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Abstract 

We perform spectroscopic surface characterization on mesoporous ceria (CeO2) under exposure 

of Sarin gas, also known as GB. We find mesoporous CeO2 displays extraordinary reactivity 

towards GB dissociation under high vacuum. The spectroscopic results combined with density 

functional theory (DFT) calculations suggest that the cleavage of the P-F and P-OR bonds are 

both possible pathways for GB to dissociate on the CeO2 surfaces. The modeling reveals 

differences in dissociation pathways of GB on the crystallographic (111)- and (110)-surfaces of 

ceria. We also report some dissociation of GB on mesoporous CeO2 under ambient conditions. 

The finding that mesoporous CeO2 can degrade GB under mild conditions is encouraging and 

implies the strong potential of ceria-based materials to be applied in combating chemical warfare 

agents related to the GB series. 
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1. Introduction 

The search for materials to effectively filter and decompose chemical warfare agents (CWAs) is 

in urgent need due to the continuing concern of such lethal chemical attacks in both global 

conflicts and terrorist attacks on civilian populations. One of the most notorious CWAs is Sarin 

gas, also known as GB (or gas B of the G-series). GB functions as a nerve agent and can cause 

instant lethal suffocation even under very low concentrations of exposure (~50-100mg/min/m3)1,2. 

Several categories of materials have been studied to defeat GB and its simulant molecules including 

carbon-based materials3–8 , metal-organic frameworks (MOFs)9–15, polymer fibers 16–19, metal 

oxides20–38 and their composites39–42. Metal oxides have several advantages over some of these 

categories due to their active and diverse surfaces. In addition, recent efforts to fashion metal oxides 

into mesoporous structures can effectively increase their surface areas to bolster their filtering 

propertiess43,44.  

Ceria (CeO2 ) is a popular metal oxide that has been widely researched in the fields of catalysis and 

fuel cells due to the high activity on its surfaces and bulk  lattice atoms32,45–48. CeO2 has also attracted 

attention for  combating CWAs recently, and it was proposed that it might display great activity towards 

GB decomposition;  several recent experimental and computational studies demonstrate that CeO2 

can effectively dissociate a variety of GB simulant molecules at room temperature25,29,49–53. Our recent 

spectroscopic measurements and DFT calculations also indicate that CeO2 surfaces are highly 

reactive toward degradation of dimethylmethylphosphonate (DMMP), which is a GB simulant54. 

Although these simulant molecules have some structural similarity to GB, the different chemical activity 

of the P-F bond and the larger P-OR group in GB might cause a significant difference in its interaction 

with metal oxide surfaces.  

While there are several  past studies of GB simulants  interactions on CeO2 25,29,49,50,53, limited research 

has been performed to understand how exactly CeO2 interacts with actual GB agent. Due to the 
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extreme toxicity of GB, it is not possible for most of laboratories to run GB-based experiments. 

However, such an experiment is necessary to examine the true potential of the proposed materials to 

combat GB. In addition, an experimental comparison between GB and its simulants can also elucidate 

whether such simulant molecules truly resemble GB in their reactivity with filter materials.  Thus, for 

this study we performed a comprehensive surface characterization of dry mesoporous CeO2 under 

exposure to GB and advanced DFT-based modeling of decomposition channels of GB on CeO2.  

Our observations for CeO2 breaking down GB are encouraging. We find that the as-synthesized 

mesoporous CeO2 displays extraordinary activity on GB dissociation at room temperature. Such a 

reaction occurs under vacuum and without any assistance from moisture or photo excitation. DFT 

calculations were performed to understand the origin of the high reactivity of CeO2. Our modelling 

shows a relatively low activation energy barrier for GB to dissociate on the CeO2. With the combination 

of spectroscopic measurement and DFT calculations, we also reveal possible reaction pathways. To 

our knowledge, this work is the first comprehensive report to actually explore and verify the reactivity 

of CeO2 on GB dissociation. Our comprehensive surface characterization and DFT-based modeling 

suggests a strong potential of CeO2 to be applied in combating CWAs. 

2. Experimental Section 

2.1 Synthesis of Templated Mesoporous CeO2  

Mesoporous CeO2 was synthesized via a nanocasting method similar to the previously reported 

approach55,56 .  The silica template KIT-6 was first prepared from a reported method57, for which 

85 °C was used as the aging temperature during the KIT-6 synthesis. In our typical synthesis of 

mesoporous CeO2, 0.5000 g of as-prepared KIT-6 silica was initially dispersed in 20.0 mL of 95% 

ethanol. Then, 1.362 g of Ce(NO3)3∙6H2O were dissolved in the same solution. The mixture was 

stirred at room temperature until all solvents evaporated and the mixture became a dry powder. 

The powder was later transferred into a glass vial (diameter ~ 5 mm) and calcined at 560 °C for 

6 h (ramp rate = 1°C/min). During the calcination step Ce(NO3)3∙6H2O decompose and oxidizes 
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to pure CeO2. To fully remove the silica template, the CeO2/KIT-6 composite was soaked in a 2M 

NaOH solution at 80 °C overnight; this step was repeated three times. After washing 3 times with 

distilled water and twice with ethanol, the final mesoporous CeO2 product was dried in air at 80°C 

overnight and then at 150°C for an additional 24 h. 

