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Abstract: Vesicants are one frequently-used kind of chemical
warfare agents due to their low-boiling point, high gaseous
diffusion, and accessibility. Sulfur mustard is one of the main
vesicant that has since been banned by international organi-
zation, but there are still large stocks in some countries and its
production is relatively easy, requiring no tedious steps or
expensive equipment. Thus far, catalytic oxidation, alongside
physical adsorption and hydrolysis has been proven one of
the most effective methods for decontaminating the HD simu-
lant, 2-chloroethyl ethyl sulfide (CEES). POMs have exhibited
outstanding catalytic oxidation performance toward CEES
owing to their unique redox properties, robust structural sta-
bility, flexible metal valence and the presence of numerous
active sites. This review summarizes the advances of POM-based
materials for catalytic decontamination of vesicants simulant
CEES, including POMs, POM-based MOFs and POMs composites.
This review provides new sights for engineering robust POM-
based catalysts for the catalytic decontamination of CWAs.

Keywords: polyoxometalate; POM-based catalysts; catalytic
decontamination; vesicants

1 Introduction

Chemical warfare agents (CWAs) still can bring a potential
threat to mankind owing to their abuse in wars and terrorist
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attacks."™ Vesicants as a main category of CWAs, such as
sulfur mustard (HD), are commonly used CWAs owing to
their ready and cheap procurement, these can cause
serious skin blisters, irritation to the respiration system
and eyes, DNA damage through alkylation, and even
death.*® Therefore, it is essential to develop novel and
efficient materials for the decontamination of vesicants.
According to molecular structure characteristics of vesi-
cants, the primary decomposition strategy is oxidation.” A
series of different materials including metal-organic
frameworks (MOFs),® metal-coordinated porous organic
polymer,” metal NHC complexes,'® covalent organic
frameworks,"! covalent-triazine frameworks,? TiO,-based
materials,”® zeolites,"* and metal oxides,”'® and poly-
oxometalates (POMs)"” have been designed for the removal
of vesicants based on adsorption or catalytic decontami-
nation. Comparing with adsorption removal mode, cata-
lytic decontamination has been prevailed due to its
outstanding feature of high efficiency, celerity, and
repeatability. For vesicants such as HD, selective oxi-
dization into non-toxic sulfoxide products is the primary
means. Furthermore, exposure incidents to CWAs can
occur via the gas, aerosol, liquid, or gel-like “thickened”
composites of the agent.

POM chemistry has developed for almost 200 years after
Berzelius reported the first POM [PMo0;,0,40]> in 1826 ."® The
desirable physical and chemical properties of POMs such as
size, structure, photochemistry, redox ability, and charge
distribution can be regulated through the introduction of
different heteroatoms, organic components and varying
structural dimensions from one-to three-dimensional
forms.-%2 POMs based on Mo, W, Nb, V, Ta, Al, and other
elements have been widely prepared.”*® POMs are broadly
used in many fields such as proton conductive materials,”
removal of environmental pollutants,”® biology as anti-
cancer” and catalysis,*®*" supramolecular materials,**
colloid science,® energy,®* electro/photochromic sys-
tems,*>* sensors,”’ and magnetism® through interdisci-
plinary. Due to their tunable acid-base and reversible
multi-electron redox properties of POMs, POMs and the
post-modified POMs-based composite exhibit notable cata-
lytic performance in a wide range of reactions including
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Polyoxometalate
-based MOFs

Figure 1: POM-based materials for catalytic decontamination of
vesicants.

esterification, hydrolysis, and oxidation of organic com-
pounds.***° Different kinds of POM-based materials have
been designed and prepared for the catalytic decontamina-
tion of vesicants, but that still have some challenges even
though great progress has been made (Figure 1). It is of great
necessity to review the advances in the catalytic decontam-
ination of vesicants by POM-based catalysts for aiming to
propel further progress.

2 POM-based compounds for
catalytic decontamination of
vesicants

Vesicants were frequently-used CWAs due to their low-
boiling point, high gaseous diffusion, and accessibility.**
Although not as lethal as other CWAs, their use causes
prolonged pain that would often be followed by death. The
heavy use of vesicants led to extreme suffering in the Sec-
ond World War.** Sulfur mustard is one of the main vesi-
cant that has since been banned by international
organization, but there were still large stocks in some
countries and its production is relatively easy, requiring no
tedious steps or expensive equipment. Thus far, catalytic
oxidation, alongside physical adsorption and hydrolysis
has been proven on of the most effective methods for
decontaminating the HD simulant, 2-chloroethyl ethyl
sulfide (CEES). POMs have exhibited outstanding catalytic
oxidation performance toward CEES owing to their
unique redox properties, robust structural stability, flex-
ible metal valence and the presence of numerous active
sites. This section summarizes the advances of POM-based
materials for catalytic decontamination of vesicants simu-
lant CEES, including POMs, POM-based MOFs and POMs
composites.
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2.1 POMs in firsthand catalytic
decontamination of vesicants

An’s group designed four carboxylic acid modified POMs in
the form of Cs, [M(H,0)4][PM0gO,1(PABA);],-nH,0 (M = Co,
Mn, Ni, Zn, PABA = p-aminobenzoic acid) (CoPMo0gO,;,
MnPMog0,,, NiPMog0,;, ZnPMog0,,) for selective catalytic
oxidation of thioethers including CEES (Figure 2).** These
four hybrid POMs displayed similar dimeric isostructural
architectures. The synthesis of corresponding POMs using
K', Cs*, and Rb" were attempted, but only Cs worked.
Further, different metal cations and organic ligands were
used to synthesize different POMs, and only Co**, Mn**, Ni**,
and Zn** and PABA were suitable. Four POMs were crystal-
lized in space group P1 constructed from polyoxoanion units
{PMo0g0O2}. Using methyl phenyl sulfide model, CoOPMo0gO
could efficiently catalyse its oxidation into the correspond-
ing sulfoxide with the selectivity of 98 % in 20 min, which
displayed the highest activity of the catalysts. Minimal
methyl phenyl sulfide was converted by both PABA and
CoCl,, and Cs3 [PMogO2(PABA);]'nH,0 could catalyse 72 % of
methyl phenyl sulfide with a selectivity of 89 %, far inferior
to CoOPMo0g0,;. This result showed the synergistic effect of
Co site and PABA-modified POMs together was responsible
for the rapid reaction rate and excellent selectivity.
Similar results were found using {CoAsMog(PABA);} and
{CoTeMog(PABA)3}, indicating that the central heteroatoms
affected the selectivity (in the order of PMo > AsMo > TeMo).
Red shifts and a new band at 760 nm in the UV-vis absorp-
tion spectrum of the interaction between CoPMog0O,;, and
H,0, indicated the generation of active peroxomolybdenum
and peroxocobalt species, which attacked the S atom of the
sulfides to yield the corresponding product. The conversion
of various organic sulfides did not obviously decrease with
the electronic and steric-hindrance changes. The oxidation
reaction by CoPMogOy;, MnPMogO»;, NiPMogO,;, and
ZnPMog0,, were first-order reactions with corresponding
kinetics constants of 0.23842, 0.1624, 0.20015, and
0.17483 min’, respectively. When methyl phenyl sulfide was
replaced with the mustard gas simulant, CEES, 98.8 % was
oxidized by CoPMog0,; into the nontoxic CEESO with 99.0 %
selectivity in 12 min. The recyclability and stability of this
system was also well demonstrated during the selective
oxidation of CEES.

Zhou’s group employed four nanopolyoxometalate
clusters  NagKy,(VO);  [K;o<{M0(M0)502(H;0)3(S04)}2
{(VO)3o(H20)20] (denoted {Mo7,V3o}),** ([{Najo(H,0)15¢-
{Mo07,Cr3p0452(CH3C00),9(H20)94}1-ca.120-H,0  (denoted
{Mo;,Crs}),"” [Mo7,Fe300252(CH3CO0)16{Mo0,04(H,0)}
{H,M0,05(H,0)}3(H,0)o1]-ca.140-H,0 (denoted {Moy,Feso}),*®



DE GRUYTER
//()
S d
\ 20 min s\
Con.%*98.7%
\Sql.%=98.0’/‘

e y 3 ey

Rl ™ XARSROY

\‘_’kA/: ">‘|\" \

T o~ A )
/ Con.%=98.5%

. Sel.%=99.0%
NAINNa 12 min

"0

Figure 2: The schematic diagram of catalytic oxidation of thioethers
including CEES by MPMogO,; (M = co, Mn, Ni, Zn). Reproduced with
permission from ref. 43. Copyright 2020 The royal society of Chemistry.

