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Fibrous Zr-MOF Nanozyme Aerogels with
Macro-Nanoporous Structure for Enhanced Catalytic

Hydrolysis of Organophosphate Toxins

Kaikai Ma,* Yuk Ha Cheung, Kent O. Kirlikovali, Haomiao Xie, Karam B. Idrees,
Xiaoliang Wang, Timur Islamoglu, John H. Xin, and Omar K. Farha*

Metal-organic frameworks (MOFs) with Lewis acid catalytic sites, such as
zirconium-based MOFs (Zr-MOFs), comprise a growing class of phosphatase-
like nanozymes that can degrade toxic organophosphate pesticides and

nerve agents. Rationally engineering and shaping MOFs from as-synthesized
powders into hierarchically porous monoliths is essential for their

use in emerging applications, such as filters for air and water purification and
personal protection gear. However, several challenges still limit the production
of practical MOF composites, including the need for sophisticated reaction
conditions, low MOF catalyst loadings in the resulting composites, and

poor accessibility to MOF-based active sites. To overcome these limitations, a
rapid synthesis method is developed to introduce Zr-MOF nanozyme coating
into cellulose nanofibers, resulting in the formation of processable monolithic
aerogel composites with high MOF loadings. These composites contain
Zr-MOF nanozymes embedded in the structure, and hierarchical macro-micro
porosity enables excellent accessibility to catalytic active sites. This
multifaceted rational design strategy, including the selection of a MOF with
many catalytic sites, fine-tuning the coating morphology, and the fabrication

1. Introduction

Nanozymes comprise a class of bur
geoning nanomaterials with enzyme-like
catalytic properties,['®l and the develop-
ment of nanozymes with processability
and recyclability is essential for their
implementation in practical applica-
tions, including pathogen elimination,”]
diagnostics,®1% therapy,['*3] and environ-
mental remediation.!*1*]  Metal-organic
frameworks (MOFs) constitute an attrac-
tive class of porous crystalline materials
constructed from highly ordered, extended
networks of inorganic nodes and organic
linkers.['%26) Due to their significant tun-
ability and structural diversity, MOFs have
been developed as efficient heterogeneous
nanozyme catalysts for biomolecule hy-
drolysis, as well as the detoxification of
harmful organophosphorus pesticides and

of a hierarchically structured monolithic aerogel, renders synergistic effects
toward the efficient continuous hydrolytic detoxification of organophosphorus-
based nerve agent simulants and pesticides from contaminated water.
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nerve agents.?”’34 The initial construc-
tion of MOF nanozyme catalysts for the
degradation of organophosphorus toxins
drew inspiration from enzymes, which are
capable of detoxifying organophosphates,
such as phosphotriesterase (PTE), contain
Lewis acidic zinc ions pair bridged by a hydroxyl anion as the ac-
tive catalytic site (Scheme 1a).>*! The outstanding structure tun-
ability of MOFs enables the potential design of frameworks that
resemble the active sites of enzymes, and our group have demon-
strated that Zr-MOFs constructed from Lewis acidic zirconium
clusters could sufficiently mimic the dinuclear Zn-based active
site in these enzymes for efficient organophosphates catalytic hy-
drolysis (Scheme 1b—c).[3*]

Despite this promising performance, the implementation of
MOF nanozyme catalysts in practical applications, such as in
filters in continuous catalysis beds or in protective equipment,
has been hindered due to technical challenges arising from the
poor processability of as-synthesized MOF powders. Shaping
MOF powders into processable monoliths or composites is a
critical step toward overcoming these limitations.’*%] One
strategy to access pure MOF monoliths involves the shap-
ing of MOFs into monolithic aerogels, which are low density
composites with hierarchically porous structures that result in
the formation of efficient chemical diffusion pathways.[*+]

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Scheme 1. Mimicking the Lewis acidic zinc active sites in PTE with Lewis
acidic zirconium-based MOFs. a) Diagram of the Lewis acidic zinc pair
active site in PTE. b) Simplified representation of a Zr-MOF showing Lewis
acidic zirconium active site on the node. c) General reaction scheme for
the catalytic hydrolysis of organophosphorus substrates with an enzyme
or nanozyme catalyst.