2.2 Surface and Structural Characterization of Mesoporous CeO2 

Transmission electron microscopy (TEM) image was taken using a JEOL JEM 2100 LaB6 TEM 

system. Powder X-ray diffraction (XRD) pattern was recorded on the Bruker D8 Advance 

diffractometer with Cu Kα/Kb radiation. Rietveld refinements with the XRD patterns were 

performed using TOPAS 558. The nitrogen adsorption isotherms were measured with a 

Micromeritics ASAP 2020 Porosimeter Test Station, and the surface area was calculated by 

applying the Brunauer−Emmett−Teller (BET) equation on adsorption data obtained at 

P/P0 between 0.05 and 0.35. The pore size distributions were calculated by analyzing the 

adsorption branch of the N2 sorption isotherm using the Barret−Joyner−Halenda (BJH) method. 

Ce 3d spectra were collected on a Kratos Axis 165 X-ray photoelectron spectrometer (XPS) 

operating in hybrid mode using Al Kα monochromatic X-rays at 280 W. All XPS spectra were 

calibrated to the C 1s peak at 284.80 eV, and fits were performed using CasaXPS. Shirley 

background was used for background subtraction, and the peaks fit with a 30% Gaussian+70% 

Lorentzian peak shape profile. 

Carbon monoxide (CO) adsorption studies on CeO2 were performed in a high vacuum chamber 

with a base pressure at 3x10-9 Torr. A more detailed description of the vacuum chamber is 

provided elsewhere15. The CeO2 was pressed into a 0.004” thick W-grid and attached to the 

sample mount via stainless steel clamps connected to copper rods. The copper rods were 

attached to a power supply allowing for resistive heating of the sample up to ~1000 K at a 

resolution of ±0.1 K. Before introducing CO into the vacuum chamber, the sample was heated to 

450 K for 30 minutes in order to remove H2O and hydrocarbon impurities. After heating, the 
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surface was cooled down with liquid N2 (~140 K) and an infrared (IR) spectrum was taken of the 

CeO2 sample. An IR spectrum was taken of the W-grid without any CeO2 powder and used as the 

background. Each IR spectrum contains an average of 256 interferograms at a resolution of 2 cm-

1. Subsequently, 10-2 Torr of CO vapor was introduced into the vacuum chamber. An IR spectrum 

of the sample was taken and was subtracted from the IR spectrum of CeO2 prior to CO exposure. 

The subtracted spectrum represents a difference spectrum showing the CO adsorption on the 

CeO2 surface.  

2.2 IR Characterization of GB interaction with dry mesoporous CeO2 under high vacuum 

(CAUTION! Experiments performed with ultra-toxic CWAs require highly trained operators, 

extreme safety protocol and approved facilities.) Chemical Agent Standard Analytical Reference 

(CASARM)-grade sarin (95+% by NMR) was used for all experiments. Prior to dosing, the GB 

was purified through a freeze-pump-thaw cycle. 

Spectroscopic (IR) measurements of mesoporous CeO2 interacting with GB were performed in 

an ultra-high vacuum chamber with a base pressure of 9.3 x 10-9 Torr. The mesoporous CeO2 

was pressed into a 0.004” thick tungsten grid and attached to the sample mount with stainless 

steel clamps connected to copper rods. An IR spectrum was taken of the W grid without CeO2 at 

each step and used to subtract any background interactions. Before the experiments, the sample 

was placed in vacuum for 24 h and then heated to 300 C° in the presence of O2 for 1.5 h to remove 

any environmental gases (i.e., H2O, carbonates, CO2, NOx, ect.). Subsequently, 10–4 Torr of GB 

vapor was introduced into the vacuum chamber to interact with the mesoporous CeO2 sample. IR 

scans of the sample were taken every couple of minutes for a total of 60 min. After the experiment, 

the chamber with the sample was placed under vacuum for 10 days to examine how strong the 

GB is adsorbed on the surfaces of mesoporous CeO2. The IR spectrum was also collected after 

the evacuation.  Each IR spectrum includes 256 interferograms at a resolution of 2 cm-1. After 

final dosing, the sample was evacuated and returned to a pressure of 10-9 Torr to determine what 
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remained on the surface. The scan prior to GB exposure was used as a background to create a 

difference spectrum. 

2.3 Ambient diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)  

(CAUTION! Ultra-toxic CWAs were used in the experiment. Such an experiment requires extreme 

care, highly trained staff, and a secure government-regulated facility.) The activity of mesoporous 

CeO2 for GB degradation under ambient conditions was characterized in an in-situ environmental 

DRIFTS reaction cell maintained at 25 °C. A 6 mm porous ceramic cup was used as a sample 

holder. Approximately 20 mg of the sample was used. 