[{Mo(M0)504,(H,0),CH3C00};,{M0oO(H,0)}30]-ca. 150-H,0
(denoted {Mo4,})*’ to catalyse the decontamination of HD
and CEES.*® The conversion rate of CEES (0.042 mmol, 5 uL)
reached 9945% in 10min using 10.0mg (0.53 pmol) of
{Mo;,Cr3} at approximately 20 °C. The optimal molar ratio of
H,0,: CEES was determined to be 1:1. Within the reaction time
of 1.0 min, the conversion of CEES was 51.42 %, 45.65 %,
38.38 %, and 34.95 % for {Mo;,V3q}, {M07,Crs30}, {Mo,Fes},
and {Moy.}, respectively. A good linear relationship between
In (Ct,Co) (Co and C, was the concentrations of CEES at the start
and time t) and the reaction time indicated first-order reac-
tion Kkinetics with the kinetic constants of {Mo-,Vse},
{Mo,,Cr3o}, {Mo,,Fesp}, and {Mo4q2} of 0.56, 0.53, 0.47, and
0.44 min"", respectively and the following catalytic activity
order: V > Cr > Fe > Mo. The reversible oxidation peak po-
tentials with the addition of H,0, and the further addition of
the substrate CEES demonstrated that the intermediates
generated from nodal metal interaction with H,0, imple-
mented the selective oxidation of CEES to CEESO. The un-
changed Mo"3d X-ray photoelectron spectroscopy (XPS)
peaks of {Mo;,V5o} indicated that Mo"" did not participate in
the catalytic reaction. Conversely, the binding energies of V2p
at 516.48 and 523.96 eV assigned to V'V 2ps;, and V" 2p,, were
shifted to 516.40 eV (V" 2ps,), 517.49 eV (V" 2psyy), 523.37 eV (VY
2p1p), and 524.71eV W 2pyp) with H,0, addition, which
showed that V was oxidized to a higher valence state by
H,0,.*° With the simultaneous addition of H,0, and CEES to
the solution of {Mo0-,V3,}, XPS peaks of V 2p were recovered,
demonstrating that the catalyst recovered its original state. A
similar situation was observed with the three other catalysts.
The desired fast degradation of CEES by four catalysts
benefitted from the large oil-water interface area due to
agitation and the full exposure of active sites in {Mo0,2Mjzo}. All
four catalysts exhibited outstanding reusability, and the
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conversion rates of CEES still reached 93.41%, 90.50 %,
90.13 %, and 89.70 % for {Mo,,Vso}, {M073Cr30}, {Mo0-,Fe5},
and {Mo,q,}, respectively after five cycles.

Zhouw’s group prepared an organic functional POM
[CaqHsNaClali.s [HoPM01oV2040]-2C,HsO (H,TCIPP-H,PVMo)
by ion-exchange between 5,10,15,20-tetra(4-chlorine)phe-
nylporphyrin (TCIPP) and H;PV,M0,004 (HsPVMo) for
photocatalytic degradation of CEES .>° A higher singlet oxy-
gen generation capacity was observed for H,TCIPP-H,PVMo
than for TCIPP, which laid solid foundation for the selective
oxidization of CEES to nontoxic CEESO. The red-shift of
characteristic bands of P-Oa and the blue-shift of charac-
teristic bands of Mo-Ob-Mo and Mo-Oc-Mo in the Fourier-
transform infrared (FTIR) spectrum of H,TCIPP-H,PVMo
indicated the formation of hybrid H,TCIPP-H,PVMo, which
was further verified by the *P solid-state nuclear magnetic
resonance (NMR) spectrum. Spectrometric titration results
of HsPVMo solution by TCIPP showed a nonequality to the
simple sum of the UV spectrum of TCIPP and HsPVMo, which
indicated that both had strong interactions and TCIPP was
converted to a deprotonated salt. An obvious turning point
indicated that a stable hybrid was formed between TCIPP
and HsPVMo at the stoichiometric ratio of 1:1.5; elemental
analysis and thermogravimetric analysis (TGA) results
confirmed this result. Within 180 min, the degradation rate
of CEES by H,TCIPP-H,PVMo in methanol could reach
99.52 % with irradiation and 28.24 % without irradiation,
showing that light significantly accelerated the decontami-
nation of CEES by H,TCIPP-H,PVMo. At the same catalytic
conditions, the degradation rates of CEES were approxi-
mately 20 % and 55.31% for HsPVMo and TCIPP, respec-
tively. In view of the hydrolysis effect on HD and CEES, the
degradation of CEES by H,TCIPP-H,PVMo in methanol/wa-
ter (1:1, v/v) was also explored. The degradation rate of CEES
by H,TCIPP-H,PVMo reached 99.14 % with irradiation and
91.05 % within 90 min (under irradiation). The degradation
rate of 98.1 % in methanol/water (1:1, v/v) was still achieved
after the fifth in situ circulation, indicating the good
repeatability of H,TCIPP-H,PVMo. Under irradiation but no
catalyst in air, CEES could be alcoholised to 2-methoxyethyl
ethyl sulfide in methanol, and hydrolysed to ethyl
2-hydroxyethyl sulfide (HEES) because of a small amount of
water in methanol. Active oxygen generated from H,TCIPP-
H,PVMo selectively oxidized CEES and HEES to CEESO and
ethyl hydroxyethyl sulfoxide (HEESO) under irradiation. In
addition, 2-methoxyethane and ethyl sulfide were possibly
produced in methanol/water (1:1, v/v) via the alcoholysis and
hydrolysis of CEES.”"** Active oxygen trapping experiments
using benzoquinone (BQ) or NaNj, revealed that CEES was
degraded by 0, and '0, producing from H,TCIPP-H,PVMo
in methanol with visible light irradiation. The ‘0, quantum
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yield of TCIPP was significantly increased from 0.35 to 0.73 of
H,TCIPP-H,PVMo in methanol. The fluorescence intensity of
H,TCIPP-H,PVMo was greatly reduced because it dissipated
more energy to complete energy transfer from the singlet
state to the excited triplet state under irradiation.>® This
material could degrade CEES under visible light irradiation.

Yang’s group successfully prepared a novel 12-Ti-
substituted POM KjoH;s [{KNa(H,0)3}@{(Ti;—0),(Tis04); (A-
@-1,3,5-GeWq0s35), (A-0-2,3,4-GeWy0s35),}]-45H20 (TiGeWO)
with the key characteristic of chiral trivacant Keggin-type
GeWy035 (A-a-1,3,5-GeWy035 and A-a-2,3,4-GeWyOsg)
units.>* Two A-a-1,3,5-GeWy036 and two A-a-2,3,4-GeWy036
were connected via two Ti,O and two TiyO, alternate
bridging cluster cores, which was the first time for the
coexistence of Ti,O and Ti,O, cores as the bridges in POM.
Each Ti atom in the Ti, O, tetrad was coordinated with three
U-0, one p14-0 in the GeW4036 unit, and two p»-0 in the Ti 0,
core. The two Ti atoms of the Ti,O core were coordinated by
four uy-0, one uy-0 in the GeWy03¢ unit, and one y,-0 in the
Ti,O core. Although the trivacant A-a-1,3,5-GeWy036 and A-
a-2,3,4-GeWy035 segments were chiral enantiomers, they
coexisted in TiGeWO, resulting in a non-chiral overall
structure. TiGeWO has been applied in the heterogeneous
catalytic oxidation of various aromatic thioethers with H,0,
as an oxidant in acetonitrile at 60 °C. TiGeWO could effi-
ciently catalyze the oxidation of various substrates into
sulfoxides or sulfones. Substrates with electron-donating
groups on the aromatic ring exhibited a higher conversion
rates than those with electron-withdrawing groups. Addi-
tionally, larger steric hindrance could reduce the conversion
and selectivity. The catalytic decontamination of CEES by
TiGeWO was investigated under H,0, as oxidizer at 30 °C.
Nearly 100 % of CEES could be oxidized to CEESO in 90 min.
The linear relation between In (C;/Cy) suggested that this was
a first-order reaction with a Kkinetic constant k; of
0.05197 min" and a half-life of approximately 13 min. After
three cycles, the high catalytic conversion of aromatic thio-
ethers and CEES was retained, and the unanimous IR spectra
of TiGeWO after three cycles demonstrated its good
reusability.