However, the inherent fragility of pure MOF aerogel monoliths
has restricted their development.*’] In an effort to overcome
these limitations, researchers combined processable polymeric
substrates with MOFs to afford MOF-polymer composites, such
as fibers, foams, and films, that feature enhanced practicality
and functionality.***] However, several challenges limit the
practical implementation of MOF-based composites, including
the need for sophisticated production equipment, insufficient
MOF loadings in the composites, and poor accessibility to
MOF-based active sites.*>*64’ Considering these drawbacks,
the facile and efficient synthesis of flexible and processable
monolithic MOF composite materials with good functional
MOF accessibility would enable the use of MOF aerogel catalysts
in practical settings, especially for realistic catalytic detoxification
applications, as these catalysts could be shaped into a desired
form for each unique setting.[61-64]

In this work, we developed a rapid, high-efficiency coating
method to produce zirconium-based MOF (Zr-MOF) nanozyme
monolithic composites using fibrous bacterial cellulose (BC) net-
work as a low cost and easily accessible supporting substrate
(Figure 1a,b; Figures S1 and S2, Supporting Information). Intro-
ducing a highly concentrated solution of MOF precursors into
the BC substrate by exchange enables the formation of a crys-
talline, porous, and interconnected MOF coating after heating
the reaction mixture for a few hours. Activation of the wet MOF-
containing gel using supercritical CO, removes the guest sol-
vent molecules from the material and affords a low weight aero-
gel composite with controllable high MOF mass loading (up to
90%), hierarchical macro-micro porosity, and good processability
(Figure 1 and Figure S1, Supporting Information). The rational
combination of a highly active Zr-MOF nanozyme catalyst with
flexible and macroporous cellulose nanofiber substrates, which
endow the hierarchical structure with better accessibility to MOF-
based catalytic sites, generates a material capable of rapidly detox-
ifying harmful organophosphorus chemicals in both batch and
continuous reactions under practical conditions (Figure 1c).

2. Results and Discussion

We chose the Zr-MOF MOF-808 as the model MOF nanozyme
for the composite synthesis because the relatively low node

Adv. Mater. 2024, 36, 2300951 2300951 (2 of 10)

www.advmat.de

connectivity of the Zr,-based nodes (6-connected) results in a
large number of Lewis acidic active sites available for cataly-
sis to occurl®! To synthesize the MOF nanozyme composite,
we first created a solution containing the MOF-808 precursors
(ZrOCl,-8H,0 as the metal source and trimesic acid as the
ligand) at 6-, 8-, and 10-fold increased concentrations (0.066—
0.11 M based on ligand) relative to the concentration employed
to synthesize MOF-808 powder by Yaghi (0.011 M based on
ligand).l®] Next, we introduced the natural bacterial cellulose
as the nanofiber substrate into the reaction mixture, and the
MOF-808 precursor solution exchanged into the BC network
over the course of 1 h at 100 °C to trigger the formation of the
MOF-808 coating onto cellulose nanofiber. After washing and ex-
changing solvents used for synthesis with ethanol, we obtained
MOF-coated cellulose nanofiber composites as wet gels, which
could then be activated using supercritical CO, (scCO,) to yield
the MOF nanozyme-containing monolithic aerogel composite
(Figure 1 and Figures S3-S5, Supporting Information). Powder
X-ray diffraction (PXRD) analysis of the composites reveals diag-
nostic MOF-808 peaks, confirming the successful integration of
MOF-808 into these materials (Figure 2a). Notably, the reaction
to generate this MOF coating proceeds significantly faster than
most traditional methods used to synthesis MOF-based coatings
and composites (typically 2-3 days).[°®! In fact, these prolonged
reaction times used in original MOF-808 powder synthesis could
damage the BC matrix and form a slurry, so the fast reaction de-
veloped for MOF nanozyme aerogel composites is essential to
maintain the integrity of fibrous cellulose substrate. In this sys-
tem, a combination of the hydroxyl-rich surfaces of the cellulose
nanofibers potentially inducing localized MOF formation and a
high concentration of MOF precursors likely leads to the rapid
nucleation and growth of the MOF-808 coating on the cellulose
fiber substrate. When we decreased the concentration of the MOF
precursor solution below 0.044 M, we did not observe the forma-
tion of any MOF-808 coating on the BC nanofibers after the same
reaction time of 1 h.