A detailed DRIFTS instrument set-up is described elsewhere59. Helium gas (Airgas, 99.999% 

purity) was used to carry GB vapor. The carrier gas was first flown (10 mL/min) through a 

microsaturator cell containing a liquid reservoir of GB (maintained at 20 °C) before entering the 

sample cell. The GB flow was maintained for 90 min while DRIFTS IR spectra were recorded in-

situ with a Thermo Fisher Scientific 6700 FTIR spectrometer. A background scan was collected 

prior to beginning the dosing experiment. During the dose, collected spectra were averaged over 

∼2 min with a 2 cm–1 resolution. 

2.4 DFT Modeling of GB interacting with pristine CeO2 surfaces 

Solid state periodic calculations were performed with DFT60,61  using the GGA PBE62 functional 

and projector augmented-wave (PAW) pseudo-potentials63, as implemented in the VASP code64–

66. Hubbard’s parameter U67 was introduced to account for Ce 4f orbitals and was set to 4.0 eV in 

accordance with reported literature68. Grimme’s D269 corrections were added to account for weak 

van der Waals interactions. Several previous theoretical studies70–74 showed that an addition of 

Grimme’s D2 correction to the DFT functional considerably improves a description of dispersion 

effects in the systems with weak non-covalent interactions. In simulating ideal bulk crystals 

(Figure S1a), atomic coordinates and lattice constants were allowed to relax simultaneously 
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without any symmetry constraints. The convergence criterion for electronic steps was set to 10-5 

eV, and the maximum force acting on any atom was set not to exceed 0.01 eV/Å. Kinetic energy 

cut-off was set to 520 eV. In modeling the CeO2 crystal, an 8×8×8 Monkhorst−Pack k-point mesh 

was used. The calculated lattice parameters of the CeO2 cubic unit cell (Figure S1a) with 𝐹𝑚3̅𝑚 

space group, a=5.37 Å, agree with the experimental lattice vectors (a= 5.41 Å54  within ~1 %).  

Our calculations of GB adsorption and decomposition were limited to modeling reactions on the 

most stable surfaces, including the (110)- and (111)-surfaces54 (Figure S1 b and c), observed in 

our experiments. The model slab of the (110)-surface contained 252 atoms with the supercell 

lattice vectors of a = 16.23 Å, b = 14.92 Å, and c =31.61 Å. The model slab of the (111)-surface 

contained 240 atoms with the supercell lattice vectors of a = b = 15.03 Å, and c = 34.37 Å. A 

vacuum layer of 20 Å placed on top of the CeO2 surfaces served to minimize interactions between 

the supercells in the z-direction and to avoid any significant overlap between the wave functions 

of periodically translated cells. All surface calculations were performed at G-point only. Kinetic 

energy cut-offs in modeling CeO2 (110) and (111) surfaces were set to 520 eV. The convergence 

criterion for electronic steps was set to 10-5 eV, and the maximum force acting on any atom was 

set not to exceed 0.03 eV/Å. 

Minimal energy paths in the VASP periodic calculations were obtained with the standard nudged 

elastic band method75 . Atomic positions were relaxed using conjugate gradient and quasi-

Newtonian methods within a force tolerance of 0.05 Å/eV. The convergence criterion for electronic 

steps was set to 10-5 eV. 

3.  Experimental Results  

3.1 Material Characterizations 
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The samples used in this study are from the same batch of mesoporous CeO2 that we previously 

used for a DMMP study29. The as-synthesized mesoporous CeO2 is presented in Figure 1. An 

ordered mesoporous structure is visible from the TEM image (Figure 1a). Nitrogen adsorption 

isotherms and the corresponding pore size distribution curve (inset) are displayed in Figure 1b. 

The extracted BET surface area is 130.4 m2/g, and the mean pore size is approximately 3.6 nm. 

The XRD pattern (Figure 1d) confirms that the samples are phase-pure, consisting of only cubic 

Figure 1. Structural and surface characteristics of as-synthesized mesoporous CeO2: a) 

The TEM image confirm its KIT-6 mesoporous structure. b) The nitrogen adsorption 

isotherm and the resulting pore size distribution (inset) show an average pore size less 

than 5 nm. c) The IR spectrum of CO stretching modes when CO is adsorbed onto 

mesoporous CeO2. reveal two peaks associated with the two surfaces, (110) and (111). d) 

The XRD pattern and subsequent Rietveld fit to it demonstrate phase purity. e) The Ce 3d 

XPS spectra and subsequent fitting reveal the predominant valence states. Reproduced 

with permission of the American Chemical Society29. 
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CeO2 with the fluorite-type structure (space group 𝐹𝑚3̅𝑚). The severely broadened diffraction 

peaks in the XRD pattern indicate a nanocrystalline nature of the mesoporous CeO2. Ce 3d XPS 

is displayed in Figure 1e. The spectra can be well fit by applying only Ce4+ components76, which 

implies that Ce4+ predominates as the Ce species on the surface. The IR absorption spectrum on 

CO stretching modes when CO is adsorbed on the mesoporous CeO2 (Figure 1c) displays two 

major peaks at 2178 cm-1 and 2159 cm-1, implying two major CeO2 surfaces are exposed in 

Figure 2. a) In situ difference IR spectrum of the surfaces of mesoporous CeO2 upon GB 

exposure in the high vacuum. b) IR spectra of surfaces of mesoporous CeO2 after GB 

exposure and after 2-week evacuation following the GB exposure. 
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mesoporous CeO2.  2178 cm-1 corresponds to CO adsorbed on (110)-,and 2159 cm-1 to the (111)-

surface.
77,78

.  