Overcoming the inactivity of oxoboron clusters
and the repulsion between negative polyoxotungstates
and oxoboron clusters has been a challenge in the crea-
tion of B-containing polyoxotungstates. recently, Zheng
and Yang’s group developed Bsp-incorporated
polyoxotungstates [(B15Si3Lng035(0H);4){B4Ni 040(0H)
(A-a-SiWO0s9)}s]*"  (ILm)  [(B4oSizLn7035(0~H):5(H50))
{B4Nis,O19(0H);  (A-a-SiWq034)},{BsNisO9  (OH);  (A-
a-SiWo03,)H*™ (2Ln, Ln = Gd, Th and Dy), and By,-incor-
porated POTS  [(By;04,){LnNig(OH)5(B-0-SiWq034)}4]**
(3Ln; Ln = Sm, Gd and Th) through multicomponent charge
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and symmetry matching among Ln**, TM**, borates, and
polyoxotungstates.> To date, 1Ln and 2Ln were the largest
B-containing polyoxotungstates. B-rich polyoxotungstates
1Ln, 2Ln and 3Ln were prepared using NaBO34H,O,
Li,B40; and K,B1,016'8H,0 as the sources of B, respectively.
1Gd, 2Gd, and 3Gd were discussed in detail as represen-
tatives (Figure 3). In 1Gd, 30 B atoms were dispersed over
two Bg0;5(0H)¢ ({Bo}) nonamers, three B,0,(0H), ({B,})
dimers, and six BO; monomers with a new B—O nonamer
appearing in {Bo}. A unique trigonal-prism cage
[B15Si5036(0H)1]" ({B15Sis}) was formed by two {Bo} as-
semblies in a foot-to-foot orientation and three SiO,
tetrahedra connected by six B—O-Si bridges. The anionic,
hollow {B;gSi3} cage was encapsulated by two cationic
planar triangular [Gds (u3-OH)]** units in its inner cavities
through coordination with O from the {B3Sis} cage, and
forming the [B;5SisGdg036(0H)14]* ({B1sSisGdg}) cluster. In
this cluster, the innermost Gd-shell GdgO4,(OH), ({Gdg})
with trigonal prismatic shape was formed. Six BO3 units in
1Gd served as bridges, bonding to both Ni** and Gd** ions.
For the 12 Ni** ions in the Ni-shell, every four Ni** ions were
arranged in a pyramidal array, and two us-OH groups, two
BO; units, and one {B,} dimer are bridged by adjacent Ni*
ions to form B,Ni 0;0(0H), ({B4Nis}). Three Ni-substituted
polyoxotungstate motifs [B,NiyO19(OH)4l(A-a-SiWg03,)
({B4Ni4s(A-SiW,)}) were formed after the introduction of
{B4Ni,} clusters in the vacant sites of [A-SiWg]. The B30-
incorporated 1Gd was obtained with the {B;3Si3Gdg} clus-
ter surrounded by three {B;Niy(A-SiWy)} motifs. Owing to
the multicomponent cooperative charge-matching in-
teractions and matched geometries between components,
a multi-shell configuration of Ln-shell@B-shell@Ni-
shell@W-shell  ({Gdg}@{B,4Siz}@{Nis}z@{SiWs};) was
existed in 1Ln polyoxotungstates series. The robust coor-
dination ability and flexible coordination modes of Gd**
ions used as templates possessed fewer structural re-
strictions on the formation of oxoboron motifs and their
architectures. The long Gd-O bond, high coordination
number and positive charge of Gd*" ion were crucial for
constructing larger B-O clusters and reducing the outer
steric hindrance of the polyoxotungstate. Similar struc-
tures were observed in 2Ln. The tetrameric 3Gd exhibited
a  Gd-shell@B-shell@Ni-shell@W-shell ({Gd,}@{B,}@
{Niz}, @{B-SiWy},) configuration featuring a cage-like 22-
nuclearity Td-symmetry B-O cluster [By04]® ({By)).
This was the first observation of the {B,,} cluster topology
in oxoboron cluster chemistry. Within the {B,,} cluster, six
B30, three-rings are located in the tetrahedral arrays
defined by four Gd** ions, forming a hollow tetrahedral
cage [GdyB,,04,1% ({Gdy}@{By,}={Gd,B,,}) with a diameter
of approximately 1.2 nm through the connections of the Gd-
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and B-shells. A slightly larger tetrahedral cluster
[Ni;5Gd;B,,046(0H)15]*  {Nij,GduBy} was formed by
capping each corner of the tetrahedral {Gd,B,,} cage with
three edge-shared NiOg octahedra (NisO(OH); core). Under
the precondition of the isomerization from {A-SiW,} to [B-
0-SiW4034]'% ({B-SiW,}), four {B-SiW,} attached to four
corners of {Ni;;Gd4B,y} cluster, resulting in the Td-
symmetrical 3Gd. 1Ln, 2Ln, and 3Ln possessed 39, 21,
and 24 protons, respectively, which were delocalized on
the overall structures. All these POMs were soluble in
water, but not in many solvents. 1Gd was tested for the
catalytic decontamination CEES, where it could selectively
convert about 96 % of CEES into CEESO with 97 % selec-
tivity in 2h and a half-life of approximately 10 min. In a
control experiment without 1Gd, only around 66 % CEES
was converted. Consistent IR and powder X-ray diffraction
(PXRD) experimental results along with the maintained
high activity of 1Gd in six catalytic reactions confirmed its
structural stability and recyclability.

Our group designed and synthesized a series of Ln-
containing  polytungstate  ([H,N(CHs),]gNagCs;Hy  [Ln,
-SeW,04,(0OH) (H20)4(SbWq033) (SeW4033) (Se4/28b1,W4033)],:
32H,0 [Ln = Tb (1), Dy (2), Ho(3), Er (4)] (Figure 4)°° and
CsigNagHyy  [Ces(Hy0)10WgBisOp8(B-a-BiWy  Os3)4],64H,0
{Se02 (OH)} (5)°" for catalytic oxidation CEES. POMs 1-4 were
in the monoclinic space group P2,/c and the hexameric ar-
chitectures. In POMs 1-4, two equivalent trimeric subunits
Ln,W,04(H;0)4(SbWq033) (SeWg0s3) (Seq;2Shq2Wq033) were
linked through two u,-{Se0,(OH)} bridges. Three different
types of trivacant Keggin fragments {SbWs}, {SeW,}, and
{Sey2Sby Wy} were existed in compounds 1-4, and {SeWo}
was formed in situ, not from the raw materials. It was a rare
occurrence that POM was constructed from different frag-
ments with the central heteroatoms of trigonal pyramidal
Sb™ and Se'. From the bond lengths of Se1/2Sh1/2—0 located
in the scope of 1.892-1.924, which were between that of Se-0
and Sb-0 bonds, indicating that 1/2Sb and 1/2 Se atoms co-
occupied the central position of Se;;Shy,Wo033 fragment.
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POM three was selected as a representative to investigate
their catalytic oxidation ability of CEES. POM three exhibi-
ted that the remarkable oxidation activity of CEES with 99 %
percent conversion of CEES into CEESO and a high selectivity
of 95 % within 30 min. Without 3, only 30 % conversion was
observed. In addition, POM three exhibited a desirable
heterogeneous catalytic behavior, and remained stable
conversion and selectivity of CEES after five cycles. POM five
was in monoclinic C2/c space group and contained, and it
was the first case that tungstobismuthate building blocks
self-assembled into unprecedented octameric Ln-containing
POM([Ce3(H,0%WsBisOps(B-a-BiWg  O33),,*) with an
extended structure. The octameric [Ce3(H;0)19WgBis0,5(B-a
-BiWo033)4],"" was constructed by two tetrameric
[Ces(H,0)10WgBig0s6(B-a-BiWg033),]*~ via two Ce—O-W
bonds as linker, which was formed by a heterometallic
cluster core Cez(H,0);oWgBi 0,5 surrounded with four B-a-
BiW9033 fragments. POM five also demonstrated its.
brilliant catalytic oxidation performance of CEES. The
conversion of CEES and selectivity to CEESO could reach
989% and 96 % within 35min, and the pseudo first-order
dynamic reaction rate constant k; was 0.11632 min" with a

o (OH)} pridging Ln-containing poly(antimono-sG,eno_tUngst
e02 ate)s

s

K.

i

(\t
R/s\

R'

‘ {SbWs} ‘

¢

Figure 4: The crystal structures of ([H,N(CHs);]sNagCs4Hg
[Ln;SeW,041(OH) (H20)4(SbWy033) (SeW9O33) (S€1/25b1,2W9033)]12:32H,0
[In =Th, dy, Ho, Er]. Reproduced with permission from ref. 56. Copyright
2021 American chemical Society.

Figure 3: Crystal structures of POMs 1Gd, 2Gd and 3Gd. Reproduced with permission from ref. 55. Copyright 2021 The Chinese chemical Society.
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half-life of about 6 min. After five cycles, POM five still
rrretained high catalytic activity and selectivity to CEESO,
and meaning that POM five could be as a robust heteroge-
neous catalyst.