The activated fibrous MOF-808 nanozyme aerogel composites,
which were synthesized from the reactions with 0.066, 0.088,
and 0.11 m MOF-808 precursor (based on ligand), are denoted
as FMOF-808-NA1, FMOF-808-NA2, and FMOF-808-NA3, re-
spectively (Figures S3-S5, Supporting Information). Inductively
coupled plasma-optical emission spectrometry (ICP-OES) anal-
ysis of the three composites revealed MOF-808 mass loadings
of 80, 84, and 89 wt%, respectively. It is notable that the MOF-
808 volumetric loading in the three composites is 40, 55, 68 mg
cm™3, respectively, which shows good correlation with the con-
centration of each precursor solution and indicates that the MOF
loading is controllable by adjusting the precursor concentration
(Table S1 and Figure S6, Supporting Information). N, sorption
isotherms obtained at 77 K for the composites illustrate that the
porosity of these materials dramatically improves upon the in-
troduction of MOF-808 (Figure 2b). For instance, the Brunauer—
Emmett-Teller (BET) surface area (Sgpr) of pure bacterial cellu-
lose is only 80 m? g~!, while the Sy values are 1400, 1430, and
1520 m? g=! for FMOF-808-NA1, FMOF-808-NA2, and FMOF-
808-NA3, respectively. The normalized BET surface areas of the
MOF-808 component in the composites ranges from 1700 to
1750 m? g~! (Table S1, Supporting Information), which is close
to values of 1500-2000 m? g~! reported for nanosized MOF-808
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Advantages of fibrous MOF aerogel:
® Fast synthesis

©® High MOF loading

® Generality to different MOFs

® Hierarchical structure

® High catalytic site accessibility

® Good processibility

Figure 1. a) Schematic illustration of fast growth method to fibrous Zr-MOF nanozyme aerogel, b) representative fibrous MOF-808 nanozyme aerogel
composite sample (5 cm x 5 cm X 0.3 cm), ¢) illustration of MOF based phosphatase-like nanozyme for toxic organophosphate degradation by catalytic

hydrolysis.

nanoparticles.?2%0] In addition, we observed the characteristic
MOF-808 intraparticle pore of about 1.7 nm in diameter in the
composites, suggesting these pores remain accessible in the
composite with diameter about 1.7 nm was detected (Figure S7,
Supporting Information). Scanning electron microscope (SEM)
images obtained for the composites illustrate both their macro-
porous 3D morphology and the even distribution of the MOF
nanoparticle coating on fiber surface to form a core-shell struc-
ture (Figure 2c—f; Figure S8-S11, Supporting Information). The
diameter of BC without the MOF coating is about 50 nm, while
the fiber diameter increases to between 100 and 150 nm for
FMOF-808-NA1, FMOF-808-NA2, and FMOF-808-NA3. In addi-
tion, we clearly observe macropores on the order of several mi-
crons in the composites (Figure 2c—f). This hierarchical macro-
micro porous structure should enhance diffusion of the reagents
to the active sites in the composite and enhance catalytic per-
formance (vide infra). Element analysis by energy-dispersive X-
ray spectroscopy (EDX) mapping of FMOF-808-NA1 to -A3 sam-
ples shows a uniform distribution of Zr in the samples, indicat-
ing a homogenous distribution of the MOF-808 coating through-
out the aerogel composites (Figure S12-S14, Supporting Infor-
mation). X-ray photoelectron spectroscopy (XPS) analysis of the
aerogel samples further indicates the presence of MOF-808 based
on the observation of characteristic zirconium elements in the
composites and the binding energy shift of oxygen on MOF-
808 after deposition on BC fiber implies the possible existence
of direct interactions, such as coordination, between BC surface
and MOFs layer (Figure S15, Supporting Information). The pres-
ence of MOF-808 on composite is also evidenced by the charac-
teristic peak of carbonate group from MOF-808 in FTIR study
(Figure S16, Supporting Information). Overall, these comprehen-
sive studies reveal the successful introduction of MOF-808 into
composite.

