.6 nm)® used for OP
degradation.”® DFT pore-size distribution plots (Fig. S27)
show a greater incremental volume of 2-10 nm pores for
GCO, while CeO, has a higher fraction of 10-20 nm pores.

X-ray photoelectron spectroscopy (XPS) establishes that
the alkaline treatment changes the surface chemistry. GCO
has more residual Cl than CeO,, perhaps a product of its
higher surface area or strong Cl binding at oxygen vacancies.
The calculated Cl:Ce ratio (or Cl:Ce + Gd in the case of
GCO) is 0.25 for CeO, and 0.38 for GCO. Residual ClI falls to
trace levels in both aerogels after the alkaline treatment
(Fig. 1b).

The two broad peaks in the O 1s region (Fig. 1c)
correspond to lattice oxygen in CeO, (O,, 528.5 €V),"®' while
the higher binding energy peak at 530.7 eV (Op) convolves O
bound to Ce®* (ref. 19) and various Ce hydroxides.?**" After
Cl removal, the Oy peak increases in intensity, indicative of
additional hydroxyl groups on the surface. The 2.2 eV gap
between the binding energies of O, and O, speciation
matches previously reported values for terminal hydroxyls;**
bridging hydroxyls typically have a gap of <1.5 eV.>**" This
Oy, increase is more pronounced for GCO compared to CeO,,
indicating the GCO surface is richer in OH groups than
CeO,. A comparison of commercial CeO, nanoparticles
(COM-CeO,) titrated to pH 3.0 or pH 5.0 using aqueous HCI
prior to the alkaline treatment (Fig. S31) yields minimal

| Lewis Acid Sites:
Strongly bind OPs

Reactive Oxygen Species:
Enhance binding/degradation

(=2
o
]

(2}

Alkaline
Soak

Intensity (a.u.)
Intensity (a.u.)

460.2, 4644
2N

Alkaline
Soak

Intensity (a.u.)

206 204 202 200 198 196 194 192 536 534 532
Binding Energy (eV)

Fig. 1

Binding Energy (eV)
(@) Schematic of GCO showing features for OP binding/degradation. (b) XPS Cl 2p region and (c) XPS Ols region for CeO, and GCO

T T T T T T T T T T
530 528 526 300 400 500 600 700 800 900

Wavenumber (cm™)

aerogels before and after the alkaline soak. (d) Raman spectroscopy with inset showing the shift and broadening of the F,4 peak.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Interfaces, 2025, 2, 724-733 | 725


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lf00390j

Open Access Article. Published on 07 February 2025. Downloaded on 3/20/2026 9:00:18 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

differences in the O 1s region, showing that the higher OH
content in GCO is likely a result of its higher surface area
and Gd*'-fixed concentration of oxygen vacancies rather than
the higher Cl content. The Raman spectra (Fig. 1d) show a
shift of the main F,, peak, likely related to smaller crystallites
in GCO, as well as the appearance of o and B peaks in the
GCO (Fig. 1d), indicating abundant oxygen-vacancies not
present in CeO,.>

IR analysis of simulant degradation

We compare the performance of aerogels through in situ
diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS), where the powdered sample is exposed to DFP for
1 h (dose step), then DFP vapor flow is stopped while
continuing the flow of zero air (purge step). Fig. 2 shows a
comparison of four aerogel samples during the dose step
under dark conditions: CeO,, GCO, and the alkaline-soaked
variants of each (designated CeO,-s and GCO-s) during the
dose step under dark conditions. Unlike our previous report
on DMMP degradation with CeO, and CeO,-s aerogels, where
the pristine CeO, bound but did not degrade DMMP,” we
observe abundant products of DFP degradation over all
aerogel variants. A previous study asserts that DFP is more
easily hydrolyzed than DMMP due to the presence of F in the
molecule,”® which may explain the higher apparent reactivity
against DFP in the dark. A schematic of possible degradation
pathways of DFP, DMMP, and sarin (GB) is shown in Fig. S4.f