2.2 POMs-based MOFs for catalytic
decontamination of vesicants

Liu’s group designed two polyoxovanadate-based MOFs
([Co(bib)[{V,06} (V-Co-MOF) and [Ni(en) (bib)[{V,0¢}
2H,0 (V-Ni-MOF) (bib = 1,4-bis(1H-imidazoly-1-yl)ben-
zene, en = ethanediamine) for two-site synergetic catalytic
decontamination of CEES.*® One-dimensional (1D) {V,04}*
polyanion chains (abbreviated as {V,0¢}) were formed
into two 2D bimetallic oxide layers, {CoV,0g} and
{NiV,0¢}, using {CoN,0,} tetrahedra and {NiN,O,} octa-
hedra as linkers, and further assembled into 3D frame-
works. The four-coordinated Co (II) ions in the V-Co-MOF
were unsaturated metal sites, in contrast to the saturated
six-coordinated Ni (II) ions of V-Co-MOF. The catalytic
activities of both MOFs for CEES oxidation were studied.
CEES was selectively oxidized to CEESO without 2-chlor-
oethyl ethyl sulfone (CEESO,) byproduct of. V-Co-MOF
exhibited a higher catalytic activity than V-Ni-MOF. A
pseudo-first order reaction of V-Co-MOF and V-Ni-MOF
was deduced with the corresponding rate constants k; and
k, of 0.27044 and 0.06273 min}, and the half-lives of 2.6
and 11.0 min, respectively. Through evaluating the cata-
Iytic activities of en, bib, NiCl,, CoCl,, NaK{V,0¢}, NaK
{V,06} + NiCl,, NaK{V,0¢} + CoCl,, V-Ni-MOF and V-Co-
MOF, V-Ni-MOF possessed the highest catalytic activity,
possibly owing to the generation of active peroxovana-
dium from the reaction of V¥ with H,0, and the CEES + via
the coordination of Co(II) and S. V-Co-MOF could rapidly
capture CEES with a maximum absorption of 14 mgg,
then activating CEES.”® The binding energy of Co 2p in the
XPS of CEES-absorbing V-Co-MOF showed a notable
downward shift, indicating electron transfer from CEES to
Coions and a significant increase in electron density of Co
ions in V-Co-MOF. Similar experimental results were
observed with V-Ni-MOF. The formation of 0-0 in the
peroxovanadium was verified by new peaks at 860 cm™
and 870 cm ™ in the FTIR and Raman spectra. Throughout
the reaction, the weight and structure of V-Co-MOF
remained largely unchanged, demonstrating its high sta-
bility and recyclability. The possible mechanism was
speculated based on the Experimental results and shown
in Figure 5. This work was the first example of a dual-
active-site POM-based MOF catalyst for mustard gas
detoxification.

DE GRUYTER
7| :
0 \/\,\ S NN
0
Cl (a) H20,
Cl Cl
’:S/// . ¢“///
o\7 /o"l\/ HO\—/O ?\/
V. _.Co vV, _C
HO7/ 07> HO7/ 07/
Nucleophilic Attack
/ ! VL | |
— V o Co — *\} Co
‘/ ‘ 7 — 707\

Figure 5: The proposed catalytic mechanism of CEES by V-Co-MOF.
Reproduced with permission from ref. 58. Copyright 2020 The royal
society of Chemistry.

Another POV-based MOF [Ni(bib),]{V,0¢} ({Vg}-MOF)
was successfully synthesized by Liu’s group for the catalytic
decontamination of CEES.*® A hexanuclear vanadium anion
cluster, {Vg015}°™ ({Ve}) in {Vg}-MOF presented an unprece-
dented hollow Lindqvist-like structure compared with re-
ported {V} clusters.®" Bimetallic decanuclear cluster {Ni,—
Vet was generated through the coordination between the
{Ve} cluster and four Ni atoms. Through alternating {Veg}
clusters and octahedral Ni atoms, a 2D bimetallic oxide layer
of {Ni3V0,g} emerged, which was further assembled into a
3D framework using bib ligand as the linker (Figure 6). {Vg}-
MOF exhibited excellent thermal stability up to 450 °C and
solvent stability, which was crucial to its sustainability. The
catalytic activity of {Vg}-MOF on the oxidative detoxification
of CEES was evaluated, whereby CEES was completely con-
verted into nontoxic CEESO in 40 min with a half-life of
10.5 min. This was significantly faster than the 240 min re-
action time of Lindqvist-type POV-based MOF catalyst also
containing hexanuclear vanadium clusters, which was
attributed to the more accessible V sites in {Vg}-MOF {V¢}-
MOF compared to the Lindqvist-type {Vg} cluster. Feasible
ratios of {V¢}-MOF: CEES and CEES: H,0, was determined to
be 0.05:1 and 1.0:1.2, respectively. Various raw materials and
intermediates were used as catalysts in a series of control
tests to verify the active components of {Vg}-MOF. {Vg}-mIM
could completely catalyze the conversion of CEES to CEESO
with 100 % selectivity, but bib and [Ni"(H,0)4(L),] exhibited
no activity, verifying that the main active site of {Vg}-MOF
was the {Vg} cluster. A new Raman spectrum peak at
870 cm™ assigned to the 0-0O stretch of {Vg}-MOF treated
with H,0, indicated the production of active peroxo species.
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These species attacked S atom of CEES, generating nontoxic
CEESO. The conversion and selectivity were retained after
four successive runs. The consistent PXRD patterns, FTIR and
XPS spectra of the cycled catalyst indicated that {V}-MOF
could be applied as a highly effective catalyst for the
detoxification of mustard gas due to its excellent stability
and sustainability.

Liw’s group developed a hollow POM@MOF with a
pseudo-homoepitaxial structure [Cuy(BTC)4/3(H,0),]6
[HsPWy5040](C4H,N), (NENU-3a) for promoting the
adsorption and catalytic performance toward CEES.®*
H3PW3,049 (PWy,) as guest with ideal catalytic activity was
perfectly encapsulated in the [CusBTC,] (BTC = 1,3,5-
benzenetricarboxylate) host through supramolecular as-
sembly and formed, which exhibited a perfectly matched
lattice/structure for [CuzBTC,] and PWy,, yielding desirable
catalytic performance. Scanning electron microscopy (SEM)
images of NENU-3a showed the clear transits from cuboc-
tahedral to octahedral morphology, indicative of epitaxial
growth. XRD patterns and FTIR peaks of NENU-3a confirmed
the presence of [CusBTC,] and PW, in NENU-3a. Formation
of an internal mesoporous structure was evident due to the
noticeable interior collapse of the crystalline particle, lead-
ing to a clear hollow structure with a diameter of 700 nm
after 1.5min. Energy dispersive X-ray (EDX) elemental
mapping revealed the distribution of Cu and W, confirming
the hollow structure and the uniform epitaxial growth of
NENU-3a. The stable existence of [CusBTC,] in the PW;y/
Cu(NOs), solution was attributed to the inhibition of PW;,
dissociation in weak polar chloroform/methanol and
lowering H" concentration. HNOs, released from reactions
between H3;BTC and Cu(NOs); in the NENU-3a assembly
contributed to the formation of the hollow structure via in-
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diffusion etching. The concentration difference drove HNO3
enriched in the confined space to diffuse inwardly through
hydrogen bonding, etching the [Cus(BTC),] cores. Without
this, HNOj3 directly diffused to the exterior owing to the lack
of hydrogen bonds, and relatively dilute HNO; could not etch
the inside [Cuz(BTC),]. Transmission electron microscopy
(TEM) images and the concentration-dependent etching
experiment of HNO; on [Cus(BTC),] both confirmed the
proposed internal diffusion mechanism in Figure 7. Etching
occurred on the [Cus(BTC),] surface only when the HNO;
concentration increased to about 70 mM, which indicated
that the interior was more readily etched than the exterior.
Compared to [Cus(BTC),] and solid NENU-3a, the interme-
diate Brunauer-Emmett—Teller (BET) surface area of hollow
NENU-3a indicated that micropores were present only in the
hollow layer of the surface, with some [Cu3(BTC),] remaining
inside. Similar thermal stability was observed on hollow
NENU-3a, mainly due to the stabilization and protective ef-
fect of its outer shell layers for the interior [Cus(BTC),], in
addition to its robust single-crystalline nature. Another
POM@MOF ([Cuy,(BTC)g][PMo4;]) (NENU-5a) was con-
structed using the pseudo-homoepitaxial growth strategy,
demonstrating the versatility of the strategy. The catalytic
oxidation performance of CEES was tested on hollow
NENU-3a with H,0, as an oxidant. Hollow NENU-3a
exhibited a faster catalytic rate than solid NENU-3a. The
CEES conversions were almost 100 % and 86 % for hollow
and solid NENU-3a, respectively, in 30 min. Moreover, hol-
low NENU-3a showed the higher selectivity toward CEESO
than the solid form due to the rapid departure of CEESO from
the shell structure, preventing over-oxidation. Hollow
NENU-3a retained its catalytic activity, selectivity,
morphology and cavity structure upon reuse.

bib

Figure 6: The crystal structure of {V¢}-MOF.
Reproduced with permission from ref. 60.
Copyright 2021 American chemical Society.
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Figure 7: The proposed pseudo-homoepitaxial growth strategy of hol-
low POM@MOF. Reproduced with permission from ref. 62. Copyright
2022 Chinese chemical Society.

