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Preface

The 2025 Nobel Prize in Chemistry being awarded to the pioneers of Metal-Organic Frameworks
(MOFs) marks a historic moment, recognizing the transformative impact of these porous materials
across science and technology. This Special Issue, “Metal-Organic Frameworks (MOFs)-Based
Micro/Nanoscale Materials”, was conceived to capture the vibrant interdisciplinary research that has
propelled the field to this milestone. Its scope encompasses the design, synthesis, and multifaceted
applications of MOF-based micro/nanomaterials, ranging from fundamental investigations into
stability and sorption mechanisms to advanced applications in energy storage, catalysis, environmental
sensing, and biomedicine. The contributions herein reflect the remarkable structural tunability and
functional versatility of MOFs, showcasing innovations such as machine learning-guided material
screening, defect-engineered composites for electromagnetic wave dissipation, and nanocarrier-based
drug delivery systems. This collection is intended for researchers, scientists, and students engaged in
materials chemistry, nanotechnology, and related fields, offering a comprehensive overview of current
frontiers and future directions. It serves as both a celebration of past achievements and an inspiration

for continued exploration in this dynamic and impactful domain.

Jian Wang, Pengyan Wu, and Wenqian Chen
Guest Editors
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Metal-Organic Framework (MOF)-Based Micro/Nanoscale
Materials

Jian Wang *, Wenqian Chen %* and Pengyan Wu -*

Jiangsu Key Laboratory of Green Synthetic Chemistry for Functional Materials, School of Chemistry and
Materials Science, Jiangsu Normal University, Xuzhou 221116, China

Key Laboratory of Organic Compound Pollution Control Engineering, Ministry of Education, School of
Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, China

*  Correspondence: wjian@jsnu.edu.cn (J.W.); wengianchen@shu.edu.cn (W.C.); wpyan@jsnu.edu.cn (P.W.)

This Special Issue showcases cutting-edge advances in the design, synthesis, and multi-
faceted applications of Metal-Organic Framework (MOF)-based micro/nanoscale materials.
The research collected within highlights the remarkable versatility of these porous architec-
tures, spanning fundamental property investigations to groundbreaking functional applications.
Contributions delve into critical areas such as enhancing material stability in challenging en-
vironments (e.g., basic solutions) [1], elucidating intricate sorption mechanisms (including
water-bridge-mediated pore condensation) [2,3], and leveraging computational methods like
machine learning [4] and Shannon entropy [5] for property prediction and material screening,
and MOF-based nanocomposites in heat exchangers [6]. Furthermore, the Issue explores the
transformative potential of MOF derivatives and composites in energy storage (transition metal
oxides on carbon fibers) [7], catalysis (glycerol carbonate synthesis) [8], sensitive chemical detec-
tion (acetone, VOCs, Hg?*) [9-11], electromagnetic wave dissipation [12], and innovative drug
delivery systems [13], setting the stage for significant technological impacts.

We summarize the scientific contributions below.

A systematic study was conducted to assess the stability of Zr-based UiO-66 MOFs
under basic conditions, addressing a critical limitation of their practical applications in
catalysis and industrial processes. The authors comprehensively evaluated 11 inorganic
and organic bases, correlating framework degradation with base strength (pKj,) and con-
centration. It was revealed that strong bases (e.g., KOH, DBU) rapidly degrade UiO-66,
while weaker bases like KOAc and pyridine exhibit higher tolerance. The integration of
PXRD, NMR, BET, and ICP-OES data provided robust validation for structural dissolution
and porosity loss. The proposed stability guidelines offer practical insights for the design
of Zr-MOF applications in basic environments [1].

By studying the water absorption mechanism of isoreticular CPO-27-type Ni-MOFs, a
further study effectively correlated pore size and linker hydrophobicity with hydration behav-
ior. The authors adeptly combined water vapor sorption, FT-IR, and defect analysis via 'H
NMR to demonstrate a transition from discrete site binding to water-bridge-mediated pore
condensation. The findings elucidate how defects influence sorption in Ni, (dhtp), while larger
pores exhibit bulk-like water behavior. This work contributes to the rational design of MOFs for
humidity-dependent applications, though hydrolytic stability remains a notable limitation. The
experimental rigor and mechanistic clarity of this study are commendable [2].

A third study reported the synthesis of aluminum-based MOEF-derived carbons (C-
MDC and A-MDC) via the carbonization/activation of CAU-10-H and Al-fu precursors.

Nanomaterials 2025, 15, 1096 1 https://doi.org/10.3390 /nano15141096
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C-MDC exhibits hydrophobic microporosity with rapid water uptake at P/Py~0.6, while
A-MDC shows micro-mesoporous behavior. The water adsorption aligns excellently with
the Do-Do model (type 5), highlighting C-MDC’s potential for humidity control. This
represents a significant and innovative contribution to the design of tunable adsorbents [3].

By integrating computational screening with machine learning, a fourth study estab-
lishes a robust framework for optimizing MOFs for the purpose of methane separation. The
authors effectively employed LGBM and SHAP to identify pore-limiting diameter (PLD) as
the key descriptor for diffusivity and diffusion selectivity across six binary mixtures. The
work stands out for its data-driven insights into separation mechanisms and practical de-
sign principles, advancing MOF optimization for clean energy applications. The approach
is innovative and offers valuable guidance for future research [4].

Presenting a novel probabilistic approach, the fifth study employs Shannon entropy
and Monte Carlo simulation to quantify uncertainty in key nanofluid properties (density,
heat capacity, thermal conductivity, viscosity) arising from Gaussian-distributed nanoparti-
cle volume fraction. The approach demonstrates entropy as a unified uncertainty measure,
offering a significant simplification over traditional multi-moment analyses. While the
methodology is robust and implemented effectively in MAPLE, the analysis is constrained
to low volume fractions (<5%) and limited input variation (CoV = 5%). This work valuably
advances uncertainty quantification in nanofluidics but requires validation under broader
parameter ranges for wider applicability [5].

The sixth submission, a review, rigorously examines advancements in MOEF-
nanocomposite applications for heat exchangers, specifically addressing thermal conductivity
enhancement, fouling mitigation (through the use of hydrophobic MOFs such as ZIF-8), and
facilitating scalable synthesis via microwave-assisted methodologies. The review effectively
addresses critical challenges, including industrial integration costs and long-term stability under
harsh conditions, while highlighting future directions like multifunctional hybrid composites.
Case studies, including BASF’s energy-efficient dehumidification system, further strengthen its
practical implications. Although comprehensive in scope, a deeper discussion on standardized
testing protocols would enhance its contribution to the field. Overall, it offers valuable insights
for advancing sustainable thermal management and merits publication [6].

The seventh submission to this Special Issue is a well-structured study on M-doped
Co-MOF-derived TMO nanosheets on carbon fibers for energy storage. The authors system-
atically compare the effects of Zn, Mn, and Ni doping, demonstrating Ni-doped samples’ su-
periority in both supercapacitors (13.3 F/g at 50 mA/g) and Li-ion batteries (410.5 mAh/g
at 25 mA/g). The work innovatively leverages ion exchange to enhance conductivity and
capacity, offering valuable insights for multifunctional structural energy devices. The
methodology is robust, and the findings advance the field effectively [7].

In the eighth contributed study, Au nanoparticles encapsulated in Ce-based MOFs
provided an innovative catalytic platform for sustainable glycerol carbonate synthesis
from glycerol and CO;. A key strengths of the study is the achievement of the highest
reported TOF (78 h~!) under mild conditions (1.5 MPa CO,), enabled by synergistic Au-
CeO interfaces and MgCOj as an eco-friendly dehydrant. The catalysts, characterized via
XRD, TEM, XPS, and physisorption, show uniform NP distribution within MOF cavities.
While the yields (<44%) require optimization, this work demonstrates significant progress
in green catalysis by valorizing waste glycerol and CO,. Extension to Ag/Cu NPs further
highlights the system’s versatility for industrial adaptation [8].

In a ninth study, breakthrough chemiresistive acetone sensing was realized via a Bi-
gallate MOF/ chitosan /ionic liquid composite membrane, delivering 10 ppm detection, 15s/3 s
response/recovery, high selectivity, and flexible /biocompatible properties. Its application as
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a non-invasive breath analyzer for diabetes diagnosis is highly relevant and the mechanistic
insight it provides into the hydrogen-bonding network is valuable. While operation at 60 °C is
noted, the material shows significant promise for real-time sensing applications [9].