In comparison to the hierarchically porous MOF-808
nanozyme aerogels obtained from scCO, activation of the
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MOF-808-coated cellulose wet gels, drying the wet gel com-
posite samples directly in air affords a composite denoted as
FMOF-808 xerogel-1, which features a condensed morphology
of stacked fibers and a nonhierarchical structure without any
obvious macropores (Figure 3a and Figure S17, Supporting
Information). Comparison of the SEM images obtained for the
macroporous 3-D aerogel (FMOF-808-NA1) and less macrop-
orous xerogel sample (FMOF-808 xerogel-1) further highlights
the significant morphological differences between these two
samples (Figure S18, Supporting Information). Although PXRD
analysis and N, sorption isotherms indicate that MOF-808 is
still intact in FMOF-808 xerogel-1, increasing uptake in the high
relative pressure region of the N, sorption isotherm suggests
interparticle aggregation of MOF-coated fibers (Figure 3b and
Figure S18, Supporting Information).**] Combined, these re-
sults illustrate the importance of both the 3D nanofibrous BC
scaffold and the relatively gentle scCO, activation strategy in
the formation of the hierarchically porous MOF-coated fibers
in these aerogel composites. Notably, this fast-coating synthesis
method can be extended to the incorporation of different Zr-
MOFs into the BC matrix. For example, we introduced fibrous
Ui0-66, UiO-66-NH,, and Zr-BTB nanozyme aerogels, de-
noted as FUiO-66-NA1, FUiO-66-NH,-NA1, and FZr-BTB-NA1
(Figures S19-S33, Supporting Information), respectively, using
an analogous method to that described for FMOF-808-NA1.
We verified the crystallinity, porosity, and hierarchical structure
of these sponge-like composites using PXRD, N, sorption
isotherms, and SEM imaging, respectively (Figures S23-S33,
Supporting Information), illustrating the generality of this
fast gelation method and confirming that we could introduce
different functionalities into the composites simply by changing
precursors.

For these monolithic MOF aerogels to be employed in real-
world applications, such as air- or water- cleaning filters, excel-
lent mechanical stability is a critical prerequisite. For instance,
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Figure 2. Characterization of fibrous MOF-808 nanozyme aerogel composites, FMOF-808-NAx (x = 1-3). a) PXRD patterns; b) nitrogen sorption
isotherms; SEM images of ¢) BC, d) FMOF-808-NAT, e) FMOF-808-NA2, and f) FMOF-808-NA3. Scale bars are 5 pm.
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Figure 3. The effect of activation methods on the sample morphologies and porosities. a) SEM image of FMOF-808 xerogel-1 and b) N, sorption
isotherm comparison between samples from different activation methods. Scale bar is 5 um.
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crushing the monolith may lead to leaching of the MOF particles
that would ultimately degrade the functionality and work capac-
ity of these composites. First, we tested the mechanical stabil-
ity of the FMOF-808-NA1, FMOF-808-NA2, and FMOF-808-NA3
by stirring aqueous suspensions containing these composites at
200 rpm for 24 h. There is no observable leaching of particles
into solution during stirring, and ICP-OES testing reveals the
same MOF mass loading after stirring as before, indicating the
MOF coating is stable under this agitation challenge. The flexi-
bility of the BC matrix could account for the maintained integrity
by not only counteracting the shear force during agitation, but
also by affording favorable confinement effects for the 3D BC fi-
brous matrix. These composites are bendable and rollable, mak-
ing them processable for use in practical applications, such as
in mask fillers or filters (Figure S34, Supporting Information).
We also quantitatively measured the breaking strength of sam-
ples (5 cm x 1 cm x 0.3 cm) by tensile testing according to a grab
test method (ASTM D5034-21: Standard test method for break-
ing strength and elongation of textile fabrics). The bacterial cel-
lulose aerogel without MOF coating shows a tensile strength of
15 N, whereas the tensile strength values for FMOF-808-NA1,
FMOF-808-NA2, and FMOF-808-NA3 are 14, 9, and 7 N, respec-
tively (Figure S35, Supporting Information). In other words, the
tensile strength decreases as the MOF loading in the compos-
ite increases, which is likely due to the acidic degradation of the
cellulose polymer backbone that results from contact with the
precursor solution that contains organic acids and the zirconium
oxychloride salt during synthesis.[”] To understand how the ten-
sile strength values of FMOF-808-NA1 to -A3 compare to those of
commercialized porous polymer materials, we tested the tensile
strength of a commercial melamine sponge of the same size and
using the same method. The tensile strength of the sponge is 5
N, which is similar to value of FMOF-808-NA3, suggesting that
the prepared fibrous MOF-808 nanozyme aerogels are capable
of the processing and handling techniques used in practical ap-
plications. Moreover, the excellent flexibility of these monolithic
MOF aerogel composites enables processing them using tech-
niques like tailoring to a desired shape to fit a filtration catalysis
device system (Figure S36, Supporting Information).