Wang’s group synthesized a novel and multifunctional
2D POMOF [Co"(bcbpy),, (B-M0g046)o 51:5H,0 (BHU-1) through
hydrothermal reactions of HbcbpyCl (1-(4-carboxybenzyl)-
4,4-bipyridinium chloride [MogO4]*", and Co**.** BHU-1 was
the first 2D [6-MogO,]* -based cobalt-viologen framework
with a triclinic system and the space group P-1. The consis-
tency of experimental and simulated PXRD confirmed the
purity of BHU-1.°* BHU-1 exhibited two broad absorption
bands, from 200 to 497 nm, and from 497 to 1,621 nm and one
absorption peak at 1,663 nm, which were assigned to Mo-0O
ligand-to-metal charge transfer (LMCT), Co-bcbpy LMCT and
the phenyl C-H stretching overtone band, respectively.
Mott-Schottky (MS) electrochemical tests revealed that
BHU-1 was a typical n-type semiconductor with the Fermi
level (Eg of —1.15 eV versus Ag/AgCl. According to the valence
band (VB)-XPS method, the gap between E; and the VB po-
tential of BHU-1 (0.73 eV, vs. NHS) was found to be 1.88 eV.
Under visible light irradiation, Nyquist experiments indi-
cated that BHU-1 exhibited the fast separation and high
transfer efficiency of photogenerated charge. BHU-1 cata-
lyzed the oxidation of 98 % of CEES with 97 % selectivity
within 5min in ethanol under visible light. Under full-
spectrum and near-infrared (NIR) light irradiation, the
conversions of CEES were 99 % and 93 %, respectively, and
the selectivities were both 96 % within 5 min, which meant
that the catalytic activity was retained under different light
regimes. Using the raw materials as homogeneous catalysts,
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CEES conversions of 17 %, 21 %, and 18 % were achieved with
CoCl,-6H,0, HbcbpyCl and Na;Mo004-2H,0, respectively,
indicating that the photocatalytic oxidation of CEES was
enhanced by the synergy of the three components in BHU-1.
The excellent cycling stability and durability was confirmed
by recycling experiments and consistent PXRD and IR
spectra. The catalytic reaction was simplified to a pseudo-
first-order reaction using the Langmuir-Hinshelwood
model.% The photogenerated electrons were separated from
the hole with the help of C,HsOH in catalytic process of CEES,
and the OH radical was easily produced through the reaction
of H,0, with photo-induced holes. The conversion rate of
CEES was decreased by the introduction of BQ or tert-butyl
alcohol (TBA), which indicated that CEES was oxidized to
CEESO by 0*" and OH generated from the reaction between
photogenerated electrons with oxygen. H,0, could also
facilitate 0, circulation: H,0, +

0, — 0, + e — 0y + CEES — peroxide
intermediate + CEES — CEESO.

To leverage the complementary advantages of MOFs
and POMs and achieve excellent catalytic performance,
Zhou’s group designed a composite material by encapsu-
lating HsPV,Mo019049 in MIL-101(Cr) for efficient CEES
decontamination.®® The a-Keggin HsPV,Mo0,004, showed
promise for the amient decontamination of HD.®” Using the
impregnation method, the maximum loading amount of
HsPV,M0,0049 by MIL-101(Cr) was approximately 33.28 wt%
even with additional HsPV,Mo0,0040. Given the large 34 A
cages of MIL-101(Cr) and the diameter of 13 A and volume of
2,250 A® of PV,Mo,004,°" anion, four HsPV,Mo,,0, per cage
was speculated for the maximum loading sample. Analysis
via IR spectra, XRD, TG, and N, adsorption/desorption ex-
periments confirmed the successful preparation and intact
crystalline structure of the MOF. Furthermore, the absence
of characteristic peaks of HsPV,M0,0049 in the XRD pattern
of the composite and the elemental mapping analysis (Cr, O,
P, Mo, and V) in the EDX spectra indicated a uniform dis-
tribution of HsPV,M049049 in MIL-101(Cr). The maximum
decontamination efficiency of CEES reached 90 % using
20 mg MIL-101(Cr). For the composite materials, the decon-
tamination efficiency gradually increased with the loading
amount of HsPV,M0,0,4 increasing. The maximum decon-
tamination efficiency of HD was 97.39 % by the composite
with the loading amount of 120 mg HsPV;Mo01904. The
decontamination reaction of HD exhibited pseudo-first or-
der kinetics with a half-life of 26.38 min by theoretical fitting.
Compared to HsPV,;Mo0,9049, MIL-101(Cr), or their physical
mixtures, the composite showed superior performance,
highlighting a synergetic effect. No products from the sus-
pension in the decontamination process of MIL-101(Cr) were
detected by gas chromatography/mass spectrometry (GC/
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MS) except for CEES, implying the decontamination was
adsorption. However, in the composite, CEES and CEESO
were detected with the relative amounts of 64.93% and
32.16 %, indicating a combined adsorption and oxidation
degradation. Additionally, the composite outperformed
activated clay, nano-Al;0; and nano-MgO under the same
conditions. Its decontamination efficiency remained at
93.83 % and its structure was intact even after four consec-
utive recycles using the composite. Notably, the negligible
leakage of HsPV;Mo0190,49 from MIL-101(Cr) in the recycle
process was attributed to the insolubility of highly polar
HsPV,Mo049040 in nonpolar petroleum ether.

2.3 POMs composite for catalytic
decontamination of vesicants

Three composites Zn,Cr-LDH-PW;M(H,0)039 were con-
structed through exfoliation-reassembly of mono-transition
metal (Ni, Co, Cu)-substituted POMs [PWy;M(H,0)05]"
(PW1M) into layered double hydroxides (LDHs) Zn,Cr-LDH-
NO; by Chi’s group.®® Increased in spacing layers (1.06 nm
matching the diameter of cluster) observed in PXRD patterns
of the composites indicated the replacement of small nitrate
with large PW;M and the intercalation of PWy;M into the
LDH. Broad hump diffraction peaks (20 = ~32-42°) and FTIR
characteristic peaks of composites confirmed the preserva-
tion of the LDH lamellar structure and the integrity of POMs.
SEM and TEM images showed that the intrinsic LDH nano-
sheet morphology retained in the composite. The loading
amount of PW;;Ni was 52wt% by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analyses.
Solid state *'P NMR of composite Zn,Cr-LDH-PW,;Ni(H,0)
039 still exhibited the characteristic peak of PWyNi
(-11.3 ppm). The BET surface area and average pore size of
composite Zn,Cr-LDH-PW;Ni(H,0)039 was enlarged to
24.92m?/g and 42.48 nm, respectively, from 13.56 m%g and
1414 nm of the LDH host. CEES was used to evaluate the
catalytic abilities of the composites, and Zn,Cr-LDH-PW;Ni
exhibited the best catalytic performance with 98 % conver-
sion. Similar selectivity (94 %) for nontoxic CEESO was
observed for all three composites. At the same conditions,
the catalytic conversions of CEES were 81 %, 78 %, 73 % and
30% for PWyNi, PW;;Co, PW;;,Cu, and Zn,Cr-LDH,
respectively, highlighting POM as the primary catalytic
active species and the cooperative effect between POM and
LDHs. The low conversions of 21% and 58 % for plenary
PW,, and lacunary K;,PWy,034, respectively, revealed the
important roles of tungstophosphate and substituted tran-
sition metals in the catalytic reaction. The catalytic activity
order of the composites was consistent with that of PW;;M.
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CEES conversion was increased with the amount of the
composite Zn,Cr-LDH-PW;Ni and oxidant increasing.
Initially, toxic CEESO, was formed within the first 30 min,
and remained stable until the reaction was complete. Zn,Cr-
LDH-PW;Ni maintained the good stability over nine cycles.
Introducing several radical scavengers had no effect on the
CEES conversion, indicating a non-radical reaction process
for catalytic decontamination.