Although all four aerogels degrade DFP, analysis of the
product distribution suggests different pathways are present.
The degradation pathway is determined by two factors i) the
presence of oxygen vacancies, which increases for GCO
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compounds and ii) whether the surface is rich with terminal
hydroxyls from the soak step or residual chloride from
aerogel synthesis. Signals in both CeO,-s and GCO-s are
obscured due to large OH/H,O losses. All aerogels show a
loss of hydroxyl stretching groups at 3660 cm " and 3690
em™, as well as a bending ~OH mode at 1330 cm ™" and 1550
em™* for soaked samples. However, the losses are more severe
for the soaked samples corresponding to the higher amount
of surface hydroxyl groups bound, with roughly equal losses
for both CeO, and GCO. Peaks at 2975 cm™* and from 940-
1155 em™* are attributable to POC-H and P-O-C stretches,
respectively, and are only present in the non-soaked samples,
but whether these occur from intact or partially degraded
DFP is unclear. A P=0 peak at 1220 cm " could correspond
to either intact DFP or phosphonic acid, but its value is
closer to the latter.>”°

Starting with CeO,, dosing with DFP generates primarily
alcohol products, as evidenced by an OH stretch at 3150
em ™, and an OH bend at 1415 cm™. The C-OH stretch at
1095 cm ™ arises from hydrolysis of the P-OCR bond. A large
peak at 1690 cm ™" corresponds to a C=0 stretch, likely from
the oxidation of the hydrolysis product into acetone by an
oxygen vacancy. A small peak from 1620-1570 cm™' is
identified as a metal-alkoxide C-O stretch (MC-O) from
surface-bound degradation product. The C-H bend of these
moieties occurs between 1100-1200 cm ™" and are mixed with
the other identified peaks.***"

The CeO,-s aerogel vibrational spectrum is largely the
same as that of the CeO, aerogel except for the greater
decrease in the intensity of OH/H,O modes. However, in this
sample the metal-alkoxide peak shifts to 1610 cm™" and is
more prominent than in the unsoaked aerogel, due to

GCO-s
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Fig. 2 DRIFTS spectra under DFP dosing over four aerogels variants. Spectra are recorded at 1 min intervals and progress from blue to red.
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interacting with the abundant hydroxyls on the surface. The
C-O stretch of the alcohol also shifts from 1095 em™ to 1125
em ™" and broadens compared to CeO,, possibly from this
same surface interaction with the hydroxyl groups. The GCO-
s aerogel is nearly identical to the CeO,-s aerogel, although
the intensity assigned to the C=—O oxidation product
increases compared to the alcohol hydrolysis product. This
increase in the oxidized product is likely encouraged by the
additional oxygen vacancies present when Gd** s
incorporated. GCO has the largest deviation in observed
products, as the presence of alcohol products is nearly
undetectable, instead yielding almost entirely C—=0O ketone
product, with a trace of the metal-alkoxide C-O stretch
mentioned for CeO, and the P containing peaks.

During the purge step after DFP exposure (Fig. 3), we see a
large increase in the O-H stretches of the hydrolyzed alcohol
product as well as the mineralized P—O stretch in the CeO,
aerogel. A peak appears at 1045 cm ', which most likely
corresponds to the P-O-C stretch of partially or undegraded
DFP. We also see a strong increase in the C-O stretch of an
alcohol for CeO,-s, although it shifts to 1065-1005 cm™*
without a corresponding increase in the O-H alcohol stretch.
This result is likely caused by the deprotonation of the
alcohol from the surface hydroxyl groups. The GCO sample
shows a large increase in mineralized P—=0O0 stretch, as well as
a broad shoulder at 1250 cm™" that may arise from a P=0-H
interaction. As with CeO,, the 1045 cm™ peak of partially or
undegraded DFP is prominent, as well as a more noticeable
POC-H stretch at 2975 em™" in the absence of the alcohol
O-H peaks. This P-O-C stretch may shift due to H-bonding
interactions with surface hydroxyl groups, but assignment is
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obscured by the presence of other peaks. GCO-s also shows
an increase in deprotonated alcohol peaks as well as
mineralized P—O stretches, but with a noticeable loss of
C=0O0 peaks as the acetone is purged from the surface during
this step.