 

3.2 High reactivity of Mesoporous CeO2 under high vacuum conditions 

High vacuum experiments with live GB agent were performed on the as synthesized mesoporous 

CeO2 at room temperature.  The sample was placed in high-vacuum for 24h and then heated in 

the presence of oxygen to obtain a relatively hydroxylation-free and oxygen vacancy-free surfaces 

before the experiments. The GB gas was then introduced into the high vacuum chamber for 60 

min at a constant pressure of 10–4 Torr.   

Figure 2a displays the in-situ difference IR spectrum of the surfaces of mesoporous CeO2 during 

the GB exposure (scans taken every 5 minutes). The major peaks are assigned accordingly in 

Figure 2 and listed in Table 1. We are unsure about the assignment of the mode at 780 cm-1 as 

limited literatures discussed this mode. In a report on the IR spectra of Organophosphorus 

Compounds, this mode was assigned as w(POC)79.  The vibrational modes of δa (C-CH3), δs (C-

CH3), δ(P-CH3), ν(P=O), va (C-O), vs (C-O) and ν(P-F) exist in the structure of intact GB80. The 

gradual increase of these bands upon initial GB dosing indicates that intact GB molecules are 

 

GB vapor 
(cm–1) 

GB adsorbed on CeO2 (cm–1) 
(high vacuum IR) 

GB flow through CeO2 (cm–1) 
(DRIFTS) 

IR band 
assignments 

1468 1460, 1470 \ δas(CH3C) 

1380 1375, 1388 1370, 1380 δs(CH3C) 

1328 1310, 1320 1322 δ(P–CH3) 

1303 1240, 1245 1245, 1277 ν(P=O) 

1183/1111 1190/1120 1190/1120 ρ(CH3C) 

\ 1100–1200 1100–1200 v(O–P–O) 

\ 1080 \ v(O–P–O) 

1020 1020-1030 1030 ν(C–O) 

928 920 \ δ(P–CH3) 

845 845 \ ν(P–F) 

    

    

Table 1. IR Frequencies (cm–1) of GB in the Vapor Phase, GB Adsorbed on CeO2 

characterized by vacuum IR and ambient DRIFTS. 
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readily adsorbed onto the surfaces of mesoporous CeO2. The vibration bands of intact GB 

molecule stop growing after 20 minutes as the GB adsorption reaches saturation on CeO2. The 

missing signature bands from OH group (3100 – 3800cm-1 shown in Figure S2, and ~1500 cm-1) 

in the difference spectrum imply that GB is interacting with the dry surfaces of mesoporous CeO2.  

 

The dissociation of the GB molecule is also evident in the IR spectrum in addition to its intact 

form. A very broad band containing several peaks between 1100-1200 cm-1 also grow upon GB 

dosing. This region signifies the stretching vibration of the O-P-O groups and is generally 

regarded as a strong indication of GB decomposition23,24,33,59,81,82. We realize ρ(C-CH3) modes 

from intact GB molecules also appear in this region (~1180 cm-1 and 1120 cm-1); however, the 

intensity of ρ(C-CH3) is relatively weak in the IR spectrum according to previous 

studies23,24,33,59,81,82 on DMMP and GB molecules. Therefore, ρ(C-CH3) modes are not a major 

contribution for the growing intensity of this region, and we are confident that O-P-O groups form 

on the surfaces of CeO2.  

The very broad and multi-peak nature of v(O-P-O) in the spectrum indicates there might be 

multiple O-P-O configurations on the surfaces of mesoporous CeO2. Since the as-synthesized 

mesoporous CeO2 has both the (110) and (111) surfaces exposed, it is possible GB 

decomposition on the two different surfaces leads to disparate O-P-O configurations. In addition, 

GB can either lose F or -OCH(CH3)2 to form various O-P-O configurations on the surface, or even 

lose both F and -OCH(CH3)2 to form RP(-O)3 with three P-O bonds, as presented in Scheme 1. 

Even though we are not clear which O-P-O configuration(s) contribute to the broad band, there is 

no doubt they all come from the degradation of GB.  

The dissociation of GB molecules is also evidenced by the splitting bands of δ(P-CH3). As shown 

in Figure 2a, doublets separated by ~10 cm-1 are all visible for δ(P-CH3) modes. It is reported that 
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cleavage of the P-F bond or the leaving of -OCH(CH3)2 group from GB molecules can lead to the 

redshift of this  bending mode24,59,81,82. 