Due to the large accessible areas and workability of
polymers with intrinsic microporosity (PIMs), Farha’s group
constructed PIM-based hybrid materials for CEES degrada-
tion using PIMs carriers for supporting POM (H;PWy5040,
PW,,) (Figure 8).%° Three kinds of functionalized PIMs with
cyano (PIM-1), carboxy (PIM-1-COOH) and amidoxime (PIM-
1-A0) groups were prepared and used to evaluate their POM
loading performances. The characteristic stretching vibra-
tion peaks of POM appearing in the FTIR spectrum of
PW;,@PIM-1-AO were not observed in that of PW;,@PIM-1
and PW;,@PIM-1-COOH, indicating that PIM-1-AO was a
promising POM support. ICP-OES analysis indicated that
about 80 % of POM was supported on PIM-1-AO, but only
~1wt % on the others, revealing a strong interaction be-
tween POMs and PIM-1-AO. *'P solid state NMR showed a
chemical shift at —15.7 ppm, and 'H NMR displayed —OH
and -NH, shifts at 9.4 and 5.8 ppm, indicating the presence of
free PW,; and interactions between POMs and the amidox-
ime of PIM-1-AO. The BET surface area of PW;,@PIM-1-AO
decreased with the POM loading increasing. SEM images
with EDX mapping confirmed uniform POM distribution in
PIM-1-AO. Two XPS peaks of 4f;, and 4fs, at 36.3 and 38.5 eV
in the W 4f region of PW;, were slightly shifted to lower
binding energies for PW;,@PIM-1-AO. Combined with a
broader peak at 399.8 eV in the N 1s region and two O 18
peaks at 532.8 and 530.1 eV, it was concluded that POMs were
attached to PIM-1-AO via electrostatic interactions between
the protonated amine groups and anionic POMs.”® Uniform
fibers with an average diameter of 1.2 um were prepared
from a mixed solution of POM and PIM-1-AO in DMF (40 %
w/v) via the electro-spinning. Analyses of the *'P cross-
polarization magic-angle-spinning (CP/MAS) NMR spectrum,
FTIR spectrum and EDX mappings of the composite fiber
suggested that the POM was intact and uniform distributed
within the fiber. PW;,@PIM-1-AO composite fibers exhibi-
ted complete catalytic conversion of CEES within 60 min
with a selectivity of 86 % toward CEESO. However, full con-
version of CEES by PW;,@PIM-1-AO composite powders
required 90 min with 87% selectivity toward CEESO.
Compared with the full conversion and 95 % selectivity by
homogeneous PWy, in 60 min, the trapping of CEESO in the
pores of the composite possibly slightly reduced its selec-
tivity. At the same conditions, negligible conversion of CEES
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occurred without an active catalyst or with PIM-1-AO fiber.
The composite fibers with variable POM loading amounts
could be prepared by immersing PIM-1-A0O fibers into POM
solution with different concentrations. Marginal conversion
in the leaching tests further demonstrated the heteroge-
neous nature of the catalytic process. After three cycles, the
conversion of CEES reached 72 + 3.3 % after 60 min.
Wang’s group designed a graphene supported poly-
oxotungstate K;.s5Csss [y-SiW19039Cux(IN3)2] (S1W1oCux(IN3)2)
composite through a “click” reaction between the azido
group of POM and the alkynyl groups on functionalized
graphene, which boasted several advantages redox proper-
ties, higher thermal stability, electronic band structure,
special hydrophobicity, and monodisperse sites (Figure 9).”*
Alkyne group-functionalized graphene (GO-C = CH) was
obtained through the reaction between graphene function-
alized with a —COOH group and 4-(2-propynyloxy)aniline,
which then reacted with SiW;¢Cuy(NV3), through a “click”
reaction. The Raman spectrum of SiW;oCuy/GO with the
peaks at 935 and 717 cm™ confirmed the retention of the
SiW;oCu, structure. XPS analysis of SiW;qCu,/GO showed
binding energy peaks at ~935 and 932 eV corresponding to
Cu** and Cu’, respectively. This facilitated the electron
transfer between graphene and SiW;oCu, and promoted the
dismutation of H,0, to O, and the oxidation reaction. TEM
and EDX images of SiW;¢Cu,/GO revealed a single molecular
layer of particles, approximately 1.2 nm in size (close to 10 A
of POMs) on the surface of SiW;oCu,/GO samples. SiW,oCuy/
GO was used to catalyze the oxidation of CEES with H,0,. The
conversion of CEES without SiW;oCu,/GO was 34.0 % with
the selectivities of 50.9 % and 46.2% toward CEESO and
CEESO,, respectively, after 60 min. A similar result was
observed with the coexistence of graphene and H,0,. The
addition of POM increased the conversion to 64.5% with
100 % selectivity toward CEESO. The turnover frequency
(TOF) increased from 0.748 min ™" for SiW;oCux(N3), to 51.556
for SiWw;oCu,/GO. Under SiW,Cu,/GO catalysis, CEES was
almost completely and selectively oxidized to CEESO. Radical
scavenger experiments indicated no OH or superoxide free
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radicals in this catalytic system. The time-dependent absor-
bance decrease at 410nm of 1,3-diphenylisobenzofuran
(DPBF) (50 uM) with SiW;yCu,/GO catalyst (1 mg) and H,0,
(1.5 pM) indicated the emergence of singlet oxygen in this cat-
alytic reaction. The CEES conversion of 72.0 % from the mixture
of SiW;oCuy(N3), and graphene after 60 min highlighted syn-
ergistic effects. Silence in the UV-vis band at 300-400 nm for
SiWyCuy(N;), with H,0, suggested that no peroxidation
occurred, except for H,0, dismutation. A decomposition effi-
ciency of 35.9% at 5min and 61.5% at 30 min for H,0, on
SiW,;(Cuy/GO was observed, with a decomposition rate of
1.35 x 107 pumol s~ for H,0,, exceeding the 1.89 x 10~ umol s
rate of SiW;Cux(N3), at 30 min. This efficiency benefited from
SiW;yCu, being bonded as single molecules to the graphene
surface, unlike the assembly of SiW;oCuy(IN3),. XPS result
revealed that the molar ratio of Cu®** and Cu* in SiW;oCu,/GO
was 1.3:1, which possibly enhanced the dismutation of H,0, to
0,. A slightly higher reaction rate for heterogeneous CuCl
compared to CuCl, indicated a higher activity for Cu'.
SiW,,Cu,(N3), achieved a 48.1% conversion of CEES at 6h
through aerobic oxidation. For SiW;qCuy/GO, the conversion of
CEES was significantly increased with increasing concentra-
tions of O, and CEES around the graphene interface. The
adsorption amount of SiW;¢Cu,/GO for CEES and O, was much
larger than that of SiWy9Cuy(Ns),. The hydrophobic environ-
ment of SiW;(Cu,/GO readily adsorbed more oleophilic mole-
cules, but not polar molecules. When oleophilic CEES was.
oxidized to polar CEESO, CEESO was repelled and
escaped from SiW,(Cu,/GO, preventing peroxidation to
CEESO,, as confirmed by XPS and IR experiments. Electron
transfer and synergistic effects between SiW;oCu, and gra-
phene promoted the aerobic oxidation of CEES. A selectivity
of 100 % toward CEESO was still achieved with physically
mixed hybrid SiW,;oCuy(N3),/GO, although the conversion
was only 49.0 % at 6 h.”* Near-perfect CEES conversion and
minimal leaching were observed after 10 cycles of
SiWoCuy(N3),/GO. The maintained structure and
morphology confirmed by IR, ®Si MAS NMR, XPS and TEM
images of SiW1,Cuy/GO after the cycle experiment

=PIM

Figure 8: The synthesis routine of PIM-based composite. Reproduced with permission from ref. 69. Copyright 2022 American chemical Society.
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Figure 9: The schematic diagram of simultaneous dismutation of H,0, to
0, and oxidation of CEES by SiW,,Cu,/GO catalyst. Reproduced with
permission from ref. 71. Copyright 2020 American chemical Society.

demonstrated its potential as a catalyst for mustard gas
analogue removal via aerobic oxidation at room tempera-
ture without additives.