When exposed to broadband (BB) illumination (Fig. S51),
a variety of peaks appear corresponding to C-F IR modes
(1300-900 cm™*).>* Due to the numerous new peaks
identified, the photo-fluorination seems to show no clear site
specificity. The spectra for CeO,-s and GCO-s are nearly
identical from 1300-950 cm ™, with peaks corresponding to
C-F stretches in hydrolysis products. The only difference
between the two spectra is a shoulder at 1010 em™" assigned
to halogenated acetone, present in every sample except for
CeO,-s. The CeO, aerogel matches the soaked samples up to
1200 cm™, but at higher wavenumbers more closely matches
the GCO sample. The peaks from 1230-1270 and 1370-1400
em ™! are indicative of C-Cl stretches;**** their absence in
CeO,-s and GCO-s further substantiates removal of surface
Cl. GCO differs from the other aerogels by the absence of a
1030 cm™" peak where the C-F peaks in the alcohol species
are present. The identification of this peak as a ketone C-F
stretch, which we noted as a shoulder for CeO, and GCO-s,
informs us that little or no oxidized hydrolysis product forms
over CeO,-s. Surface hydroxyls in CeO,-s may effectively fill or
cover most surface oxygen vacancies, and so this catalyst
forms mostly alcohol hydrolysis products with acetone lost in
the purge step.

From these DRIFTS data, we conclude that both the
soaked aerogels show faster appearance of the mineralized
P=—0 peak corresponding to faster hydrolysis of DFP. While

AADS.
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1500 1000
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Fig. 3 DRIFTS spectra under a N, + O, purge after DFP exposure. Spectra are recorded at 1 min intervals and progress from blue to red.
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hydrolysis to alcohol is present for both soaked aerogels, the
extra oxygen vacancies in GCO contribute to further oxidation
of these alcohols to acetone, most prevalently seen in
unsoaked GCO, which solely makes this oxidized product.
The acetone purges more easily from the surface than the
alcohol product. Upon BB illumination, remaining organic
products are photo-halogenated, inserting either DFP-derived
F or residual surface Cl into these compounds.

Given the differences in product formation over the four
aerogels, it is difficult to determine the degree of DFP
degradation based on DRIFTS analysis alone. The amount of
intact DFP remaining is determined using dose extraction
and analysis using a GC-MS, which identifies products that
remain bound to the surface after DFP exposure. Differences
in the reactivity of pristine and alkaline-treated aerogels
become apparent here, with CeO,-s and GCO-s showing far
less intact simulant than with CeO, and GCO (Fig. S67).
GCO-s also slightly outperforms CeO,-s in terms of intact
DFP remaining, despite its higher surface area likely allowing
for greater uptake. CeO,-s and GCO-s both outperform
commercial CeO, nanoparticles (COM-CeO,), which do not
suffer from residual chlorine but have much lower surface
area. Very few other products were unambiguously
identifiable in the GC-MS, with the exception of methyl
phosphonic acid (MPA) in the case of CeO, aerogel. We note
that phosphonic acid, a product of highly degraded DFP,
would not be detectable using this protocol.>> Phosphonic
acid is a likely product given the lack of other detectable
products as well as the prominent P—O peaks observed in
DRIFTS. Similar to our previous results with DMMP® and
other recent work with oxides against DFP,** we find that
terminal hydroxyls are effective in promoting more complete
degradation of OP simulants. The abundant terminal
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hydroxyls present on alkaline-treated CeO,-s and GCO-s
aerogels drive hydrolysis of DFP, while residual CI content in
pristine CeO, and GCO prevents terminal hydroxyl
formation.