In the tenth contribution, novel composite FGFL-B;—fabricated by encapsulating
thioflavin T dye in MIL-125—serves as a porous fluorescence probe for VOC detec-
tion/adsorption. It exhibits exceptional selectivity: 36-fold fluorescence enhancement
for THF and yellow-to-yellowish-green shift for CCly. The adsorption capacities reached
655.4 mg g~ (THF) and 811.2 mg g~ ! (CCly) with excellent recyclability. While surpassing
conventional MOFs” VOC response, MIL-125 dependence (vs. NH,-MIL-125) and untested
generalizability require further study. Test strip applications demonstrated promising
on-site monitoring potential [10].

In the eleventh contribution to this Special Issue, the post-synthetic modification
of UiO-66-NH; with 2-(Methylthio)benzaldehyde yielded sulfur-functionalized UiO-66-
NSMe, enabling highly selective aqueous Hg?* detection via luminescent quenching
(Ksy =2.5 x 10* M~ 1, LOD =20 nM). Rigorous characterization confirms 87% modification
retention and S-Hg?* coordination. The sensor achieved 96.1-99.5% recovery in real water
and enabled rapid in situ imaging on lettuce/test paper. The conversion of Hg?*-loaded
material into a Lewis acid catalyst enhanced resource utilization, showcasing a strategically
valuable PSM approach for environmental monitoring with circular economy potential [11].

In the twelfth contribution, Co-MOF-derived nanorods were phosphate to fabricate amor-
phous Co@CoPx@C composites with engineered phosphorus vacancies. This design leverages
synergistic dual polarization: vacancies enhance defect polarization while P-O bonds strengthen
dipole polarization, coupled with interfacial polarization at Co/C/CoPx heterojunctions and
conductive loss. The resultant optimal electromagnetic parameters enable exceptional perfor-
mance in Co@CoPx@C-5: —55 dB reflection loss at 2.0 mm thickness and 5.5 GHz bandwidth.
The vacancy-engineering strategy effectively tunes dielectric loss/impedance matching, offer-
ing novel methods for high-efficiency amorphous absorbers, though the effects of vacancy
concentration on scalability require further exploration [12].

In the final submission to this Special Issue, ZIF-8 nanocarriers were used to deliver the
hydrophobic telomerase inhibitor BIBR 1532, overcoming solubility and cellular delivery
barriers. The synthesized BIBR 1532@ZIF-8 nanoparticles (165 nm) enhanced drug stability
and enabled pH-responsive lysosomal escape, boosting nuclear accumulation. In vitro
studies demonstrated significantly amplified cytotoxicity, hTERT suppression, G0/G1
arrest, and senescence versus free drug, validated through rigorous physicochemical char-
acterization. This innovative MOF-based strategy advances oncology therapeutics, though
future work requires in vivo validation and exploration of combinatorial approaches [13].

The research presented in this Special Issue vividly demonstrates the immense potential
and rapidly expanding frontiers of MOF-based micro/nanoscale materials. Significant strides
have been made in understanding fundamental behaviors (sorption mechanisms, stability),
developing sophisticated synthesis and modification strategies (doping, post-synthetic modifi-
cation, derivation to oxides/carbons), and achieving high performance in diverse applications—
from advanced energy storage and efficient catalysis to ultra-sensitive chemical sensing and
targeted drug delivery. Looking ahead, key challenges remain in scaling up production, further
enhancing long-term stability under operational conditions, and deepening our understanding
of structure—property relationships at the nanoscale.

Future directions should prioritize integrating multiple functionalities into single platforms,
exploring hybrid or multi-MOF systems, advancing Al-guided design for specific applications
(as exemplified in separations and EM wave dissipation), and rigorously assessing the envi-
ronmental impact and lifecycle of these promising materials, particularly for large-scale imple-
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mentations like heat exchangers. The journey from tailored nanoscale design to macroscopic
functional integration continues to be an exciting and fruitful endeavor.
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Abstract: The main aim of this study is probabilistic computer simulation of the effective
physical parameters of fluids containing nanoparticles. A deterministic model following
the rule of mixtures and some semi-empirical formulas are employed to calculate effective
density, heat conductivity, heat capacity, as well as viscosity for the given nanofluid. This
models is randomized here using the Monte-Carlo simulation apparatus for estimation
of the Shannon entropy of all these physical parameters, which is the crucial novelty of
this study. The volume fraction of the nanoparticles is assumed for this purpose as the
Gaussian uncertainty source with the given first two moments. The basic probabilistic
characteristics of the nanofluids” homogenized parameters have also been determined here
for some validation of Shannon entropy variations in addition to the statistical disorder
of the nanoparticle fraction. These research findings contribute to advancing nanofluidic
and microfluidic research, offering robust tools for uncertainty analysis and enhancing
the reliability of physical parameter predictions in applications requiring high numerical
and/or experimental precision.

Keywords: nanofluids; Shannon entropy; effective properties; Monte-Carlo simulation;
homogenization

1. Introduction

Determination of the effective parameters of composites composed of coupled solid
components, as well as multiphase mixtures, is a fundamental topic within homogeniza-
tion theory [1]. This approach has a well-established history and encompasses a range of
mathematical, computational, and semi-experimental methods, including applications in
nanofluidics [2]. As known from the literature, all these homogenization models could
be divided into a direct algebraic approximation of the effective parameters like a rule
of mixtures and their improvements, upper and lower bound estimates [3] as well as a
variety of numerical implicit methods generally based upon some physical equivalence
and machine learning apparatus [4]. This equivalence most frequently includes equity of
deformation energy of the real and homogenized medium and may be provided using
different boundary conditions imposed on the Representative Volume Element (RVE). The
concept of nanofluids represents a significant advancement in the targeted modification,
enhancement, and design of the physical properties of fluid-based mixtures [5]. These
mixtures are engineered to exhibit optimized density, thermal conductivity [6,7], viscosity,
and heat capacity by incorporating nanoparticles into the base fluid. Such precise control
over these parameters has far-reaching implications, particularly in the development of

Nanomaterials 2025, 15, 250 5 https://doi.org/10.3390 /nano15030250
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advanced cooling systems, energy-efficient thermal management solutions, and enhanced
material processing techniques. Nanofluids provide a platform for tailoring the thermal
and rheological behavior of fluids to meet specific industrial and technological demands,
thereby broadening their applications in sectors such as machining [8], electronics, trans-
portation, and renewable energy systems [9]. A nanofluid is a liquid substance composed
of a liquid base with an admixture of solids in the form of nanoparticles; the size of the
molecules is smaller than 100 nm, where the content usually does not exceed 4% of the total
volume. The base of such a nanofluid may be any organic liquid or water [10,11], while
the most commonly used molecules are metals (Au, Cu, C), oxides (CuO, Al,O3 [12], SiO;,
TiO, [13], ZrO, [14]), and carbon nanotubes. The process of enriching fluids with solid par-
ticles to alter their properties dates back over a century and has evolved significantly with
advancements in materials science. Early studies focused on suspensions of micron-sized
particles to enhance the density and viscosity of fluids for specific industrial applications,
such as drilling muds and concrete slurries. For example, the use of suspended solids to
modify fluid flow and improve performance in hydraulic systems was documented as
early as the early twentieth century. Modern advancements have transitioned from using
micron-sized particles to nanoscale particles, which offer superior control over fluid prop-
erties due to their high surface area-to-volume ratio and unique thermal and mechanical
behaviors [15]. The inventor of this idea was most probably J.C. Maxwell, but only the de-
velopment of electron and tunneling microscopy in the second half of the previous century
allowed for full experimental verification of theoretical predictions [16,17]. Calculation of
the effective material and physical characteristics of the nanofluids still remains important
and a challenging research problem due to the fact that such characteristics avoid multi-
scale and multiphase computational modeling of such media and enables relatively faster
solutions of the flow problems described using the Navier-Stokes equations [18,19]. The
main shortcoming of many of the existing models is that statistical scattering of nanoflu-
ids” properties is usually postponed even if some experimentation is presented; the same
concerns an impact of this scattering on or within their effective characteristics (Figure 1).
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Figure 1. The general structure of the nanofluid.
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Taking the above into account, the deterministic philosophy presented in [2] is ex-
tended towards a probabilistic model, where the basic random parameter is the volumetric
ratio of the nanoparticles. This is proposed to make the model consistent with the needs of
uncertainty quantification, propagation, and also with the stochastic reliability models; this
need is also driven by some engineering applications of this type of fluids [8,20]. Further,
it is almost impossible to insert the very specific and precisely measured, deterministic
amount of the nanoparticles and to mix all of them with a large amount of the liquid base,
which leads to relatively large variations (frequently uncertain) in the effective properties
of nanofluids in addition to small changes in input parameters. The observed nonlinear en-
tropy fluctuations indicate critical thresholds at which minor variations in input uncertainty
result in disproportionately large changes in the effective properties. These thresholds
may be associated with physical phenomena such as percolation transitions, nanoparticle
clustering, or modifications in heat transfer mechanisms.