Farha’s group prepared a composite material
PW;,@NU-1000 via the direct impregnation method for
catalytic oxidation of CEES leveraging the advantages of
MOF NU-1000 and POM H3PW1,049 (PW;,), such as small
triangular channels (12 A) and larger hexagonal channels
(31 A) for fast substrate diffusion, the suitable size and high
catalytic activity.” About 0.8 [PW,,040]> was loaded per Zrg
node in NU-1000 as confirmed by ICP-OES. SEM images with
EDS mapping showed the intact size and morphology of
NU-1000 and the uniform dispersion of PWy, within the
MOF, not just on the surface. Compared to bare NU-1000, the
BET surface area and the length of the large hexagonal pores
of PW;,@NU-1000 were greatly decreased from 2,100 mz/g
and 31A to 850 m¥/g and 25 A, respectively. The absence of
non-H bonded-OH and H,O characteristic peaks on the
NU-1000 node and the presence of H-bonded H,0 and-OH
peaks in diffuse reflectance infrared fourier-transform
spectroscopy (DRIFTS) of PW;,@NU-1000 indicated that
the non-H-bonded H,0 and hydroxyl ligands were replaced
by POM. PW;,@NU-1000 exhibited good stability in HCI so-
lution (pH 2-7) and only a 13 % loss of POMs after one week at
PH 6, with less lost at lower pH values. PW;,@NU-1000
effectively catalyzed the oxidation of CEES with a TOF of
10.4min™" in acetonitrile (1 mL) at 45°C. In contrast, PW;,
and NU-1000 alone had lower TOFs of 9.3 and 3.1min™",
respectively. For instance, full conversion of CEES was ob-
tained by PWy, within 90 min, whereas PW;,@NU-1000
needed only 20 min under the same conditions. The coop-
erative effect between the POM and MOF endowed
PW,;,@NU-1000 with a faster initial rate and higher con-
version efficiency than either component alone. However,
the selectivity of PW;, to CEESO was superior to that of
PW,;,@NU-1000. The 10% conversion and absence of a
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phosphorous NMR signal after the filtration of
PW;,@NU-1000 suggested negligible leaching of POMs from
the MOF during catalysis. The selectivity and reactivity were
maintained upon recycling under these catalytic conditions,
and the integrity of the composite material was unchanged
in the cyclic catalytic process.

Farha’s group synthesized PW;,@NU-1000-scCO, and
PW3,@NU-1000-120°C by the incorporation of HsPW;,04,
(PW,,) into the MOF, NU-1000, and the influence of the POM
on catalytic performance was studied.”* PW,;,@NU-1000-
scCO, was obtained via activation by supercritical CO, dry-
ing, and PW;,@NU-1000-120°C was synthesized in 120 °C
oven for over 1h. ICP-OES analysis indicated a maximum
loading of 0.8 POMs per Zrg node in both composites, with
near uniform PW,, distribution (Figure 10). In situ variable
temperature PXRD patterns showed that PW,@NU-1000-
scCO, was changed into PW;,@NU-1000-120°C via heating to
and maintaining at 120 °C, and the process was not revers-
ible. Through differential envelope density (DED) analyses,
POMs of PW;,@NU-1000-scCO, were located in the hexag-
onal mesoporous channels, as opposed to the triangular
microporous channels of PW,;,@NU-1000-120°C. N, adsorp-
tion isotherms and DFT results indicated a reduction in
mesopore volume for PW;,@NU-1000-scCO, and micropore
volume for PW;,@NU-1000-120°C, with the BET surface area
decreasing from 1,020 m*cm™ to 700, and 850 m®cm,
respectively. The difference in BET was due to 5 wt% water
present during the activated process of PW;,@NU-1000-
scCO,. At 170 °C, and a slight exothermic change in the dif-
ferential scanning calorimetry (DSC) curve of PW;,@NU-
1000-scCO, indicated the loss of water H-bonded to the
acidic protons of PW;,@NU-1000-scCO,, correlating to POM
movement from mesopore to micropore under the
increasing van der Waals forces. In the micropore, POM was
encircled by three pyrene linkers, as opposed to one pyrene
linker in the mesopore. The broader and shifted of *P signal
indicated the loss of phosphorous symmetry and that POM
strongly interacted with the MOF. The shift of reduction
events to more positive potentials in the cyclic voltammo-
grams (CVs) of PW3,@NU-1000-120°C from HsPWy,0,, also
indicated a stronger interaction between PW;, and pyrene,
making it more easily reducible than POM alone. Fluores-
cence quenching of bare NU-1000 by POM about 95-99 %
indicated the electron transfer from pyrene linkers to POM.
Catalytic oxidation of CEES to CEESO was used to evaluate
the catalytic performance of both composites. The half-lifes
of catalytic oxidation of CEES were 13, 5, 3, and 1min for
NU-1000, PW;,, PW;,@NU-1000-120°C, and PW;,@NU-1000-
scCOy, respectively. The selectivity of PW1,@NU-1000-scCO,
toward CEESO was 90.5 %, which was higher than that of
PW;,@NU-1000-120°C (59 + 7 %). Similar to its selectivity
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toward CEESO, the TOF of PW;,@NU-1000-scCO, was about
three times that of PW;,@NU-1000-120°C. POMs situated in
the mesopores facilitated sulfide diffusion to POM and the
near-exclusive generation of singly-oxidized product. Leach
tests confirmed the heterogeneity of the reaction and the
stability of POMs in the composite during catalysis.
Compared with PW;;@NU-1000, PV,Mo0,,@NU-1000
was designed for catalytic degradation of CEES through
immobilising decamolybdodivanado phosphoric acid
(HsPV,;M040040, PV,M040) in NU-1000.” ICP-OES revealed a
loading of 1.3 PV,Mo,, per Zrg node. SEM images and EDS
scans showed that the NU-1000 crystallite was retained, with
POM homogeneously distributed throughout the crystallite.
The BET surface areas of PV,Mo,,@ NU-1000-scCO, and
PV,Mo0,,@NU-1000-80 °C slightly increased to 1,160 and
1,190 m? cm > from the original 1,020 m” cm ™ of NU-1000. The
mesoporous peak was reduced and the microporous peak
was retained for PV,Mo,,@NU-1000-scCO,. The opposite
phenomenon was observed for PV,Mo,,@NU -1,000-80 °C.
These results suggested that POMs were located in the
mesopores of PV,M0,,@NU -1000-scCO, and in the micro-
pores of PV,Mo,,@NU-1000-80 °C, which was verified by
comparison of PXRD pattern of NU-1000 and PV,Mo0,,@NU-
1000-scCO,.”® In situ temperature-dependent PXRD experi-
ments revealed that POM migration from mesopores to mi-
cropores occurred earlier in PV,Mo0,,@NU-1000-scCO, than
in PW;,@NU-1000. The *'P NMR spectra of both composites
broadened with slight shifts, indicating slight distortion of
POM due to its interaction with the MOF framework.
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Figure 10: Visual structures of PW;,@NU-1000-scCO, and
PW;,@NU-1000-120 °C. Reproduced with permission from ref. 74. Copy-
right 2018 The royal society of Chemistry.
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Compared to PMo,,@NU-1000, vanadium atoms were found
to play a crucial role in aerobic activity, consistent with
previous reports.”® CEESO, was almost the only product even
after CEES consumption. Despite optimising the reaction
conditions, over-oxidized CEESO, was still formed and the
reaction rate was severely decreased. Although approxi-
mately 20 % POM leached from both composites, 100 % CEES
conversion by PV,Mo,,@NU-1000 was achievable in a sec-
ond catalytic trial. In contrast, 5 % conversion was obtained
using recycled HsPV,;M0,9049 due to POM decomposition.
The in situ PXRD patterns of the composite, either as a dry
powder or as a suspension in cyclohexane, indicated that
solvent molecules could hinder migration of POM from
mesopore to micropore. The MOF support strengthened the
stability of POM in the composite.