Although the effect of the alkaline treatment is consistent
between simulants, the improved performance against DFP
with GCO-s vs. CeO,-s contrasts with our findings against
DMMP, where Gd*'-doping slightly impeded degradation.
While both aerogel variants show product formation, the
relative intensity of the O-P-O modes, both during dose (Fig.
S7t) and purge (Fig. S8t) steps, indicates a greater fraction of
product forms over CeO,-s. A previous study concludes that
doping CeO, with another trivalent cation (Y**) similarly
impedes performance against DMMP.?°

Computational insights into OP adsorption on pristine and
defective CeO,

To further elucidate the differences observed experimentally
between CeO, and GCO and between simulants, we
modeled the interactions of DMMP, GB (sarin), and DFP
with CeO, surfaces using density functional theory (DFT).
Two surface models were evaluated in terms of adsorption
by simulants and agents: a pristine CeO, (111) surface and
a defective CeO, (111) surface with surface oxygen vacancies,
the latter being a model for the GCO material. To simulate
the O,rich reaction conditions in this investigation, we
model the defective surfaces in the presence of an O,
molecule (Fig. S97).

The formation of an oxygen vacancy (Oy,.) creates excess
donor electrons at the surface in Ce 4f states, creating a
corresponding electronic defect state within the bandgap.
The formation of the surface Oy, is unfavorable by 1.8 eV

(@)

[001]

T—mom
r{Y. Y.

CeO, (111)

(e)

[001]

T—» (100} 1.44 A

CeO, + O, + ROS

(9) N (h)

Fig. 4 Bound geometries of organophosphorus (OP) compounds on two variations of CeO, surfaces computed using DFT. (a) The pristine CeO,
(111) surface with no adsorbate and then with bound (b) DMMP, (c) GB, and (d) DFP. (e) The defective CeO, surface with surface O,,. and bound
0,2 and then (f-h) bound with the same three OP adsorbates. Key interatomic distances are labeled in each system, and distances are highlighted
in bold between the OP phosphorus center and co-adsorbed O,2". Atom colors are C: gray, H: white, O: red (purple in O,%"), P: orange, F: green,

Ce: off-white.
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Table1 DMMP, GB, and DFP binding energies on CeO, computed in this
work using DFT and comparisons with relevant DFT-computed and
experimental values from prior literature

Binding energy (kcal mol™)

Surface DMMP GB DFP
CeO, -19.8 -24.7 -22.5
CeO, + Oyae + ROS  —20.9 -25.3 -27.5
CeO, (prior work) ~ —27.94 (ref. 6) —29.61 to —35.24 (ref. 15)
Anatase TiO, -21.5 -18.2

(ref. 38)

per defect at CeO, (111) based on differences in electronic
internal energy, in good agreement with other literature
reports.”” Upon binding of neutral O,, these excess donor
electrons partially localize near the bound species, and the
resulting equilibrium O-O distance of 1.44 A is consistent
with a peroxide 0,”” ion. At the CeO, (111) surface, O,>"
binding to an O,,. is thermodynamically favorable by 1.6 eV
per molecule with respect to the internal electronic energy.

Models built from the optimized surface and OP
geometries were used to predict stable geometries of DMMP,
GB, and DFP on pristine CeO, and defective CeO, (Fig. 4).
Energies corresponding to these structures were used to
compute binding energies, which are listed in Table 1. We
note two trends in the binding energies. First, the binding of
each OP molecule is predicted to be stronger on the defective
surface than on the pristine surface. Second, on both
surfaces, DMMP is predicted to bind more weakly (-19.8 to
-20.9 kcal mol™) than GB and DFP (-22.5 to —-27.5 kcal
mol ™). DFP may therefore be a better simulant for GB in
terms of adsorption characteristics on CeO, surfaces.
Interestingly, these trends are not correlated with trends in
the length of the dative (P—=0)-Ce bond, which is relatively
consistent: 2.48 to 2.54 A. We therefore infer that, while the
dative bond is still likely the strongest single interaction, as
in other OP-oxide systems, its strength is relatively
insensitive, and trends in overall binding energy are instead
attributed to differences in other side group interactions with
the surface.