After synthesizing the fibrous MOF nanozyme aerogel com-
posites, which exhibit hierarchical porous structures and high
MOF loadings, we explored the activity of these materials as
hydrolytic nanozyme catalysts toward the degradation of the
organophosphorus nerve agent simulant dimethyl-4-nitrophenyl
phosphate (DMNP) in 0.4 M N-ethylmorpholine solution (Figure
42).[1 We monitored the catalytic conversion of DMNP to the
nontoxic product dimethyl phosphate (DMP) using 3!P nuclear
magnetic resonance (NMR) spectroscopy (Figure 4b and Figure
S37, Supporting Information). FUiO-66-NA1 achieves about 20%
conversion after 10 min, while FUiO-66-NH,-NA1 and FZr-
BTB-NA1 both hydrolyze about 60% of the DMNP substrate
after 10 min. In comparison, the FMOF-808-NA1, FMOF-808-
NA2, and FMOF-808-NA3 nanozyme samples achieve quantita-
tive DMNP conversion within 10 min under analogous condi-
tions. Through comparison studies with other fibrous Zr-MOF
aerogel composites, we ascribe the excellent catalytic activity of
the nanozyme catalysts FMOF-808-NA1, FMOF-808-NA2, and
FMOF-808-NA3 to the following factors: 1) the lower connectiv-
ity Zr node (6-connected) in the MOF-808 structure offers acces-
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sible active metal sites, and 2) the large pore size (1.7 nm diame-
ter) enables substrate and product diffusion to and from the cat-
alytic active sites.[?>%] To prove the presence of open metal sites
in the MOF nanozyme aerogels, we collected 'H NMR data for a
digested MOF nanozyme aerogel sample (FMOF-808-NA1). We
found that for this activated composite sample, MOF-808 has 2
formates per node (Figure S38a, Supporting Information), which
corresponds to four accessible zirconium metal sites (i.e., four
Lewis acidic catalytic sites) per node. Importantly, the formate
modulators on the MOF-808 nodes can be easily removed un-
der basic reaction conditions. For instance, after 2 min treatment
with basic reaction media, only 0.4 formates per node remain
(i-e., roughly 5.6 zirconium sites per node are open; Figure S38D,
Supporting Information), which indicates that most of the Lewis
acidic open zirconium sites on the MOF nodes are accessible
during the reaction. The high catalytic efficiency of the MOF-808
nanozymes in these monolithic aerogel composites is consistent
with previous studies that performed similar hydrolysis reactions
using powdered MOF-808 catalysts.[“*] While Zr-BTB is also
constructed with a 6-connected Zr node, this MOF is assembled
by 2D metal-organic layers and features a pore diameter of only
1.1 nm, which reduces the accessibility to the catalytic Zr nodes
between layers (Figure S29, Supporting Information).[??! These
experiments illustrate how the rational choice of an appropriate
Zr-MOF for the active nanozyme coating, which contains many
Zr node-based Lewis-acid catalytic sites and relatively large pores
for improved diffusion, can dramatically improve catalytic activ-
ity of the resulting aerogel composites.[*’]

After determining that FMOF-808-NA1 to -NA3 exhibit the
best performance among this series of Zr-MOF nano aerogel
composites, we further explored the kinetics of DMNP hydroly-
sis with these samples in basic aqueous solutions to elucidate any
differences in reactivity. Surprisingly, all three materials exhibit
quantitative DMNP conversion after only 2 min, which indicates
a half-life for DMNP hydrolysis of about 1 min (Figure 4c and
Figure S39, Supporting Information). In a control experiment,
the cellulose nanofiber matrix in the absence of MOF-808 did
not show significant conversion of DMNP, suggesting the cat-
alytic activity observed is solely due to the MOF-808 nanozyme
coatings. In fact, the half-life values obtained for FMOF-808-
NA1, -NA2, and -NA3 are similar to that of the free MOF-808
nanoparticles suspended in a basic aqueous solution,?*%] in-
dicating that the aerogel structure enables excellent accessibil-
ity to the MOF-808-based active sites in the aerogel composite.
In our previous studies, we found that the catalytic activity of
MOF composites decreases as the MOF loading increases due
to a combination of increasing particle aggregation and decreas-
ing external surface area that hinders substrate diffusion (Table
S2, Supporting Information).[**#’] For example, in our previous
work, we studied a relatively less macroporous composite with a
MOF-808 coating on a textile fiber, and the half-life for DMNP
hydrolysis increased by a factor of six when the MOF weight %
in the coating increased from 6.5% to 22% (Table S2, Support-
ing Information).l*?] Although the composite sample from that
study with 12% MOF loading and the aerogel composite sam-
ple in this study with 90% MOF loading, FMOF-808-NA1-3, both
exhibit half-lives for DMNP hydrolysis of 1 min, the weight of
FMOF-808-NA3 is 7.5 times lower than that of the composite
from the previous study (Table S2, Supporting Information).[*¢]
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Figure 4. a) Catalytic hydrolysis reaction of DMNP by fibrous Zr-MOF nanozyme aerogel catalysts. b) DMNP conversion after 10 min with different
fibrous Zr-MOF nanozyme aerogel catalysts. c) DMNP conversion kinetics with different fibrous MOF-808 nanozyme aerogel catalysts. Conditions:
1.5 umol Zr-MOF in composite (corresponding to 6 mol % catalyst) and 25 pmol DMNP used in catalysis reactions. d) lllustration of the differences in
diffusion between the less macroporous MOF nanozyme xerogel (left) and the microporous MOF nanozyme aerogel (right).