After the final GB exposure, the sample was evacuated under the base pressure of 7x10-9 torr for 

2 weeks. The sample was re-scanned with IR and the comparison with the final scan under GB 

exposures is presented in Figure 2b. Most notably, the v(P=O) mode at 1240 cm-1, completely 

disappeared. While the bands (1100-1200 cm-1) associated with v(O-P-O) increased significantly. 

This means that the adsorbed GB molecules continued to dissociate on the surfaces of CeO2, 

leading to the breaking of P=O bonds to form the O-P-O species. We also observed the intensities 

of other major bands in the spectrum remain nearly unchanged after two weeks under ultra-high 

vacuum, implying strong non-reversible adsorption of the decomposition species from GB on the 

surfaces of mesoporous CeO2. 

3.3 Mesoporous CeO2 interacting with GB under ambient conditions. 

Scheme 1. Possible pathways for Sarin (GB) decomposing on the CeO2 surface, which 

leads to various O-P-O configurations experimentally observed in the IR spectra. 

Page 12 of 30Materials Chemistry Frontiers



13 
 

The activity of mesoporous CeO2 towards GB under ambient condition is also explored via diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). The flow line set-up in DRIFTS 

cannot fully eliminate moisture both in the gas flow and samples. Therefore, in contrast with the 

high vacuum IR experiment mentioned previously, the mesoporous CeO2 tested in DRIFTS is 

more or less hydroxylated, which better resembles the practical conditions when materials are put 

into applications. Figure 3 displays the difference DRIFTS spectra of the surface of mesoporous 

CeO2 under flow of GB vapor for 6 min (Figure 3a) and 90 min (Figure 3b). Most IR bands 

appearing here resemble what we have observed in the vacuum IR experiment (Figure 2) and 

can be assigned based on Table 1.   

A notable difference is that a shoulder peak at 1277 cm-1 is observed in the DRIFTS spectra but 

not in the high vacuum IR spectra. This peak most likely belongs to ν(P=O) mode of the GB when 

Figure 3.  DRIFTS measurement spectrometry of mesoporous 

CeO2 upon GB dosing under ambient conditions with He flow.  
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GB is adsorbed on the surface through the hydrogen bond interaction with surface hydroxyl 

groups23,28,59. The ν(P=O) mode when GB interacts with pristine CeO2 surfaces is observed at 

~1230 cm-1. We made such an attribution because ν(P=O) mode at 1230 cm-1 appears also at 

the high vacuum IR experiment (Figure 2). The two distinct ν(P=O) modes observed in the 

DRIFTS measurement indicate that the mesoporous CeO2 possesses both hydroxylated regions 

and pristine (dry) regions on the surfaces. Compared with the ν(P=O) mode when GB interacts 

with pristine surface, a significant blueshift (~40 cm-1) is observed for the ν(P=O) mode when GB 

interacts with surface hydroxyl groups, implying a weaker adsorption strength of GB on 

hydroxylated surfaces than on pristine surfaces. The weaker adsorption strength of GB on 

hydroxylated surfaces can be attributed to the various dominant interactions between pristine and 

hydroxylated surfaces. Pristine CeO2 surfaces have under-coordinated Ce atoms exposed, which 

can provide empty f-orbitals for lone pairs electrons of P=O to coordinate, forming relatively 

stronger covalent interactions. While on the hydroxylated surfaces, hydroxyl group (-OH) rather 

than under-coordinated Ce atoms are exposed, so a hydrogen bond (P=O----HO), which is 

weaker than covalent interaction, dominates GB interactions with the surface. The interaction 

between hydroxylated surfaces and GB are also evident by the gradual decrease of δ (OH) bands 

between 1500~1700 cm-1. The decrease of δ (OH) bands implies the surface OH or H2O was 

consumed through hydrogen bond formation or being replaced by adsorbed GB molecules. The 

very broad nature of δ (OH) bands implies there are different configurations of OH groups 

available on the surfaces. 

Similar as in the high vacuum IR spectra (Figure 2), the rise of v(O-P-O) bands at 1100-1200 cm-

1 is observed in the DRIFTS measurement (Figure 3), an indication of the GB degradation. 

However, unlike the high vacuum IR spectra, the relative intensities of v(O-P-O) are never 

comparable to ν(P=O) throughout the whole GB flow period. We conclude the activity of the 
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mesoporous CeO2 is more reactive in the high vacuum environment than under ambient 

conditions.  

As GB flow continues, most of the IR modes from intact GB molecules continue growing while the 

v(O-P-O) becomes less obvious in the spectra, as shown in Figure 3b.  The plateau of the v(O-

P-O) modes in the DRIFTS spectra implies that the active sites of CeO2 surfaces for GB 

degradation are saturated and cannot be spontaneously regenerated or reused. Therefore, the 

degradation of GB on the surfaces of CeO2 is better described as being a heterogeneous surface-

molecule reaction rather than a catalytic reaction. In other words, the surfaces of CeO2 behave 

more as a reactant instead of a catalyst when decomposing GB. 