On the pristine surface, these other interactions are
dominated by hydrogen bonding between the OP compound
and surface oxygen sites, consistent with recent reports by Li
et al.>"® On the defective surface, a significant interaction
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may also be possible between the bound OP and co-adsorbed
ROS. We observe a strong correlation in the defective CeO,
systems between the binding energies and the phosphorus-
ROS distances, which are annotated in boldface in Fig. 4. The
weakest binding by DMMP is correlated with the longest
distance (-20.9 kcal mol™* and 3.72 A), and the strongest
binding by DFP is correlated with the shortest (-27.5 kcal
mol* and 3.18 A). This trend could correlate with strength of
hydrogen bonding between the OP and ROS, as well as
electrostatic interaction directly between the phosphorus
center and ROS. The latter interaction would also be
consistent with  well-established GB  decomposition
mechanisms by nucleophilic attack on the phosphorus
center.

To help discern the origin of the differences among the
surface-adsorbate interactions, Bader partial charge analysis
was performed on the six systems of interest as described
in the Materials and methods section. The resulting partial
charges, summed over different portions of interest in each
system, are shown in Table 2. Tables describing atomic
partial charges for key individual atoms are shown in
Tables S1 and S2 in the ESLf{ In all six systems, there is a
slight net positive charge on the adsorbate and negative
charge on the surface, consistent with the expected
formation of a dative bond via donation of the (P=—0) lone
pair to a surface Ce site. In the defective systems, a large
negative charge is localized on the ROS, consistent with the
peroxide ion. In all cases, the local charge on the OP-
binding Ce site is more positive in the adsorbed state, and
the magnitude of this effect is also larger in the presence
of ROS for all adsorbates.

Volumes of the basins computed as part of the Bader
analysis can also complement the partial charges and
geometries in correlations with adsorption strength. The
Bader volumes of the ROS in the DMMP and GB systems,
taken as the union of the volumes of the two oxygen
atoms, are shown in Fig. 5. The Bader volume of the ROS
is significantly smaller when co-adsorbed with GB than
DMMP, consistent with the shorter P-ROS distance and
with stronger total binding energy. In contrast, the partial
charges on the P and F atoms, ROS, and surface Ce atom
(Tables S1 and S2f), and corresponding bond lengths are
very similar between the systems with bound DMMP, GB,
and DFP.

Table 2 Summed values of atomic partial charges computed using DFT and Bader analysis, corresponding to categorization of atoms in each bound
system into key subcomponents: the adsorbate molecule (DMMP, GB, or DFP) and the surface. In the case of the defective surfaces, the surface is

further decomposed into two subcomponents: CeO, + Oy, and ROS (0,%)

System Sum of atomic partial charges

Adsorbate Surface Adsorbate Surface CeO, + Oyae ROS
DMMP CeO, + Oy, + ROS 0.053 -0.056 1.13 -1.19
GB CeO, + Oy, + ROS 0.031 -0.034 1.19 -1.22
DFP CeO, + Oy, + ROS 0.013 -0.016 1.20 -1.22
DMMP CeO, 0.038 -0.041

GB CeO, 0.003 -0.005

DFP CeO, 0.014 -0.017

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) DMMP

ROS:
306 A3,
-1.19%

Fig. 5 Structures of (a) DMMP and (b) GB on the (111) CeO, surface,
co-adsorbed with O,,.-stabilized ROS (purple). In each subfigure, the
Bader basin computed for the ROS is shown in yellow and annotated
with corresponding volume and partial charge. The Bader volume of
the ROS, and likewise the ROS-P distance, is significantly larger for
DMMP than GB.