The homogenization approach for calculation of effective physical properties of the
nanofluid is presented first [21], and it is extended next using statistical Monte-Carlo
methodology [22] towards statistical estimation of the first two probabilistic moments of
the effective parameters of the nanofluids. Additionally, Shannon entropy is computed
using numerical recovery and specific further processing of the resulting histograms of
effective parameters separately. Using additional partition of such a histogram, it was
possible to implement the Shannon entropy [23] scheme in the system MAPLE 2024 [24].
This numerical tool was engaged in the calculation of these basic statistics for effective
physical parameter uncertainties of the glycol ethylene fluid base enriched with the alumina
particles. A final comparison of the expectations and coefficients of variation with the
Shannon entropy fluctuations obtained for different mean values of the volumetric ratio of
these nanoparticles shows uncertainty propagation in nanofluids’ properties. It also enables
a validation of the Shannon entropy apparatus in such statistical analysis, which has been
applied before in some nonlinear problems of solid mechanics [25]. Let us note that the
uncertainty analysis was based here upon the assumption that the input statistical scattering
is in nanoparticle volume fraction having Gaussian distribution, while Weibull probability
distribution was also employed [26]. This choice is driven by the Maximum Entropy
Principle, where Gaussian uncertainty causes largest uncertainties in physical systems. A
new element of this work is the uncertainty quantification of the effective parameters in
nanofluids using a single parameter—Shannon entropy—instead of multiple graphs of
probabilistic moments as applied before. It remarkably simplifies any stochastic analyses
in the area of homogenization in nanofluidics, whereas applications of any probabilistic
entropy in stochastic computational dynamics still remain very scarce.

2. Basic Equations for the Uncertainty Quantification in
Nanofluid Parameters

Let us consider fundamental Navier-Stokes flow equations in the given computational
domain Q) for the unknown fluid state functions, i.e., velocities v; = v;(x), pressure p = p(x),
and temperature 6 = 0(x) in their following classical formulation [19,27]:

d0v; ~
0 (atl + '01',]"0]'> = 0Ojj +fi, (1)

v;; =0, ()
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oij = —p(sij + 2]/181']', 3)
00 -
pc (at + 91'01') = (k8,); +qi, 4)
where strain tensor is described as
1 1 (0v; 9v; .
= (v ) = = [ = 2 —1.23.
&j =5 (vij + vj,) 5 (axj + ox |’ i=1,23 5)

The tensor 0j; represents here the stress state in the given fluid, whose viscosity is
denoted by y, its heat conductivity by k, heat capacity as ¢, and mass density by p. These
equations are relevant to macroscopically homogeneous single-phase fluids but can also be
applied to heterogeneous systems as long as they exhibit similar behavior on a macroscopic
scale. In the context of nanofluids, such an approach allows for modeling systems where
nanoparticles are unevenly distributed, yet their impact on thermal or rheological prop-
erties is significant at the macroscopic level. The following general boundary conditions
are applicable.

vz-:zﬁi;xeBQU,Ui]-n]-:ﬁ;xean,Qzé;xeaﬂ@ ©)
26 5.
kﬁ ={,X S aQq

Let us assume further that the computational domain for these NS equations is filled
with the nanofluid, which means that this is a mixture of the homogeneous liquid, which is
a continuous basis (f) and a discontinuous solid in the form of molecules (p), and its flow
at the macroscale is similar in a physical sense to a homogeneous fluid having effective
parameters calculated from the corresponding characteristics of the original fluid and
the nanoparticles. Therefore, instead of Equations (1)—(4), one solves the equivalent NS
equations system with the homogenized coefficients (with the subscripts ‘nf’) as

Onf (E;vtz + Ui,jvj> = 0jj; + fi (7)
v;; =0, (8)

0ij = —poij + 2ungeij, )

pugens (51 + 0 ) = (kosts), + 7 10)

with the same boundary conditions as before except for the heat flux, where the fluid
heat conductivity is replaced with the effective one. The effective density, which opens
a collection of the effective characteristics, is calculated according to the simple mixtures
rule, where ¢ serves as the volume ratio of the nanoparticles; this holds similarly to
heterogeneous solids models [1,2]:

_my_mptmy peVeHppVp



Nanomaterials 2025, 15, 250

For typical nanofluids, where the percentage of fixed molecules does not exceed 1%
by volume of the substance, the observed change in density does not usually exceed 5%.
Then, the effective heat capacity is calculated in quite a similar way;, i.e.,

_ Q _ Qf+Qp (mep) [AT+(mcp) ,AT
(pcp)"f B Pnf(m)”f ~ Pnf (mgtmp)AT Pnf (mermp)ATp -

(12)
(pcp) fVe+(pcp), Vv
= Pup gy, = (L= @) (pcp) f + @lpcp),
so that the following holds true:
(A= @)per) s+ dlocr),  (1-@)(pcp)s + dlocr),
Cnf = = (13)

(1=@)ps + Ppp Onf

Using Equation (13), one may predict the changes in the specific heat value assuming
a uniform dispersion of molecules in a liquid. Effective thermal conductivity has a more
complex determination. In general nanofluids, it depends upon eight key parameters:

(@) The volume concentration of molecules, where an increase in the concentration of the
molecules usually increases the thermal conductivity values for the nanofluid.

(b) Particle size, where in most cases, an increase in their diameter yields the addi-
tional increase in nanofluid conductivity; however, some specific experimental works
demonstrate an inverse relation.

(¢) The shape of nano molecules, where elongated shapes increase the effective thermal
conductivity concerning spherical particles.

(d) Material properties of particles.

(e) Temperature, whose increase yields an additional increase in effective conductivity,

(f) Material properties of the liquid base (an increase in thermal conductivity coefficient
of the nanofluid in addition to the based fluid).

(g) Extra components, which are added to the liquid to maintain the nanoparticles in
suspension and prevent them from clumping; enrichment of the base fluid increases
the coefficient of thermal conductivity for the nanofluids.

(h) Acidity, whose increase is proportional to an increase in the overall conductivity
coefficient.

It should be noted that the chemical composition of a given nanofluid may significantly
influence the sensitivity of the physical parameters under consideration. While modeling
the effective thermal conductivity coefficient, several algebraic approximations can be
applied. Among these, the rule of mixtures is often the initial choice; however, it is widely
acknowledged as insufficiently accurate for capturing the complex interactions inherent
in nanofluid systems. Alternative approaches, incorporating particle—fluid interactions
and nonlinear effects, have demonstrated superior performance in accurately predicting
thermal behavior across various experimental setups.

knf = (1= p)ks + 9k (14)

Alternatively, one may employ the model proposed by Maxwell based on the potential
theory, which treats nanoparticles as homogeneous spheres, which does not interact with
the other spheres, and all of them are embedded into the homogeneous viscous Newtonian
fluid with no gas bubbles [2]. The following holds:

(-9

(5 +2) - (% -1)¢

kg
ky

=1+ (15)
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for complex models, which may be an example of a model including the Brownian motion
kp kp

(1 +2kf> +2q)(1 - kf)
ky kyp

(1 +2kf) +(1+ kf)

The effective viscosity determination looks similar to the case of thermal conductivity,

kg _

- (1 + ARemPr0-333c1>) (16)
ky

the appearance of the nanoparticles in a liquid base should result in viscosity increase in
the nanofluids. Change in viscosity depending on the content of the nanoparticles in a
liquid base can be predicted by the Einstein equation as

Puf = (1 +2.54))yf gdy ¢ < 0.05 (17)

This has some limitations with respect to the relatively small values of the volume
fraction ¢. Alternatively, one considers the Brinkman model, which is less sensitive to this
volumetric ratio:

Hf
(1— )2

Further, we consider the volume fraction ¢ of the nanoparticles as the input uncer-

Hnf = (18)

tainty source, whose probability distribution causing the largest uncertainty in effective
parameters according to the Maximum Entropy Principle should be the Gaussian one. Such
a computer analysis is carried out in the following steps: (1) generation of a population of
the volume fraction according to its statistical parameters (expected value and standard de-
viation); (2) sequential calculation of the effective parameters; and (3) statistical estimation
of the first two probabilistic moments of these parameters [22]. However, it is known that
uncertainty analysis based upon probabilistic moments and coefficients has some limita-
tions and may be biased, for instance, by estimation numerical errors; therefore, a concept
of Shannon probabilistic entropy & was additionally employed [23,25]. Its basic formula for
the given statistical function f = f(¢) has been proposed in the literature as follows:

n

h(f()) = =) pi(f(9)) In(pi(f(9))) (19)

i=1

where 1 stands for the number of possible different states of this system. Since the coefficient
of variation (CoV) is dominantly used in stochastic computational mechanics to discuss
uncertainty importance and propagation in the given engineering problem, a comparison
of Shannon entropy fluctuations with analogous changes in the CoV is investigated here.