3.4 Understanding the high activity of CeO2 via DFT Modeling 

Both high vacuum IR measurements and ambient DRIFTS measurements show that GB can 

actively dissociate on the mesoporous CeO2. The measurements imply the high reactivity mainly 

comes from the dry pristine surfaces as the CeO2 shows decreased activity under ambient 

conditions with hydroxylated surfaces. Here, we performed DFT modeling to understand the high 

activity of pristine surfaces of mesoporous CeO2 towards GB dissociation. The CO adsorption IR 

characterization of CeO2 mesoporous materials (Figure 1c) indicates that the as-synthesized 

mesoporous CeO2 possesses both (110) and (111) surfaces. Thus, we modeled the GB 

adsorption and decomposition on the (110) and (111) CeO2 surfaces to obtain better 

understanding of GB interactions with mesoporous ceria and provide a consistent interpretation 

of our experimental observations. In this work, we focus on the interactions of GB with pristine 

dry CeO2 surfaces. 

GB Adsorption on (110) and (111) CeO2 Surfaces. 

GB is strongly adsorbed on pristine (110) and (111) surfaces through its phosphoryl oxygen 

(Figure 4 a-f). For CeO2 (101) surface, the obtained adsorption energy varies from 136 to 171.5 
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kJ mol-1. Adsorption on CeO2 (111) is weaker than on the (110) surface with the adsorption energy 

124-147.5 kJ mol-1. This is consistent with the trends we earlier observed for DMMP adsorption 

on CeO2 (110) and (111) surfaces29. Figure 4 indicates a relatively large contribution of hydrogen 

bonding in energies of GB adsorption on CeO2. Thus, configurations M2 and M4 have adsorption 

energies of -135.9 kJ mol-1 and -133.5 kJ mol-1, respectively, and correspond to the structures 

with the least favorable adsorption energies on the (110) and (111) surfaces, respectively. In 

configuration M2, GB forms a hydrogen bond with lattice oxygens through one of its hydrogen 

atoms. In the configuration M4, the molecule is orientated on the (111) surface in such a way that 

no hydrogen bonds can be formed. Contrastingly, in the configuration M3, GB forms hydrogen 

bonds with the lattice oxygen on CeO2 (110) surface through at least two of its hydrogens. As a 

result, the configuration M3 corresponds to the structure with the most favorable calculated 

adsorption energy of -171.5 kJ mol-1. On the (111) surface, the configuration M6, in which GB 

forms a hydrogen bond with one of the lattice oxygens, corresponds to the structure with the 

highest adsorption energy of -147.5 kJ mol-1. We have noted an effect of hydrogen bonding on 

GB adsorption on metal oxides, including ZnO83, MoO2
84 and TiO2

24. Based on energetic 

considerations, CeO2, particularly, its (110) surface, demonstrates stronger adsorption than ZnO 

(10-10) surface (-171.5 for CeO2 vs -133 kJ mol-1 for ZnO) 83, TiO2 anatase (101) surface (-171.5 

vs -129 kJ mol-1) 24, and CuO (111) surface (-171.5 vs -139.2 kJ mol-1)85. The energy of GB 

adsorption on rutile (110) surface (-171 kJ mol-1)24 is close to GB adsorption on CeO2 (111) 

surface. Considerably stronger adsorption was calculated for GB adsorption on the MoO2 (011) 

surface (200-230 kJ mol-1)84. Comparison of calculated adsorption energies for different materials 

shows that CeO2 demonstrates attractive properties overall for GB adsorption.   

GB Decomposition on (110) and (111) CeO2 Surfaces. 
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In studying GB decomposition on CeO2 (110) and (111) surfaces, we modeled the three most 

plausible mechanisms: 1) the propene elimination, 2) the P-F bond scission, and 3) the P-OC3H7 

bond scission (Figure 5a and b). An elimination of propene (A1-A2) on the (110) surface requires 

81.1 kJ mol-1. The reaction is highly exothermic and proceeds with the energy release of 130 kJ 

mol-1. The propene elimination on the (111) surface (B1-B2) requires a noticeably higher energy 

of 120 kJ mol-1. In addition, the mechanism has a reaction energy of only -3.6 kJ mol-1. Our 

calculations show that elimination of propene on CeO2 (110) surface is an energetically favorable 

reaction as it requires considerably lower activation energy than on CeO2 (111) and other metal 

Figure 4. Adsorption of GB molecule on CeO2 (a)-(c) (110) and (d)-(f) 

(111) surfaces. Bond distances are in Angstroms. (Ce atoms are in gold 

color, oxygen – red, phosphorus – orange, fluorine – green, carbon – 

grey, hydrogen - white).  
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oxides including the surfaces of the following: CuO (111)  111.9 kJ mol-1 85, ZnO (10-10) 113 kJ 

mol-183, TiO2 anatase (101) 122.6 kJ mol-1 24 and TiO2 rutile (110) 108 kJ mol-1. 24 

Decomposition of GB on the CeO2 (110) surface via the P-F bond scission (path A1-A3) requires 

59.3 kJ mol-1. The reaction is exothermic with calculated reaction energy of -91.9 kJ mol-1. 