Observation of ROS through EPR spectroscopy

To confirm computational results regarding the role of ROS
in binding and degradation of OP molecules, we perform
electron paramagnetic resonance (EPR) spectroscopy for the
Ce0O,, GCO, La-doped CeO, (LCO), and Y-doped CeO, (YCO)
aerogels (Fig. 6). EPR is a powerful tool for directly observing
unpaired electrons present in ROS, such as superoxide (0,")
or hydroxyl radicals (OH-).** CeO, shows prominent EPR
signals at g = 2.003, characteristic of trapped electrons at Oy,
in Ce0,.*° A small peak corresponding to Ce’” may be
present as well, but we did not observe any ROS features for
the CeO, aerogel. We attempted EPR for the GCO aerogels,
but the presence of Gd broadens the EPR signal,""*> making
identification of ROS impossible.

For LCO and YCO aerogels, EPR signals at g = 2.055 appear,
corresponding to superoxide (0,7),*>** along with a sharp
signal at g = 1.964 due to Ce*". In LCO, another feature at g =
4.27 is prominent and matches a g-value attributed to Fe** in
Fe-doped oxide materials.*” Tron is a known impurity in La
and notoriously difficult to fully remove,’® so we conclude
that some residual Fe is likely present in our precursor salt.
Given the similar characteristics of Gd, Y, and La in the CeO,
lattice, namely substituting into Ce sites and generating Oy,
these results align with computational results implicating
stabilization of ROS when O,,. are present. Alkaline-treated
GCO, LCO, and YCO aerogels also perform similarly against
DMMP (Fig. S10t), further suggesting that their performance
against simulants is a product of 3+ cation substitution and
subsequent Oy, formation.

Conclusions

The ability of CeO, surfaces to not only bind, but also rapidly
degrade organophosphorus molecules makes ceria a
promising material for use in protective applications against
acute toxic threats. Our study of Gd*'-doped CeO, (GCO)
aerogels highlights their excellent properties against
chemical warfare simulants and serves to caution researchers
against relying solely on non-fluorinated simulants for

materials evaluation. When comparing materials with
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Fig. 6 Normalized EPR spectra of CeO, GCO, YCO, and LCO
aerogels. LCO and YCO show significant ROS (O,7) signals, likely
obscured in GCO due to the broad, wavy EPR lines.

appropriate hydroxyl-rich surface chemistries (CeO,-s and
GCO-s), CeO,-s outperforms GCO-s against DMMP, but the
opposite is true when evaluated against DFP (GCO-s
outperforms CeO,-s). Computational analysis and EPR
spectroscopy reveal that the divergent results may stem from
the role of reactive oxygen species (ROS) in these systems.
ROS on defective CeO, surfaces (analogous to GCO) improve
binding of DFP and sarin (GB), but are less effective against
DMMP.

Materials and methods
Aerogel synthesis

The CeO, and Gd**-doped CeO, aerogels were prepared by
previously established sol-gel synthetic methods.’®'” For
CeO, aerogels, 2.39 g of CeCl;-7H,0 (99.9%, Aldrich) was
dissolved in 10 g of anhydrous methanol (99.8%, Fisher)
before adding 6 g of propylene oxide (99.5%, Aldrich). For
Gd*'-substituted CeO,, 10 mol% of GACl;-6H,0 (99.99%, Alfa
Aesar) was substituted for an equivalent amount of Ce
precursor. The solution was allowed to gel overnight before
rinsing several times with isopropanol (ACS grade, Fisher)
and then acetone (ACS grade, Fisher). The gels were dried
from supercritical CO, (Leica EM CPD200 auto-dryer) after
undergoing 99 CO, rinsing cycles over ~4 h to ensure that all
acetone was exchanged.

The dried, amorphous aerogels were calcined in air at 500
°C for 2 h (5 °C min™' ramp). The calcined aerogel was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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soaked in an alkaline solution to remove residual Cl.° The
aerogel was suspended in a 10 vol% aqueous ethanol
solution (200 mg aerogel/100 mL) and titrated to pH 9.5 with
1 M and 0.1 M NaOH. The aerogels were left to soak for 48 h,
then vacuum filtered over a 0.1 um polyvinylidene difluoride
(PVDF) membrane, rinsed with Milli-Q® water, and dried
overnight at 40 °C in air.