In other words, the fibrous aerogel nanozymes could improve the
specific working capacity (normalized with the same composite
weight) by a factor of 7.5. More broadly, these aerogel nanozyme
composites are lightweight and efficient catalytic materials with
high MOF loadings and relatively high working capacities, which
suggests they could be highly valuable materials in a wide variety
of applications.

To further compare the catalytic activities of FMOF-808-NA1-
3 with those of previously reported MOF nanozyme composites,
we introduced the concept of turnover factor (TOF), which eval-
uates the catalytic performance of these materials normalized
to the composite weight (Figure S40 and Table S2, Supporting
Information) since the development of high-performance, light-
weight catalytic nanozyme composites is an important consid-
eration for their potential implementation in practical applica-
tions. We found that FMOF-808-NAx (x = 1, 2, 3) shows the best
TOF normalized by composite weight relative to those of simi-
lar nanozyme composites, and these TOF values are one order
of magnitude higher than almost every other similar composite
reported. Importantly, TOFs normalized by composite weight for
FMOF-808-NAx (x = 1-3) increase as the MOF loading increases,
while TOFs for previously reported MOF-808-PET samples de-
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crease as the loading increases (samples 1-3 and samples 11—
13 in Figure S40; Table S2, Supporting Information). Not only
are the catalytic activities observed for these BC-supported MOF-
808 aerogel monolith samples among the highest values reported
for MOF composite-based catalysts, but the synthesis method re-
ported in this study is more rapid and efficient, and it affords
composites with higher MOF loadings (up to about 90%) and en-
hanced work capacities (Table S2, Supporting Information).

To confirm that the macropores in the fibrous MOF-808
nanozyme aerogels benefit catalysis by promoting diffusion of
the organophosphorus substrates to the MOF-based catalytic
active sites, we performed DMNP hydrolysis reactions using the
less macroporous MOF-808-xerogel-1 as the catalyst (vide supra).
The xerogel sample exhibits a half-life for DMNP hydrolysis of
30 min under otherwise analogous conditions (Figure 4c and
Figure S41, Supporting Information), indicating that formation
of the macroporous aerogel structure affords a nanozyme com-
posite catalyst with a 30-fold increase in catalytic activity. The
relatively better catalytic performance of the fibrous MOF-808
aerogel likely originates from the hierarchical pore structure that
enhances accessibility of MOF nanozyme catalyst for reagent
diffusion, and subsequently, a faster reaction rate (Figure 4d).

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Moreover, the aerogel sample outperforms the xerogel sample in
a DMNP uptake test from neutral water solution, emphasizing
how the macroporous structure of the aerogel samples enables
enhanced agent diffusion compared to the relatively less micro-
porous structure in the xerogel sample (Figure S42, Supporting
Information). Importantly, the catalytic performance of the
FMOF-808-NA1 composites could be fully retained for at least 3
cycles by subjecting them to a simple washing method following
catalysis, implying the composite could be reused effectively for
multicycle catalysis reactions (Figure S43, Supporting Informa-
tion). Moreover, after aging the FMOF-808-NA1 sample in air in
an open 2-dram glass vial for 3 months, the catalytic performance
remained intact and comparable to that of the freshly prepared
sample (Figure S43, Supporting Information). Combined, these
results indicate that the BC-supported MOF aerogel composites
are promising nanozyme materials for the hydrolytic degrada-
tion of organophosphorus nerve agent simulants due to their
high catalytic efficiency, reusability, and excellent stability. We
tested the DMNP elimination with MOF-808-NA1 from real tap
water, and catalytic degradation activity is the same as that in DI
water, which means the nanozyme filter could be extended to
real application fields (Figure S44, Supporting Information).