Breaking of P-F bond on (111) surface (path B1-B3) requires 69.2 kJ mol-1, which is 10 kJ mol-1 

higher than the same reaction on CeO2 (110) surface. Similar to the (110) surface, the reaction 

on the (111) surface is an exothermic process although the reaction energy of GB degradation on 

(111) surface via P-F bond is 54.2 10 kJ mol-1 lower than that on (110) surface (-37.7 kJ mol-1 vs 

-91.9 kJ mol-1). A comparison of the calculated activation energies of the surface facilitated P-F 

bond cleavage with the activation energies reported for other oxide materials shows that 

decomposition of GB on CeO2 (110) and (111) surfaces requires considerably lower energies 

than on other metal oxides. Thus, decomposition of GB via the P-F bond cleavage on ZnO (10-

10) requires 113.6 kJ mol-1 83, TiO2 anatase (101) – 142.8 kJ mol-1 24, TiO2 rutile (110) – 191.3 kJ 

mol-1 24, CuO (111) – 106.3 kJ mol-1 85, and MoO2 (111)– 106.3 kJ mol-1 84. 
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The decomposition of GB on CeO2 (110) surface via the scission of the P-OC3H7 bond (path A1-

A4) requires 44.8 kJ mol-1, which is the lowest activation energy among three channels simulated 

in this work. Therefore, this pathway should dominate GB decomposition on the (110) surface. In 

addition to the low activation barrier, the surface facilitated breaking of the P-OC3H7 bond (path 

A1-A4) is a thermodynamically favorable process with the calculated reaction energy of -103.1 kJ 

mol-1. Decomposition of GB on CeO2 (111) surface via the P-OC3H7 bond scission requires a 

significantly lower energy than on other metal oxides including CuO (111) – 153.4 kJ mol-1 85, ZnO 

Figure 5. GB decomposition on CeO2 a) (110) and b) (111) surfaces. (Ce 
atoms are in gold color, oxygen – red, phosphorus – orange, fluorine – 
green, carbon – grey, hydrogen - white).  
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(10-10) - 114.9 kJ mol-1 83, TiO2 rutile (110) – 212.9 kJ mol-1 24, and MoO2 (111)– 178.4 kJ mol-1 

84.  Decomposition of GB on the (111) surface via the P-OC3H7 bond cleavage (path B1-B4) 

requires 109.1 kJ mol-1, which is 55 kJ mol-1 higher than the activation barrier of the P-OC3H7 

bond cleavage on (110) surface (A1-A4, 44.8 kJ mol-1). Furthermore, the reaction of P-OC3H7 

bond cleavage on the (111) surface (path B1-B4) is an endothermic process with calculated 

reaction energy of 51.7 kJ mol-1.   

The propene elimination has the highest activation barriers on the (110) and (111) surfaces (81 

and 120 kJ mol-1) (among probed reaction mechanisms) and, therefore, unlikely competes with 

the decomposition channels involving the P-OC3H7 and P-F bond scission at room temperature.  

4. Discussion 

In agreement with the reported high reactivity of CeO2 materials to dissociate the nerve agent 

simulants25,29,49,50,53, the high activity of mesoporous CeO2 to degrade the real nerve agent GB 

was verified in this study. Our high vacuum IR measurements show that GB molecules effectively 

adsorb onto the mesoporous CeO2 and react with the surfaces at room temperature without any 

assistance of moisture or photo excitement. The dissociation of GB on the CeO2 surfaces is found 

to be surface reaction rather than catalytic reaction, meaning that the surfaces behave as 

reactants upon GB degradation. A filter material must be able to quickly and irreversibly adsorb 

or absorb GB in order to be effective. In this regard, as a reactant, CeO2 can interact with sarin in 

a chemical manner, potentially leading to rapid and irreversible adsorption of the GB. This 

property makes ceria a promising candidate for use as a filter material in protective equipment 

such as masks and protective clothing. 

We believe that several key factors contribute to the high activity of CeO2 towards GB dissociation. 

Firstly, the empty 4f/5d orbitals and large size of Ce4+ ions create a favorable environment for the 

coordination of P=O bonds in GB, effectively weakening the bonds of GB and promoting its 
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dissociation. Furthermore, the dissociation of GB on metal oxides typically results in the formation 

of O-P-O species on the surface (as shown in Scheme 1). The stability of these O-P-O species 

plays a crucial role in the activity of the surface(thermodynamically). The structure of CeO2 is 

particularly well-suited to support their formation due to the Ce-O distance of approximately 2.3 

Å, which matches the tetrahedral geometry of O-P-O species. This leads to relatively favorable 

decomposition of O-P-O on CeO2. Similarly, both GB simulant DMMP and DMNP contain P=O in 

their structure and form O-P-O species upon dissociation. Therefore, both DMMP and GB are 

effectively dissociated on the surfaces of CeO2
25,29,49–53. 