DRIFTS IR - simulant trials and dose-extraction

Simulant degradation studies were performed in an in situ
DRIFTS environmental accessory coupled to a Thermo
Scientific Nicolet 6700 FT-IR spectrometer (MCT/A detector,
KBr beamsplitter, 24 bit digitizer, 3.7974 ¢m s~ optical
velocity, aperture 65, 2.0 sample gain). Approximately 20-30
mg of aerogel was loaded into a 6 mm diameter porous
ceramic cup and dried under zero grade air (Airgas, 20% O,,
balance N,, and trace impurity) for several days before
loading into the DRIFTS accessory. The DRIFTS accessory
(Pike Technologies DiffusIR™ Environmental Chamber) was
evacuated under vacuum for several days to minimize any
residual contamination prior to introduction of sample
aerogel. The cell was maintained at 25 °C for the full
duration of the dosing experiments.

Flow was introduced into the cell in a top-to-bottom
configuration wherein the vapor stream flows through the
packed aerogel bed and exits through the bottom of the
ceramic cup before exiting the cell. Zero grade air (Airgas,
20% O,, balance N,, and trace impurity) was used as the
carrier gas and purge gas. First, carrier gas was flowed
through the packed bed at a flow rate of 1.45 sccm long
enough to allow the DRIFTS baseline signal to stabilize. The
carrier was next diverted through a microsaturator cell
(BioChemWare, 13 x 30 mm) containing a liquid reservoir of
DFP in a temperature-controlled water-circulating chamber
maintained at 20 °C. After 1 h of dosing the sample with DFP
(Sigma-Aldrich DFP D0879-1G LOT# MKCQ1976/Toronto
Research Chemicals CAT# D455300 LOT# 12-YMK-148-4)
vapor, the cell was purged for 1 h with carrier gas (bypassing
the saturator) to remove excess agent vapor from the system.
After purging for 1 h, the carrier gas flow was maintained at
a constant 1.45 sccm while the cell was illuminated for 1 h
with a 200 W mercury-xenon lamp (Newport Model 67005
housing with 6290 Ozone free lamp) interfaced with fiber
optic bundle positioned ~6 mm above the sample cup.
DRIFTS single-beam spectra were recorded at 1-min intervals
(128 scans per spectra, 58.85 s per spectra, 2 cm " resolution,
Happ-Genzel apodization, Mertz phase correction)
throughout the duration of the initial purge and subsequent
1 h DFP vapor dosing, 1 h post-dose purge, and 1 h
broadband illumination steps. The final spectrum of each
step was used as the background for the ensuing step and
difference spectra are plotted after background subtraction.

After agent exposure, the spent aerogel was placed into a
20 mL scintillation vial, vortexed for 60 s in acetonitrile and
the solution was placed into a 2 mL Luer-slip plastic syringe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to be filtered through a 0.45 um nylon membrane syringe
filter into a 2 mL silanized GC vial. Subsequently, five (5) puL
of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA)
derivatizing agent*’ was added into the extract, sealed
quickly, vortexed, and placed onto an Agilent GC autosampler
contained within an Agilent 6890 N Network GC System
coupled to a 5973 Network Mass Selective Detector. Peaks
corresponding to DFP and degradation products were
integrated and the relative percentage of DFP and products
were determined by their respective area ratios in order to
qualitatively assess the degradation capacity of various
materials.