The computer simulation of the effective physical characteristics, their probabilistic
moments and Shannon entropy in the presence of some input uncertainty was programmed
in the computer algebra system MAPLE 2024. This system was selected due to its Statistics
library, its simplicity of statistical functions programming, its efficacy and satisfactory
speed in probabilistic analyses programming and performance as well as nice and easy
visualization of the resulting probabilistic characteristics. The statistical numerical simu-
lation prepared for the needs of this study was based upon the traditional Monte-Carlo
scheme and consisted of the following steps:

(i) Initial generation of random population for the given input parameter(s) of the
nanofluid;

(ii) Sequential recalculation of a few populations of its effective physical characteristics;

(iii) Usage of statistical estimators for up to the fourth-order probabilistic characteristics
of these effective parameters;

10
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(iv) Creation of the histogram of the probability distributions for effective characteristics;
(v) Partition of this histogram into a few subintervals and final calculation of Shannon entropy.

The entire numerical simulation is parametrized with a few inputs and these are as
follows: (i) input coefficient of variation in the given uncertainty source (whose impact
has been demonstrated in all the resulting graphs); (ii) total number of random trials
in Monte-Carlo scheme, whose impact was studied in the literature many times; and
(iii) a number of subintervals proposed for the PDF partition at the last phase, which
were adopted after [25]. Some additional internal parameters of symbolic computations
precision like the number of digits may also have some importance in this analysis.

3. Numerical Results

The main goal of the numerical results was to check whether uncertainty quantification
in effective characteristics of the nanofluids can be performed using a single statistical dis-
order function (Shannon entropy) instead of a widely applicable multiple parametric study
(expected values and standard deviations, for instance). The computer simulation enabling
such a contrast was performed using the computer algebra system MAPLE 2024. However,
analogous numerical calculations can be carried out with other available tools such as
MATLAB R2024b, Mathematica 13.3, or MathCAD 10, offering flexibility in computational
approaches depending on the specific requirements of the analysis. The computer algebra
system MAPLE 2024 is well known for its powerful symbolic computation abilities and is
widely employed in solving differential equations, simplifying algebraic expressions, and
conducting dimensional analysis [24,25]. In all numerical experiments, the volume fraction,
@, is modeled as a Gaussian random variable characterized by its first two moments. A
typical variation range for the volume fractions ¢ for the fluids with the nanoparticles
is between 0.01 and 0.04 so the range 0.005-0.055 was initially preselected. The fluid
base was chosen in the ethyl glycol C;Hy(OH), with the following physical parameters:
d=1113 kg/m3, mi = 0.018396 Pa-s, C = 2382 ] /kg-K, k = 0.25 W/m:-K. But for the needs
of sensitivity verification, it was additionally accepted that C = {1900, ..., 2700} J/kg-K.
Nanoparticles’ characteristics were adopted with the values typical for the alumina Al,Os3,
which means d = 3900 kg/m?3, k = 29.5 W/m-K and as a reference point for determining the
direction and magnitude of entropy changes, copper Cu (d = 8960 kg/m3, k = 400 W/m-K)
was chosen, considering its practical applications [12,28]. The Monte-Carlo simulation as
well as statistical estimation contained in the Statistics library were engaged in the computer
program, where the total number of random trials for all simulations was fixed as equal to
200,000. The standard deviation of the fluid volumetric ratio was predefined as 5% of the
corresponding expected value in all simulations. The results in the form of expected values,
coefficients of variations as well as Shannon entropy of the effective nanofluid density
are presented in Figure 2a,b and Figure 3 as the functions of both the particles” density as
well as their volume fraction. There is no doubt that the key parameter here is the volume
fraction of the particles, and even a small increase in this leads to a rapid increase in the
resulting density statistical parameters. The expected values and coefficients of variation,
which were determined based on the model outlined in [22], and changes concerning the
particle density are also remarkable and linear, whereas Shannon entropy fluctuations are
nonlinear (Figure 3a,b), which is even more pronounced in the case of copper nanoparticles
(Figure 3b). Additionally, they converge to some extreme value obtained at the upper end
at the horizontal axis but for larger volumetric ratios only, which is also clearly observed
for nanoparticles with higher density (Figure 3b). The trends observed for lower volume
fractions in both cases continue to exhibit an increasing tendency in this region. This
phenomenon may be attributed to the ordering of nanoparticles upon exceeding a certain
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h[pnf)

volume fraction threshold—around 4%—which becomes more pronounced when there
is a significant difference in relative density between the base fluid and the nanoparticles
(Figure 3b). The significantly higher Shannon entropy observed for Cu nanoparticles com-
pared to Al;O3 nanoparticles at the same ¢ parameter value (Figure 3a,b) can be attributed
to Brownian effects. The size of Cu nanoparticles is approximately 45 nm, whereas Al,O3
nanoparticles range between 0.5 and 1.5 um. In the initial stage of homogenization, Cu
nanoparticles are more susceptible to thermal motion induced by the base fluid than Al,O3
particles. Since the Shannon entropy is proportional to the standard deviation for the given
population, it is clear that the extreme uncertainty would be obtained for the extreme value
expectation of the particle density and their extreme volumetric ratio expectation.
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Figure 2. Expected values (a) and coefficients of variation (b) of the effective density (the density of
the particles varies (1400-6400) kg/ md).
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Figure 3. Shannon entropies for the effective density of the nanofluids with Al,O3 (a) and Cu (b) (the
density of the particles varies (1400-11,400) kg/m?3).

The next two figures, cf. Figures 4 and 5, show expectations (Figure 4a) and coefficients
of variation (Figure 4b) as well as Shannon entropies of the effective specific heat capacity
of the nanofluid with Al,O5 (Figure 5a) where the specific heat of the particles varies
(380-1380) J/kg-K and with Cu (Figure 5b) where the specific heat of the particles varies
(160-640) ] /kg-K and volumetric ration of the nanoparticles does not exceed 5%. Now, the
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largest expectations of the effective heat capacity of the nanofluid are obtained with the
smallest concentration of the nanoparticles, whereas minimum expectations are obtained
for their largest amount. This expectation of effective capacity is almost insensitive to the
input particles” heat capacity for their smaller volume fractions in the given fluid base and
linearly increases together with the particle’s heat capacity in the opposite situation.
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Figure 4. Expected values (a) and coefficients of variation (b) of the effective specific heat capacity.
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Figure 5. Shannon entropies for the effective specific heat capacity of the nanofluids with Al,O3
(a) and Cu (b) where the specific heat of the particles varies (380-1380) J/kg-K (a) and (160-640)
J/kg:K (b).

Coefficients of variation as well as Shannon entropies decrease while increasing
the input mean value of the particle’s heat capacity, and this inverse proportionality
has an almost linear character. The largest values in both cases are obtained with the
largest volumetric ratio of the particles and the smallest mean value of the particle’s heat
capacity. It can be observed that, within the analyzed range, an increase in the average heat
capacity and the volumetric fraction of particles leads to a decrease in entropy, which is
clearly noticeable in (Figure 5a). This phenomenon may be related to the emergence of
nonlinearities at critical values of the ¢ coefficient from the perspective of nanofluid theory
or to physical processes such as aggregation or percolation.

In the case of poorly dispersed Al,O3 nanoparticles, molecular aggregation may occur,
leading to a higher Shannon entropy compared to the corresponding situation for Cu
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nanoparticles (Figure 5a,b). This, in turn, can result in local fluctuations in the effective
specific heat capacity of the nanofluid. This result is expected because the particle fraction
is the uncertainty source and increasing its heat capacity mean value reduces the impact
of the Gaussian volume fraction ¢. Nevertheless, the coefficient of variation and Shannon
entropy exhibit similar variations with almost constant expectations; probabilistic entropy
has slightly smaller values than the effective nanofluid density in Figure 3.