Our DFT modeling further suggests feasible low-activation-energy pathways for GB to dissociate 

on both CeO2 pristine (110) and (111) surfaces, which explains the high reactivity of CeO2 

observed in the experiment. Our modeling shows that GB can dissociate via the P-OC3H7 bond 

scission and P-F bond breaking, with dissociated species of GB greatly stabilized through binding 

with the surfaces. At the same time, our modeling demonstrates that GB dissociation via the P-

OC3H7 bond scission and P-F bond breaking are not equally favored on (110) and (111) surfaces 

due to the different surface structures.  

An analysis of the calculated data shows that GB decomposition via the P-OC3H7 bond scission 

will slightly dominate the overall GB decomposition on (110) surface, whereas the P-F bond 

scission will be the major decomposition channel on the (111) surface. The decomposition of GB 

via the P-OC3H7 bond scission on the (111) surface will likely be precluded due to the high 

activation energy (B1-B4, 100.9 kJ mol-1) and endothermic nature of the reaction, as it is shown 

in Figure 5b. We suspect such a huge preference of the P-F bond scission over the P-OC3H7 

bond scission is a result of the steric hindrance effect on the (111) surfaces. Compared with (110) 

surface, Ce atoms are embedded more deeply below the oxygen atoms on (111) surface (Figure 

S1 b and c). Thus, the (111) surface poses a stronger steric repulsion force coming from the top 

oxygen atoms when the species interact with the Ce atoms on the surfaces.  

Page 21 of 30 Materials Chemistry Frontiers



22 
 

The P-F bond scission requires that the fluorine atom of the GB molecule be positioned close to 

undercoordinated Ce atoms, leading to attachment of the F atom onto Ce atoms. While P-OC3H7 

bond scission requires -OC3H7 of the GB molecule positioned close to the undercoordinated Ce 

atoms, this proximity will lead to the attachment of -OC3H7 onto Ce atoms. The -OC3H7 is a much 

larger group than F thus will experience a larger steric repulsion force when it moves closer or is 

attached onto Ce atoms on (111) surfaces, which contributes to the rise of the activation energy 

and destabilizes the final dissociation products. In conclusion, P-OC3H7 bond breaking is slightly 

favored on CeO2 (110) surface while P-F bond breaking is strongly favored on the (111) surface. 

The active dissociation of GB on mesoporous CeO2 is also observed under ambient conditions 

through DRIFTS while the activity is lower than in the high vacuum case. Since in the DRIFTS 

measurement GB is constantly flowing through the materials, a multilayer adsorption of GB on 

mesoporous CeO2 is likely to occur. Once the first layer of GB dissociates, the surfaces of CeO2 

deactivate, so that other layers of GB remain intact, resulting in the “observed” lower activity. This 

again suggests the surfaces of CeO2 behave like an active reactant rather than catalyst when 

interacting with GB. Another possible cause for the lower activity of CeO2 under ambient 

conditions is that of hydroxylation of the surfaces, which reduces reactivity in comparison with the 

pristine surface. On surfaces that are exposed to moisture, it is possible for GB to undergo 

hydrolysis with surface water and hydroxylation. However, the activity of the hydrolysis of GB 

seems to be weaker than its dissociation on the pristine CeO2 surfaces. Indeed, our previous 

modeling study showed that hydroxylated CeO2 surfaces are less reactive than the pristine 

surfaces towards DMMP dissociation as hydroxyl groups can block active undercoordinated Ce 

sites for the stabilization of dissociated methoxy species29. Given the structural similarity between 

GB and DMMP (GB also contains alkoxy group), hydroxyl groups on the CeO2 might prevent the 

GB to dissociate into stable species on the surfaces as well. 

5. Conclusion 
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In summary, we experimentally demonstrated that mesoporous CeO2 can strongly adsorb and 

actively decompose GB on its surfaces both in vacuum and under ambient conditions. Our DFT 

modeling suggests strong GB adsorption on surfaces of CeO2 and reveals low-activation-energy 

pathways for GB to dissociate on both CeO2 pristine (110) and (111) surfaces, which explains the 

high reactivity of CeO2 observed in the spectroscopic measurements. Our study finds potential for 

CeO2 to be incorporated in filter materials to combat nerve agents such as GB. Though our 

experiments and DFT modeling show exciting results on the high reactivity of CeO2 materials 

towards GB decomposition, we admit that further studies under more realistic conditions could 

help better understand GB decomposition in mesoporous ceria. For example, the influence of the 

moisture (H2O) should be systematically explored as water exist everywhere in the real world and 

different amount of water can show different degrees of impact on both sarin adsorption and 

dissociation. In addition, more realistic conditions would also admit for the presence of O2, which 

was not considered in the current study. Future work should further explore the activity of CeO2 

materials under the an O2 -containing atmosphere to validate their potential to combat nerve 

agents, as oxygen can interact with CeO2
86  and might significantly interfere or indeed enhance 

the interaction between CeO2 surfaces and GB molecules. 
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