Characterization

Multipoint Brunauer-Emmett-Teller (BET) surface area was
determined using the adsorption leg of the N, physisorption
isotherm (Micromeritics ASAP 2020). Approximately 120 mg
of the samples were degassed under vacuum for 10 h at 150
°C prior to measurement. Average pore sizes were calculated
using the Barrett-Joyner-Halenda (BJH) model on the
desorption isotherm. X-ray photoelectron spectroscopy was
performed using a Thermo Scientific Nexsa with Al Ko source
operating at 72 W (12 kv x 6 mA) and a flood gun to
minimize charging. Spot size, pass energy, and energy step
size were 400 pm, 50.0 eV, and 0.100 eV, respectively. Raman
spectroscopy was performed using a Renishaw confocal inVia
microscope with a 514 nm laser source, imaged through a
50x objective lens, with 1 s exposure time at 10 acquisitions.
The electron paramagnetic resonance (EPR) spectra were
acquired using a commercial Bruker EMX spectrometer
operating at a frequency of 9.51 GHz. A few milligrams of the
rare earth-doped CeO, aerogel powders were put in 4 mm OD
low-loss quartz tubes with the tubes inserted in the middle of
the cylindrical microwave cavity. The spectrometer was
equipped with a liquid helium flow system that allowed for
temperature control from 4.2-300 K. Typical microwave
powers of 1-2 mW with 1-2 Gauss modulation amplitude
and 100 kHz field modulation were employed for these
experiments. The g-values were calibrated with use of a DPPH
(2,2-diphenyl-1-picrylhydrazyl) standard.

Density functional theory calculations

Electronic structure was computed with density functional
theory (DFT) using Quantum Espresso v6.7.0.*% All
calculations were periodic and used the PBE functional with
the projector augmented wave method*® and Grimme's D3
dispersion model. The Hubbard parameter U was
incorporated for Ce 4f orbitals and was set to 4.5 eV.>!
Convergence studies were performed on bulk ceria with
respect to the plane wave energy cutoff of 120 Ry which
produced significantly more accurate electronic structures,
energies, and final bound geometries, owing primarily to
improved resolution of Ce f states compared to default
cutoffs recommended for the pseudopotentials. Atomic
positions and cell vectors were optimized using the Broyden-
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Fletcher-Goldfarb-Shannon algorithm within thresholds of
10™* atomic units (a.u.) in energy and 10~ a.u. in force. A 4 x
4 x 4 Monkhorst-Pack k-point mesh was used for the bulk
ceria optimization, and the resultant optimized lattice vectors
were a = 5.438 A, in agreement with prior experimental and
theoretical reports.*® Structures were visualized using Jmol
v14, an open-source Java viewer for chemical structures in 3D
(http://www.jmol.org/). Full DFT input/output files are
included in the supplementary information.

The (111) surface was cleaved from the optimized bulk
structure and subjected to geometry optimization. The model
slab consists of 144 atoms (9 atomic layers) with supercell
lattice vectors @ = b = 15.46 A and ¢ = 22.90 A. The surface
model included 15 A of vacuum along the ¢ direction and the
electronic structure was calculated using a dipole correction.
For computational efficiency, surface calculations were
carried out at a smaller k-point grid of 2 x 2 x 1. The atoms
in the bottom CeO, layer were frozen to bulk positions while
all other atomic positions were optimized. In addition, (111)
models with a surface oxygen vacancy (Oya) and with Oy,
and bound O, were prepared. Because the O,,. creates two
excess electrons, the defective (111) surface represents a
system in a triplet state, therefore, spin-polarized DFT
calculations were performed to compute the total energies of
these systems. Atomic structures of the OP molecules of
interest were optimized using plane-wave DFT in the same
calculation domains. Binding enthalpies (AE) were computed
on surface models using the following equation:

AE = Esurtrads ~ Eads — Esurf
where Eq,r and E,qs refer to the total energies of the surface
and adsorbate, respectively.

Density of states (DOS) and projected density of states
(PDOS) were generated by performing non-self-consistent-
field calculations with a denser k-point grid of 12 x 12 x 1.
Bader charge analysis®®** was used to quantify changes in
atomic partial charges due to adsorption. From the optimized
charge density grid, a code developed by Henkelman et al
was used to partition the grid into Bader volumes.’** The
charge densities within the resulting Bader volumes are used
to approximate the actual charge states of the atoms.
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