Given the high catalytic nanozyme activity and good process-
ability of the fibrous MOF nanozyme aerogels, we explored their
potential for the continuous detoxification of DMNP solutions
to mimic a practical strategy for cleaning water contaminated
with toxic organophosphorus compounds (Figure 4). To pre-
pare a MOF plug-flow reactor, we added a piece of FMOF-808-
NA1 (1 cm in diameter, 0.1 cm in thickness, 3 mg) into the fil-
ter head as the catalytic filler (Figure S45, Supporting Informa-
tion). We then injected an aqueous solution containing 40 uL
(250 pmol) of simulant through the plug-flow reactor at a rate
of 0.1 mLmin~! using a micropump, and the filtrate was sub-
jected to 3P NMR spectroscopic analysis every 1 mL to deter-
mine DMNP conversion (Figure S46, Supporting Information).
As shown in Figure 4b, the catalytic hydrolysis reaction achieved
total conversion for the first 10 mL and dropped to 92% con-
version for the twelfth mL. At this point, we regenerated the
nanozyme filter by washing it with 50 mL water and loaded it back
into the plug-flow reactor. The regenerated catalyst filter achieved
quantitative DMNP conversion for the 13th to 23rd mL of DMNP
solution (Figure 4b and Figure S45, Supporting Information), il-
lustrating that the nanozyme catalyst filter can be regenerated in
a straightforward manner. Compared powered nanozyme cata-
lyst, the fibrous aerogel composite is more practical for installing
and regeneration.[®]

To further increase the application potential of the Zr-
MOF-based nanofibrous nanozyme filter, we explored its abil-
ity to catalytically hydrolyze dichlorvos (DDVP), which is a
widely used organophosphorus-based pesticide, into the non-
toxic product DMP (Figures 5c and Figures S46-S49, Support-
ing Information).[*] First, we probed the performance of FMOF-
808-NA1 toward the hydrolysis of DDVP in basic aqueous so-
lutions and observed a half-life for hydrolysis of 1 min, which
is comparable to the half-life for DMNP hydrolysis observed
under analogous conditions (Figures S48-S49, Supporting In-
formation). This fast degradation kinetics highlight the poten-
tial for these fibrous MOF nanozyme aerogel catalysts to be
employed in the detoxification of organophosphorus pesticides

Adv. Mater. 2024, 36, 2300951 2300951 (7 of 10)

www.advmat.de

from contaminated water. Next, we studied the continuous hy-
drolysis performance of DDVP with FMOF-808-NA1 as the ac-
tive nanozyme filter using the same protocol previously de-
scribed for DMNP (Figure 5c and Figures S50-S51, Support-
ing Information). Under these conditions, we observed quanti-
tative conversion of DDVP into the nontoxic product DMP in
the first 11 mL, which then slightly decreased to 94% DDVP
conversion after the 13th mL. After regeneration of the FMOF-
808-NA1 nanozyme catalyst filter by simple washing, we again
observed quantitative DDVP conversion for the 14th mL un-
til at least the 25th mL (Figure 5c and Figure S49, Support-
ing Information). Combined, these results illustrate both the
processability and the potential for the freestanding aerogel
nanozyme catalyst to be implemented for the continuous catalytic
hydrolysis of toxic organophosphate chemicals under practical
conditions.

Finally, we demonstrated the successful synthesis of fibrous
MOF-808 nanozyme aerogels with inexpensive, commercialized
BC nanofiber material, rather than the BC synthesized accord-
ing to the method described in our work. We found that these
nanozyme aerogels made with commercial BC show similar
properties and catalytic performance to those of the aerogels
made from synthesized BC, proving that this method is extend-
able to easily accessible commercialized BC fibers (Figure S52,
Supporting Information). Importantly, the cost of BC is only
about 10% of the cost of the MOF precursors (e.g., the metal
salt and organic linker), further emphasizing the economic ad-
vantages of employing BC as a substrate to synthesize high-
performance fibrous MOF nanozyme aerogels.