An’s group designed two novel POMOFs {[e-PMog-
M,"057(OH)1[Zn3(CoN>Hg) (Hz0),12}8H,0 (PMO1,037Zn,-
a and PMo4,03,Zn,-f) for the selective catalytic oxidation of
multitudinous sulfides in which POMs was well dispersed at
the molecular level and more active sites were exposed.”
PMo4,03,Zn,-a and PMo,,03,Zn,-f were prepared at a
pH =53 + 0.1 and 4.7 + 0.1, respectively, containing four Mo"
and two Mo"" in the asymmetric unit. One-dimensional inor-
ganic chains were initially formed by linking one hex-
acoordinated Zny-e-Keggin POM unit with two adjacent Zny-
&-Keggin POM units perpendicular to the ab plane, creating a
3D framework through coordination with bpy ligands along
the c axis, parallel to the ab plane. The difference between
PMo4,037Zn,-a and PMo,,03,Zns-8 was the rotation of
approximately 39° clockwise acround the b axis. The XPS
spectra differences for P 2p and Zn 2p in PMo,,03;Zn4-a and
PMo,,05,Zn,-B indicated that P** and Zn'* were in two
distinct POMs. According to the deconvolution of the spectra,
the ratio of Mo'/Mo"" was approximately 2:1 for POMOFs
PMo4,03;Zn4-a and PMo,,03,Zn,-B. The broad absorption
band at 400-800 nm indicated the electronic transition of
reduced molybdenum ions. PMo04;03;Znga and
PMo1,03,Zn,-f were used as heterogeneous catalysts in the
catalytic oxidation of CEES. Both exhibited outstanding cata-
lytic oxidation performance of CEES under conditions of
Ncees/Mpre-catalystMoxidant = 1:0.005:1.08, at room temperature, in
0.5mL of methanol. Over 99% of CEES was oxidized into
CEESO with more than 99 % selectivity by PM0,,03,Zn4-a in
15 min and PMo,,03,Zn4-B in 18 min (Figure 11). The catalytic
efficiency decreased slifhtly after four consecutive trials. The
structure remained unchanged before and after the catalytic
reaction, demonstrating remarkable stability and recycla-
bility. The catalytic oxidation reactions showed quasi-first
order Kkinetics, with Kkinetic constants of 0.1561 and
0.2484 min™! for PM0,,03,Zn,-a and PMo4,03,Zn,-B, respec-
tively. The synergistic effect of the raw materials along with
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their unique structure significantly contributed to the excel-
lent catalytic activity and stability. The appearance of a new
absorption peak at 237nm and Raman spectrum peak at
760 cm™ of a PM04,03,Zng-a solution treated with H,0,
assigned to 0-O stretching indicated the formation of peroxo
species in the catalytic process, which attacked the electron-
rich S atom of the sulfide to produce the target product. The
addition of multiple scavengers did not effectively prevent the
oxidation reaction, further confirming the generation of
peroxo species in the catalytic process.

Yang’s group designed four polyoxomolybdate-based
inorganic—organic hybrid materials for the catalytic oxida-
tion of HD stimulant [Mn (TMR4A) (H,0)4][MogO4ol-
0.5CH5CH,0HH,0 [Ni(TMR4A) (H,0)4][Mog_Oyo]*
0.5CH;CH,0HH,0 [Zn  (TMR44)  (H,0)4][MogOsol-
0.5CH3CH,0HH,0, and Co0(TMR4A),(H;0), (B—MogOz)l
CH;CN-12H,0 using a self-assembly strategy (Figure 10).”®
Synthesis in different solvents, these hybrids exhibited
distinct crystal structures. The first three samples contained
[MogO1]* anions and the last one contained [B-MogO,e]*
anions. All four materials remained stable in various organic
solvents and H,0 (pH = 0-12) for 12 h. Without catalyst, only
12 % of CEES was converted to CEESO and CEESO, at 40 °C for
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Figure 11: The catalytic performance of CEES by PMo04,03;Zns-a (a) and
PMo04,037Zn4-B (b). Reproduced with permission from ref. 77. Copyright
2021 American chemical Society.
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25 min, using 0.25 mmol CEES, 4 ml CH30H and 1 mmol H,0,.
With the addition of [Mn (TMR4A) (H;0)4[Mog—04ol
0.5CH3;CH,0HH,0 (1.25 pM), the conversions of CEES could
reach 93 %and 99 % with 97 % selectivity at 30 and 40 °C,
respectively, after 25 min, demonstrating its superiority as a
catalyst for CEES. No catalytic activity was observed after
filtering the catalyst, and the absence of Mn" cations in the
filtrate indicated a heterogeneous reaction. FTIR spectra and
PXRD patterns of the catalyst after four cycles confirmed its
structural integrity. Catalytic experiments using multiple
components indicated that polyoxomolybdate was the pri-
mary catalytic active site.

Jiao’s group fabricated four nylon-6/POMs composite
nanofibrous membranes (H3PW;,0,40XH,0, HyPM0;VO,0-
XH,0, HsPM04¢V,049'xH,0 and HgPMogV30,40xH,0, abbrevi-
ated as nylon-6/PW, PMoV1, PMoV2 and PMoV3) by electro-
spinning.” FTIR absorption peaks at 1,080-1,060 cm™, ca.
960 cm ™, and 860-900 cm™, 780 cm™ assigned to the corre-
sponding stretching vibrations of P-O, Mo=0 and Mo-0O-Mo
bonds, confirmed the successful preparation of PMoV1,
PMoV2 and PMoV3. SEM images showed that the diameter of
nylon-6/PW nanofibers was 500-700 nm, whereas that of
nylon-6/PMoV1, nylon-6/PMoV2 and nylon-6/PMoV3 nano-
fibers ranged from 50 to 100 nm. The higher viscosity of nylon-
6/PW precursor solution led to the larger fibers. The nylon-6/
POMs membranes exhibited decent thermal stability below
200°C. Compared with the other composite membranes,
nylon-6/PMoV3 exhibited the highest HD degradation rate,
which was 41.55 % in 6 h. Increasing the V content in POMs was
beneficial for redox catalysis and resulted in the appearance
of more reactive lattice oxygen associated with the Mo—O-V
species. For nylon-6/PMoV1, the relative lower degradation
efficiency was attributed to reduced mobility due to water loss.
Considering the aerosol form of HD at ambient conditions, the
filtration behaviors of these composite membranes were
evaluated. Using nylon-6/PMoV3 as a typical example and PP
nonwoven fabric as a support the aerosol filtration efficiency
increased significantly to 98.35% in 3 h, much greater than
that of PP nonwoven fabric alone (11.45 %). The mass per
square meter of the nylon-6/PMoV3 fibrous membrane was
about 2.6 times that used in typical HD degradation experi-
ments. Most HD was blocked by the membrane, and pene-
trating HD was rapidly degraded, indicating the potential of
these composite nanofibrous membranes in soft protecting
materials for in situ degradation of HD.

Babri’s group prepared HzPWq,04/TiO, and HgP, W06,/
TiO, via a sol-gel technique for photocatalytic degradation of
HD.* To understand solvent effect, photocatalytic oxidation of
HD by illuminated TiO, (150 mg) was investigated in relatively
low viscosity solvents: hexane, acetonitrile, and acetone. After
90 min of irradiation, degradation rates of HD in the above
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solvents were 95 %, 90 %, and 88 %, respectively. The lower
degradation rates in acetonitrile and acetone were due to
reduced adsorption of the agent on TiO, surfaces, caused by the
good solubility of HD in these solvents. Photocatalytic degra-
dation of HD by POMs/TiO, was carried out in hexane because
the physically adsorbed HD on the nTiO, surface could not be
completely washed by hexane and hexane was inert and
transparent. However, POMs/TiO, did not exhibit the ideal
photocatalytic decontamination efficiency toward HD, indi-
cating that POMs embedded in TiO, did not significantly
enhance the catalytic effect. Under no radiation filtering, HD
was possibly photolysed by the radiation. By only UV irradia-
tion, the decontamination efficiency of HD could reach to 90 %
via direct photolysis in 360 min. However, nearly 95 % HD was
eliminated by nanoTiO, in 90 min. GC-MS analysis revealed that
sulfoxide was initially formed, followed by sulfone, and elimi-
nation reactions occurred on both oxidation products, produc-
ing monovinyl and divinyl sulfoxides and sulfones. During
photocatalytic degradation, no products or intermediates were
detected, suggesting that the degradation products were
adsorbed on the TiO, surface. These products were detected
when acetone was used as the extracting solvent for the TiO,
surface. Due to the presence of hydroxyl groups on the surface
of nanoTiO,, hydrolytic reactions still occurred, but the incom-
Plete hydrolysis products were less toxic than HD itself.

3 Conclusions

We summarized the recent advances in POM-based catalysts
for removal of vesicants in the last decade. These POM-based
catalysts exhibited the outstanding catalytic performance to
vesicants benefited from their tunable solubility, high ther-
mal and redox stability, variable valences of metals, and
Lewis base and acidity properties. The synergistic effect of
valence states inter-conversion of metals and the doping of
other metal ions enhance intermolecular electron transfer,
that is salutary to oxidate removal of vesicants. Additionally,
the dual-anion POMs can possess multifunctional catalytic
capacities for different kinds of CWAs. Up to now, it is the
greatest challenge to POM-based catalysts is catalytic oxida-
tion decontamination of vesicants without H,0,. Hence, it
may be the future development direction to design high active
POM-based catalysts, that can selectively oxidate vesicants
only depending on oxygen in the air. On the other hand, the
combination of the wearable fabric and POM-based catalysts
is necessary to subsequent practical application.
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