Further, Figure 6a,b and Figure 7a,b show an analogous set of the results, the basic
statistical characteristics of the effective heat conductivity. The expected values now exhibit
a linear increase, closely resembling the trends observed for the effective density shown in
Figure 2a. This behavior is accompanied by the thermal conductivity of the base fluid. However,
the range of admissible values for different volumetric fractions is considerably narrower.
Notably, the influence of these two parameters appears to be largely independent, underscoring
the complexity of their interaction in nanofluid systems. These results are consistent with
previous studies carried out using analytical methods [29,30] as well as due to an application
of neural networks [31]. Coefficients of variation of this effective conductivity do not change
while increasing input mean conductivity of the fluid, but remarkably increase while increasing
the parameter ¢. As these coefficients are constant and expectations linearly increase, one
expects Shannon entropy to proportionally increase together with input fluid conductivity.
This is noticeable in Figure 7a,b, where additionally, one notices expectedly that the larger the
volumetric ratio of the nanoparticles, the higher the resulting entropy. However, Shannon
entropy is remarkably smaller here, so uncertainty in effective heat conductivity is smaller
than for effective density and heat capacity. Noteworthy is the entropy behavior observed
under a significant disparity between the thermal conductivity of the base fluid and that of
the nanoparticles (Figure 6b). When the volume fraction exceeds ¢ = 5%, a slight increase
in entropy can be observed. This may indicate the onset of dominant interactions between
nanoparticles within the nanofluid. Cu nanoparticles have a significantly smaller active surface
area compared to Al,O3; nanoparticles, which enhances their thermal conductivity. This effect
is reflected in the observed increase in Shannon entropy (Figure 6a,b). However, it should be
noted that considering the time evolution of the system could lead to opposite conclusions due
to the higher susceptibility of Cu nanoparticles to oxidation or percolation effects, which would
contribute to an increase in entropy.
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Figure 6. Expected values (a) and coefficients of variation (b) of the effective thermal conductivity.
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Figure 7. Shannon entropies for the effective thermal conductivity of the nanofluid with Al;O3
(a) and Cu (b) nanoparticles (the thermal conductivity of the base fluid varies (0.2-0.3) W/m-K).

The last effective parameter under consideration is the effective viscosity calculated here
in the context of both Einstein and Brinkmann models specified in the previous section; the
corresponding expectations, coefficients of variations, and Shannon entropies are presented
in Figures 8-11. The left series is adjacent to the Einstein theory, whereas the right column
corresponds to the Brinkmann idea. The first and most important observation is that, for the
given nanofluid, these two models return almost the same statistical parameters. Expected
values of the effective viscosity increase linearly together with the fluid base viscosity; it is
observed for relatively small variations in the latter. Additionally, the larger the volume fraction
of nanoparticles, the larger the resulting effective viscosity. The coefficients of variation (cf.
Figure 9) are insensitive to any variations in the fluid base viscosity but still increase in the
function of the parameter ¢. It is noticeable that by changing this parameter from 0.5% up
to 5.5%, one can increase this CoV more than five times. As a result of the expectations and
coefficients of variation, one notices that Shannon entropy increases moderately while increasing
input fluid viscosity, and also, remarkably, when increasing the nanoparticles” volume ratio.
Based on Figure 11, it can be concluded that the Brinkman’s model exhibits a higher entropy
value than the Einstein’s model under the same input conditions. This phenomenon is clearly
visible only for large values of the phi coefficient. The larger size of Al,O3 nanoparticles may
initially result in a higher Shannon entropy of the effective viscosity of the nanofluid compared
to Cu nanoparticles, even at relatively low volume fractions (¢) (Figures 10a,b and 11). The
greater entropy increase at high concentrations (¢ > 1%), observed in both models for aluminum
oxide, may be associated with its tendency to aggregate, indicating a potential loss of stability in
the designed nanofluid parameters.

In summary, the uncertainty in the effective physical parameters of nanofluids is relatively
small, typically calculated for nanoparticle volumetric ratios not exceeding 5% and their co-
efficient of variation (CoV) limited to 5%. However, it is important to consider that practical
applications of nanofluids may require larger CoVs and could also involve an uncontrolled
increase in uncertainty when the effects of temperature are taken into account. A key finding of
this study is that the homogenization procedure evaluated herein does not amplify the uncer-
tainty inherent in the enrichment of base fluids with nanoparticles. Therefore, this procedure
can be efficiently applied in multiscale modeling of nanofluid flows using the Navier-Stokes
equations, even in the presence of certain physical uncertainties, by common usage with the
polynomial chaos approach [32], stochastic collocation method [33], stochastic perturbation
method [19], and even neural network-based algorithms [34].
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Figure 10. Shannon entropies for the effective viscosity of the nanofluid in Einstein’s model (a) and
Brinkman’s model (b) for Al,Os5.
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Figure 11. Shannon entropies for the effective viscosity of the nanofluid in Einstein’s and Brinkman’s
model for Cu—comparison.

4. Concluding Remarks

A probabilistic numerical approach to the determination of the effective parameters of the
nanofluids exhibiting some uncertainty in the volumetric ratio of the nanoparticles has been
presented in this paper. It is based upon temperature-independent analytical formulas following
some previous experimental works, Monte-Carlo simulation of Shannon entropy, and also the
first two probabilistic characteristics of effective heat capacity and conductivity, mass density
as well as viscosity. It has been demonstrated that Shannon entropy may serve as a single
and universal uncertainty measure while analyzing statistical scattering of effective parameters
contrary to multiple functions of positional statistics. This hypothesis needs to be validated for
other physical problems in nanofluids, and also with larger input uncertainty levels. It is also
seen that random fluctuations in effective parameters resulting from the considered uncertainty
in particles’ volume ratio have rather limited values, which enables further application of the
stochastic perturbation method while solving NS Equations (17)—(19) in nanofluidics for the
coupled heat and mass transfer. Such an approach can be relatively easily implemented in any
computer algebra system or any programming language having a statistical library together
with symbolic differentiation and integration tools.

The numerical simulation reported in this paper shows that the expected value of the
volumetric ratio of the nanoparticles has a noticeable impact on the resulting uncertainty
of all effective physical characteristics of the given nanofluid, as detailed in [22]. This
impact is many times larger than the importance of the same fluid base physical parameters.
Noticeably, further increases in input uncertainty may lead to nonlinear Shannon entropy
fluctuations, consistent with the physical model, and they arise when the relationship
between input uncertainty and the effective properties of a nanofluid becomes increasingly
complex, deviating from a straightforward proportionality. These fluctuations are consis-
tent with the underlying physical models accounting for the nonlinearity in particle—fluid
interactions and the dynamic redistribution of nanoparticles. In the context of nanofluids,
the thermal and rheological properties depend heavily on nanoparticle concentration ¢,
size, shape, and distribution. As the Gaussian input uncertainty increases, its influence
on the system’s effective parameters changes from linear to nonlinear behavior. This is
caused due to multiple factors, such as the aggregation of nanoparticles, interparticle
forces, and thermal interactions between the nanoparticles and the base fluid. These effects
are captured in the variations in Shannon entropy, which encapsulates the probabilistic
representation of system uncertainty, as demonstrated in this study through the analysis of
effective density, specific heat capacity, thermal conductivity, and viscosity. The nonlinear
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entropy fluctuations highlight critical thresholds where small changes in input uncertainty
lead to disproportionately large variations in effective properties. These thresholds may
correspond to physical phenomena such as percolation thresholds (Cu-doped nanoflu-
ids), nanoparticle clustering (Al,Os-based nanofluids), or modifications in heat transfer
pathways when particle-particle interactions become dominant.