3. Conclusion

In this work, we have developed a rapid protocol to synthesize
monolithic, hierarchically porous MOF nanozyme aerogel com-
posites that show excellent enzyme-mimetic catalytic activity to-
ward the hydrolysis of organophosphorus nerve agents and pes-
ticides. In addition to high MOF loadings, these monolithic com-
posites also feature high surface areas, low densities, and excel-
lent processabilities, and the flexible BC matrix endows the com-
posites with robust stability against mechanical agitation. The
hierarchical porosity formed from a combination of the macrop-
orous cellulose nanofiber aerogel matrix and the microporous Zr-
MOF nanozyme affords a solid-state composite with exceptional
substrate accessibility to the Zr-MOF-based active sites. We found
that the aerogel composites FMOF-808-NA1, -NA2, and -NA3
demonstrate the best performance toward catalytic hydrolysis of
the organophosphorus nerve agent simulant DMNP and pesti-
cide DDVP, with half-lives for hydrolysis on the order of 1 min.
We then showed that these monolithic aerogel composites could
be used in continuous flow settings for large-scale organophos-
phorus substrate detoxification, and they could be easily regen-
erated by washing with the composite with water. Overall, the
straightforward and versatile synthesis method for these fibrous
Zr-MOF nanozyme aerogel composites, combined with their ex-
cellent catalytic detoxification and permeation performance, po-
sitions them as potential next-generation materials for the effec-
tive degradation of toxic nerve agents and pesticides in practical
applications.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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reactor with FMOF-808-NAT1 as the nanofibrous nanozyme filter. b,c) Conversion of toxic DMNP and DDVP to nontoxic dimethylphosphate after different
injections through the plug flow (1 mL per injection); flow rate 0.1 mL min~'; catalyst was washed with water and re-loaded after 12 and 13 injections,

respectively, for these two reactions.

4. Experimental Section

General Procedure for Preparation of Fibrous MOF-808 nanozyme Aerogel
Samples:  BTC (2.1 g, 10 mmol) and ZrOCl,-8H,0 (9.7 g, 30 mmol) were
dissolved in a DMF/formic acid (1/1v/v) solvent mixture under sonication
for 10 min to afford precursor solutions with concentrations from 0.066
to 0.11 m (based on BTC ligand). One piece of round shape BC (90 mm
in diameter and 3 mm in thickness) and 50 mL of the above precursor
solution were added into a 500 mL Pyrex Schott bottle, and the mixture was
ultrasonicated for 1 h for the diffusion of precursors into the BC matrix.
The capped vial was heated to 100 °C for 1 h. The wet composite gel was
separated with tweezers and washed with 50 mL ethanol (x3) for 2 h each
time. The ethanol-exchanged wet gels were activated using supercritical
CO, using a Tousimis Samdri-931 critical point dryer at a bleed rate of
1.0 mL min~! to afford the aerogel samples FMOF-808-NAT, -A2, and -A3.

Liquid-Phase Catalytic Hydrolysis of DMNP and DDVP:  Catalytic hydrol-
ysis of DMNP experiments were carried out at room temperature and
monitored by in situ 3'P NMR.[*’] All activated fibrous Zr-MOF nanozyme
composite catalysts were cut into small pieces (1 mm x 1 mm X 1 mm).
All fibrous composite samples containing 1.5 umol MOF were added into
a 3-dram vial. DMNP or DDVP (25 pmol) was dissolved in 0.4 M N-
ethylmorpholine solution (1 mL; 0.05 mL N-ethylmorpholine, 0.9 mL DI
water/0.1 mL D,0) and transferred into the vial. The sealed vial was vor-
texed for 10 s and magnetically stirred at 100 rpm. The simulant solution
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was filtered using a 200 nm syringe filter and transferred to an NMR tube
for collection of >'P NMR spectra. The catalytic activity of pure BC without
MOF was also evaluated under identical conditions as a control.

Continuous Catalytic Hydrolysis of DMNP and DDVP with FMOF-808-
NAT Filter: To prepare the MOF plug-flow reactor, a piece of FMOF-808-
NAT (1 cm in diameter, 0.1 cm in thickness, 3 mg) was added into a fil-
ter head as the catalytic filler. 10 mL 0.4 M N-ethylmorpholine solution
containing 40 uL (250 umol) of simulant was injected through the plug-
flow reactor at a rate of 0.1 mLmin~" using a micropump, and the filtrate
was subjected to 3P NMR spectroscopic analysis every 1mL to deter-
mine DMNP conversion. When the conversion was reduced below 100%,
FMOF-808-NAT nanozyme filter was regenerated by washing it with 50 mL
water and loaded back into the plug-flow reactor.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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