Future work should focus on validating these findings across broader parameter
ranges, incorporating temperature sensitivity, and comparing results with experimental
data to ensure consistency with real nanofluid behavior. It would be interesting with no
doubt to see a comparison of the NS equations’ solutions having practical importance to
contrast realistic fluctuations of the nanofluid coupled behavior with their homogenized
counterpart. An important direction would be an extension of the algebraic formulas for
effective physical characteristics towards their temperature sensitivity [35,36] as well as
applications of the nanofluidics in cellular structure analysis and biomechanics [37].
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Abstract: Metal-organic frameworks (MOFs) have garnered significant attention in recent
years for their potential to revolutionize heat exchanger performance, thanks to their high
surface area, tunable porosity, and exceptional adsorption capabilities. This review focuses
on the integration of MOFs into heat exchangers to enhance heat transfer efficiency, improve
moisture management, and reduce energy consumption in Heating, Ventilation and Air
Conditioning (HVAC) and related systems. Recent studies demonstrate that MOF-based
coatings can outperform traditional materials like silica gel, achieving superior water ad-
sorption and desorption rates, which is crucial for applications in air conditioning and
dehumidification. Innovations in synthesis techniques, such as microwave-assisted and sur-
face functionalization methods, have enabled more cost-effective and scalable production
of MOFs, while also enhancing their thermal stability and mechanical strength. However,
challenges related to the high costs of MOF synthesis, stability under industrial conditions,
and large-scale integration remain significant barriers. Future developments in hybrid
nanocomposites and collaborative efforts between academia and industry will be key to
advancing the practical adoption of MOFs in heat exchanger technologies. This review
aims to provide a comprehensive understanding of current advancements, challenges,
and opportunities, with the goal of guiding future research toward more sustainable and
efficient thermal management solutions.

Keywords: metal-organic frameworks; MOFs; heat exchanger; nanocomposites; thermal
conductivity; energy efficiency; heat transfer enhancement; fouling resistance

1. Introduction

Heat exchangers are essential components across numerous engineering applications,
including HVAC systems, automotive designs, and industrial manufacturing. These sys-
tems demand materials that can effectively conduct heat at high rates while maintaining
stability and minimal thermal expansion across a range of operating temperatures [1]. In ap-
plications such as air conditioning, refrigeration, and energy recovery, heat exchangers are
critical to optimizing system efficiency, cost, and compactness. Similarly, heat exchangers
play a pivotal role in both cooling and heating applications, acting as the core component
for energy transfer between fluids in these systems. Similarly, in indirect evaporative
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cooling, heat exchangers enable the transfer of heat from the warm air inside a building to
the cooler exhaust air outside, facilitating temperature reduction without adding moisture
to the air [2]. Figure 1a represents the schematic diagram of an indirect evaporative cooling
system, depicting its working principle. The efficiency of this process heavily depends on
the heat exchanger’s design, as it determines the thermal performance and overall energy
efficiency of the system. A well-designed heat exchanger maximizes the surface area for
heat transfer while minimizing the energy required to drive the process, thereby improving
the cooling performance and reducing operational costs. However, the design must be
optimized to balance thermal conductivity, airflow, and the resistance to fouling, which
can significantly impact system efficiency over time [3]. Consequently, in heat pumps,
heat exchangers are crucial for transferring heat between the refrigerant and the environ-
ment. In heating, heat exchangers extract heat from the outside air or ground and release
it inside [4]. The effectiveness of heat exchangers in heat pumps directly influences the
system’s coefficient of performance (COP), which is a measure of efficiency. A higher COP
translates to better energy utilization, which is particularly important in residential and
commercial applications where energy efficiency and cost savings are prioritized [5]. In
both applications, selecting the right type of heat exchanger—whether air-to-air, air-to-
water, or ground-coupled—is crucial for optimizing the system’s performance [6]. Figure 1b
represents the schematic diagram of a heat pump, depicting its working principle.

(a) Water Spray

Indirect Air

e

Heat
Exchanger

Water Reservoir L/o) Pump

(b) Evaporator Compressor

=

i
= —

% Exhaust Air :{>

Fresh Air
o —

Expansion Valve Condenser

Figure 1. Schematics of (a) indirect evaporative cooling system [7] and (b) heat pumps [8], illustrating
their working principles (reproduced with permission from Wiley and Elsevier).

Traditional designs, like fin-and-tube or plate-fin heat exchangers made from materials
such as copper, aluminum, or steel, are widely used. Figure 2 provides illustrations of
widely used heat exchangers in HVAC. Numerous studies focus on improving heat transfer
in these conventional systems. However, the performance limitations of metal-based heat
exchangers in certain applications have driven interest in exploring alternative designs
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with different materials [9]. Despite their widespread use, several efficiency bottlenecks
limit the performance, longevity, and reliability of these devices.
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Figure 2. Schematics of (a) individual fin [10], (b) continuous fins [10] in tube finned, (c) double
pipe [11], (d) plate type [12], (e) wire-finned [13], and (f) micro-channel heat exchanger [13] commonly
used in HVAC applications (reprinted with permission from Wiley and Elsevier).

Key issues include thermal resistance, fouling, and material degradation, each of
which affects the heat exchanger’s efficiency, operational cost, and maintenance needs [14].
Thermal resistance, a key limitation in heat exchangers, hinders efficient heat transfer
between mediums. It is influenced by the heat exchanger’s design, material thermal
conductivity, and surface thermal boundary layers, directly affecting overall system per-
formance [15]. In metallic heat exchangers, materials like copper and aluminum are used
due to their high thermal conductivity. However, limitations arise, as these metals exhibit
high thermal expansion and can degrade over time under harsh conditions, leading to
increased thermal resistance [16]. Advanced materials, such as MOFs, have shown promise
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in enhancing thermal conductivity while maintaining structural stability. Researchers have
also explored nanocomposites to improve the heat transfer rate, especially in systems where
high-temperature stability is critical [17]. Fouling, caused by the buildup of materials like
dust, biofilms, or mineral deposits on heat exchanger surfaces, adds thermal resistance and
reduces heat transfer efficiency. This can decrease heat transfer rates by 30-50%, signifi-
cantly increasing energy consumption to maintain desired performance [18,19]. Fouling is
often more prevalent in heat exchangers used in environments with high concentrations of
particles or biological matter, such as wastewater treatment facilities and cooling towers [20].
The cost of dealing with fouling, through either frequent maintenance or more complex
cleaning processes, significantly adds to the operational cost of heat exchanger systems [21].
Antifouling coatings and self-cleaning mechanisms are emerging as potential solutions
to mitigate these effects. For example, nanocomposite coatings that combine MOFs with
hydrophobic materials can minimize fouling while maintaining high thermal conductiv-
ity [22]. Biofouling involves microbial growth forming biofilms on surfaces. Biofouling
can obstruct flow channels, decrease membrane permeability, and necessitate frequent
cleaning, thereby elevating maintenance costs and downtime [23,24]. Mechanical failure in
water treatment systems can result from material degradation, corrosion, or stress-induced
damage. Factors such as biofouling exacerbate these issues by creating differential pres-
sures and localized corrosion sites, leading to equipment malfunction or failure [25]. For
instance, biofouling-induced corrosion can compromise the structural integrity of pipelines
and membranes, resulting in leaks or ruptures [26]. Fouling layers in heat exchangers
decrease thermal conductivity, reducing energy efficiency. Hybrid coatings and periodic
cleaning methods have been implemented to counteract fouling, ensuring consistent heat
transfer performance. Antibacterial treatments also prevent biofilm-induced corrosion,
extending equipment life [27]. Biofouling in water-related processes, such as reverse os-
mosis membranes and pipelines, reduces water flow and increases energy consumption.
Antimicrobial coatings, such as the hybrid polyaniline (PANI)-halamine introduced by
Weiss et al. [28], effectively prevent biofilm formation, improving system reliability and
minimizing downtime.

Material degradation is another major bottleneck in heat exchanger performance,
particularly in systems exposed to corrosive or high-temperature environments. Com-
mon materials like aluminum, copper, and steel are prone to corrosion, which can reduce
their effectiveness and shorten the lifespan of the heat exchanger. Corrosion not only
lowers thermal conductivity but also makes the material more susceptible to mechanical
failure [29]. In high-temperature applications, such as those found in power generation
or chemical processing, degradation can also occur due to thermal cycling, which leads
to metal fatigue and cracking [30]. Researchers are exploring MOF-based composites and
other advanced materials to combat these issues by improving thermal stability and reduc-
ing degradation rates [31]. For instance, integrating MOFs with carbon-based materials like
graphene can offer a combination of high thermal conductivity and resistance to thermal
and mechanical stress, making them more durable than conventional materials in chal-
lenging environments [32,33]. Advancing heat exchanger technology requires addressing
challenges like thermal resistance, fouling, and material degradation. MOFs and MOF-
based nanocomposites, with their high surface area and customizable properties, show
potential in enhancing heat transfer efficiency, resisting corrosion, and reducing fouling for
improved performance [34,35]. For example, in one study, a MOF composite integrated
with graphene achieved a 25% reduction in thermal resistance and a 40% improvement
in fouling resistance compared to conventional metal-based heat exchangers [34]. Such
innovations highlight the potential of MOF-based materials to overcome long-standing
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challenges in heat exchanger design. Figure 3 illustrates the categorization of desiccant
materials that can be used as coating material in heat exchangers.
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Figure 3. Categorization of desiccant materials that can be used as coating material in heat exchangers.

MOFs are highly porous materials consisting of metal ions coordinated to organic
ligands, forming intricate network structures with exceptionally high surface areas and
tunable properties. Due to these characteristics, MOFs have gained attention in applications
such as gas storage, catalysis, and thermal management. However, by combining MOFs
with other materials—such as metals, polymers, or carbon-based substances—researchers
have created MOF-based nanocomposites that can further enhance thermal properties,
making them especially promising for applications in heat exchangers and other energy-
intensive systems [36]. MOFs are known for their vast internal surface area, often exceeding
that of traditional porous materials, which enables greater interaction with heat transfer
media. This high surface area plays a key role in MOF-based nanocomposites’ ability
to improve thermal management in heat exchangers [37]. For instance, studies have
demonstrated that MOFs with large surface areas can effectively adsorb and release thermal
energy, making them suitable for thermal energy storage and transfer. Additionally, the
adjustable pore size in MOFs allows them to accommodate various guest molecules and
even modify the thermal flow rate by controlling gas or fluid adsorption [38]. Pure MOFs
often have lower thermal conductivity than metals, which limits their direct use in heat
exchangers. However, by integrating MOFs with conductive fillers such as graphene
oxide (GO), carbon nanotubes (CNTs), or metallic particles, researchers can significantly
enhance their thermal conductivity, achieving composite materials that efficiently manage
heat [39]. Graphene-based MOF composites, for example, leverage the thermal conductivity
of graphene while retaining the high porosity and adsorption properties of the MOF
framework, creating materials suitable for high-performance thermal applications. This
approach addresses one of the primary limitations of traditional MOFs, making them more
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viable for practical applications in thermal management systems [40]. Figure 4 represents
some of the research areas where MOFs have been used in recent years.

light
e
M
semicopductor
e ®°
© Eg
-OH R
b VB h
)
CO,+H,0 | H,000H
Photocatalysis

Moisture

Organic
Frameworks

Outdoor air

_ Exhaust air
(to outdoor)

Desalination
Membranes

Expansion
valve
o * Moisture
) desorption

Oily and Micropollutants
Removal

MIL-100(Fe)
Supply air

pesticide (to indoor)

Removal

Organic Dye
/' Decontamination | “ Sl
Interfacial

Polymerization

Application

Heavy Metal
¥ Elimination

Brackish and Seawater
¥ Desalination

Figure 4. Applications of metal-organic frameworks (MOFs) in different research areas.

MOFs have gained attention for their versatility across various applications beyond
heat exchangers such as water treatment and gas separation. In water treatment, MOFs
demonstrate exceptional performance in removing heavy metals, organic pollutants, and
dyes due to their high surface area and customizable pore structure [41]. For instance,
Zr-based MOFs like UiO-66 effectively adsorb arsenic and lead ions from contaminated
water [42] due to their chemical stability, high surface area, and abundant functional groups
such as hydroxyl (-OH) and carboxyl (-COOH) on their frameworks. These functional
groups interact strongly with toxic metal ions through coordination bonds or electrostatic
attraction, facilitating their removal from contaminated water. Additionally, UiO-66"s
tunable pore size allows for efficient diffusion and trapping of these ions, making it an
excellent candidate for water purification applications [43]. Similarly, MOFs are highly
effective in gas separation, where their tunable pore sizes enable selective adsorption of
gases like CO,, CHy4, and H;. ZIFs are particularly notable for their efficiency in CO;
capture and storage [44]. Their imidazolate linkers create a hydrophobic environment,
enhancing CO; selectivity while minimizing interference from water vapor, making them
ideal for carbon capture applications [45]. Furthermore, MOFs are being explored in drug
delivery, catalysis, and energy storage due to their structural flexibility and functional
diversity. Addressing these broader applications highlights the multifunctionality of MOFs
and underscores their potential for innovative solutions across diverse fields.

A major advantage of MOF-based nanocomposites is their chemical and structural
tunability, which allows for customized thermal properties. MOFs can be synthesized
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with a wide range of metal nodes and organic linkers, providing flexibility in terms of
pore size, surface chemistry, and thermal response [46]. Furthermore, when MOFs are
combined with polymers, the resulting composites gain mechanical stability and can
be engineered to resist degradation under thermal cycling. For instance, incorporating
polymers such as polydimethylsiloxane (PDMS) with MOFs can produce materials that
maintain structural integrity at elevated temperatures, extending the lifespan of heat
exchangers in high-temperature environments [47]. Another significant advantage of MOEF-
based nanocomposites lies in their excellent adsorption capacity, which enhances their
thermal management capabilities [48,49]. MOFs have been shown to adsorb various gases
efficiently, making them ideal candidates for applications in adsorption-based cooling
systems. By incorporating MOFs with metals or metal oxides, the adsorption-desorption
properties of these composites can be optimized for rapid thermal response, a crucial feature
for efficient heat exchangers [50]. This adaptability not only improves energy efficiency but
also contributes to reducing the overall operational costs of cooling systems [51]. In addition
to their thermal properties, MOF-based nanocomposites exhibit improved resistance to
fouling and corrosion, common challenges in heat exchangers. For example, by integrating
hydrophobic MOFs with anti-corrosive metals, researchers have developed nanocomposites
that can minimize fouling from organic and inorganic deposits, thereby preserving heat
transfer efficiency over time. This feature is especially beneficial in applications where
maintenance and cleaning are difficult or costly [52].

The development of advanced materials for efficient thermal management is a critical
focus in engineering, especially in the design of heat exchangers, which are central to
systems such as HVAC, energy storage, and industrial processes. This review paper aims
to examine the growing body of research on MOF-based nanocomposites as promising
materials in heat exchangers. Recent advancements indicate that these composites, known
for their high surface area, tunable thermal properties, and resilience in extreme environ-
ments, could significantly enhance heat exchanger efficiency. However, while MOF-based
nanocomposites show potential, their practical application is challenged by factors such as
thermal stability, material degradation, and scaling limitations. This review will explore
these innovations and examine technical challenges to highlight the current state of MOF-
based nanocomposites in heat exchanger applications. By addressing the gaps in existing
research, this paper seeks to provide a comprehensive overview of the field and propose
future research directions, including potential material modifications, synthesis techniques,
and structural optimizations. This review is intended to serve as a resource for researchers
and engineers, aiming to advance the practical applications of MOF-based nanocomposites
in energy-efficient, sustainable heat exchanger designs.

The growing demand for energy-efficient thermal management systems, particularly
in industries reliant on heat exchange processes, has driven interest in innovative materials
like MOFs due to their exceptional thermal properties and tunable functionalities. However,
despite significant advancements in the synthesis and application of MOF-based materials,
there remains a fragmented understanding of their performance and practical integration
into industrial heat exchangers. This review provides a comprehensive examination of the
current state of MOFs in enhancing heat exchanger efficiency, addressing not only their
potential but also the challenges in scaling these materials for real-world use. Section 2
delves into the impact of MOFs on heat exchanger performance, examining their role
in improving heat transfer and reducing fouling. Section 3 explores recent innovations
and ongoing challenges in integrating MOF-based materials into heat exchangers, high-
lighting advancements in synthesis techniques, surface functionalization, and industrial
feasibility. Finally, Section 4 identifies key research gaps and outlines future directions
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for the development of MOF-based nanocomposites, aiming to guide future research and
accelerate the adoption of MOF technologies in energy-efficient applications. By addressing
these critical areas, this review aims to bridge the gap between academic research and
practical implementation, supporting the development of more sustainable and effective
heat exchange solutions.

2. MOF-Based Nanocomposites for Heat Exchanger Performance
2.1. High-Performance MOF Nanocomposites for Thermal Conductivity

Incorporating MOFs into metals and polymers enhances thermal conductivity in heat
exchangers by improving thermal transport pathways and reducing interfacial thermal
resistance, often termed as Kapitza resistance, which arises at interfaces between materials
with differing thermal properties, particularly at the nanoscale [53]. This phenomenon
arises due to the mismatch in acoustic phonon properties—vibrational energy carriers—of
the materials on either side of the interface [54]. When heat flows across the interface,
phonons encounter impedance due to differences in lattice structure, phonon density of
states, or material stiffness. This impedance reduces the efficiency of thermal energy
transfer, creating a bottleneck for heat conduction [55]. Kapitza resistance is particularly
significant in systems involving nanoscale materials, such as nanocomposites or interfaces
in electronic devices, where the surface-to-volume ratio is high [56]. The effect of Kapitza
resistance is a reduction in overall heat transfer efficiency, which can limit the performance
of thermal management systems. For example, in electronic devices, high Kapitza resistance
at material interfaces can lead to localized overheating, affecting reliability and longevity.
Minimizing Kapitza resistance through techniques such as interface engineering, use of
intermediate materials to bridge phonon mismatch, or applying thermal interface materials
can improve heat transfer efficiency across interfaces [57]. By embedding MOFs, which
possess a highly porous structure and customizable surface chemistry, researchers can
create a network of micro- and nanopores that facilitates smoother energy transfer across
interfaces [58,59]. By filling gaps at the interface, MOFs create a more uniform thermal
contact area, which decreases Kapitza resistance. The smooth energy transfer results from
the mitigation of phonon scattering caused by mismatches in acoustic properties between
materials [60]. The ordered structure of MOFs ensures that heat conduction is not only
through direct contact but also facilitated by the framework’s intrinsic thermal conductivity.
This supports efficient energy propagation.

The enhancement in thermal conductivity from MOFs is due to improved phonon
transport, as MOFs create ordered pathways that reduce scattering events at material
interfaces. This effect is particularly beneficial in polymer composites, aligning thermal
pathways and promoting efficient heat conduction [61]. For example, incorporating MOFs
with high thermal conductivity into polymers has been shown to enhance their thermal
conductivity, making these composites suitable for high-performance thermal applica-
tions [62]. Thermal conductivity remains a critical factor in emerging technologies and
applications, including heat exchangers, aerospace, and mechanical instrumentation. Many
advanced smart materials used in electronic devices generate heat during operation, lead-
ing to temperature increases that can degrade their performance. Elevated temperatures
may also compromise the mechanical stability and functionality of polymeric components.
To address this challenge, various strategies have been proposed to improve the thermal
conductivity of polymers, with most focusing on the integration of thermally conductive
nanoparticles [63].

Certain MOFs, such as MIL-101, UiO-66, and HKUST-1, have shown remarkable
promise in enhancing thermal conductivity when incorporated into heat exchanger ma-
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terials. MIL-101, with its large pore structure and high BET surface area of 3873 m?/g,
facilitates efficient heat transfer and has been widely studied for improving thermal trans-
port in composite systems [64,65]. MIL-101 has thermal conductivity ranging from 0.83
to 0.86 W/m-K. UiO-66, known for its exceptional stability and tunability, enables strong
thermal conductivity enhancements, particularly in polymer composites [66,67]. UiO-66
has a BET surface area of 1041 m?/g. HKUST-1, composed of copper nodes and organic
linkers, also demonstrates superior thermal properties, helping reduce interfacial thermal
resistance in metal composites [68,69]. These MOFs contribute significantly to optimizing
heat exchanger efficiency through enhanced thermal pathways. Several MOFs are used in
adsorption heat pumps, and they have different water uptake. Some of these can be seen in
Figure 5, for which the original data values have been extracted from [70-82].

1.2 1

1.00

1.0

0.8

0.6

0.4

Maximum Water Loading (gy,0/€,45)

0.2

0.0

gz 2 g g2 2 2 0 & ¢ % 2 § 8 &
EEE 5 g = s 8 2 28 =z @ E’n 5 & N
EE B & 2 R T S S S E
z - g T 4 4 2 94 = £ 2
@) = — = = E =
= = = = «n

Figure 5. Maximum water vapor uptake (gH20/gaps) of various MOFs used in heat pumps.

Thermal conductivity is a critical property for materials used in heat transfer appli-
cations. The experimental measurement of MOF conductivity is highly influenced by
pore size. A summary of some results on the thermal conductivity of MOFs is presented
in Table 1. Similarly, Figure 6 illustrates that the Brunauer-Emmett-Teller (BET) surface
area of MOFs significantly surpass those typically found in conventional porous materials
like silica gel and some widely used metal oxides. The original data have been gathered
from [83-97].

Table 1. Thermal conductivity values of various types of MOFs, as determined in different studies.

Thermal Conductivity in

S. No. MOF W/(mK) Main Findings Ref.
° Silres® was used as a binder in thicknesses from 140 to
610 um, and it was extensively studied at 30-60 °C.
° Aluminum sample plates coated with aluminum fumarate
1 Aluminum Fumarate 0.07 and a silicon binder demonstrated conduction heat [98]

transfer mechanisms within the coating layer
(0.07 W/mK).

° The samples exhibited consistently high performance.
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Table 1. Cont.

Thermal Conductivity in

S. No. MOF W/(mK) Main Findings Ref.
° Increasing the pore size leads to higher thermal
conductivity, as it reduces the number of resistive
5 [CjuéBéTéC 8‘;’? junctions per unit length. [99]
U}O_ P 0' 19 ° The inter-particle contact conductance values for UiO-66,
1o ’ UiO-67, and Cu-BTC are 0.0117 uW/K, 0.09 uW /K, and
0.82 uW/K, respectively.
e The thermal conductivity of HKUST-1 is reduced by
3 HKUST-1 0.44-0.73 40-80%, influenced by the presence of adsorbates suchas ~ [100]
water, methanol, or ethanol.
Idealized MOF structures ° MOC};S vv_lth sr;laller p(})lres exhibit loyver them,;a}i
featuring various pore conductivity due to phonon scattering caused by
4 shapes f’; duding }Zubic 0.03 interactions between gas molecules and the crystal [101]
pores, triangular channels, structure. .
an I ch 1 ° Conversely, in larger pores (over 1.7 nm), the presence of
and hexagonal channels adsorbed gas has minimal impact on thermal conductivity.
. ° These observations were made at 30-130 °C.
5 MIL-101/20% Few Layer 0.8322-0.8603 o Observed thermal conductivities were 5.79-6.54 times that ~ [102
Graph FLG
raphene (FLG) of pure MIL-101.
° In this study, the transient plane source technique was
used.
6 MOF-5 0.1218-0.1477 ° The specific heat capacities of pure MOF-5 at low [103]
temperatures were observed for a range between 93 and
313 K.
. The value was determined at 300 K.
7 MOF-5 0.32 ° The thermal conductivity increases with temperature in [104]
the range of 6-300 K, reaching a peak around 20 K.
° They observed that the extremely low thermal
conductivity is attributed to intense phonon-phonon
8 MOF-5 0.33 scattering caused by the dense and interwoven (105]
low-frequency phonons.
e  The steady-state method was used in this research study.
° The ultralow thermal conductivity is attributed to several
factors: (a) phonons, which represent lattice vibrations; (b)
Ni3(2,3,6,7,10,11- the heterogeneity of atomic masses and bond stiffness,
9 hexaiminotriphenylene), 0.21 which leads to phonon scattering; (c) the disordered 106
pheny P &
(Niz(HITP),) a 2D MOF arrangement of individual layers, resulting in additional
phonon scattering; and (d) the very small particle size of
crystallites and grain boundaries, which further contribute
to phonon scattering.
Tetracyanoquinodimethane ° The incorporation of TCNQ enhances thermal
10 (TCNQ) 0.23-0.31 conductivity by increasing the phonon density in the [107]
@HKUST-1 low-frequency /high-group-velocity range.
e  With the temperature increment from 300 to 1000 K.
° In ZIF-8, longitudinal vibrations account for 60% of
L ZIF-8 0.165-0190 thermal transport, while transverse vibrations contribute [108]
40%.
ZIF-8(H)ZIF-8 0.165 ° The presence of functional groups such as -H, -CH3, -Cl,
C1)ZIF-8 0.138 and -Br leads to a decrease in thermal conductivity,
12 %
Br)ZIF-8 0.142 rimarily due to the damping effect caused by acoustic [109]
P y pmng y
(CH3) 0.174 mismatch.
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Table 1. Cont.

Thermal Conductivity in

S. No. MOF W/(mK) Main Findings Ref.
° In this study, the transient plane source technique
was used.
13 ZIF-8 0324-0.328 e  Thermal conductivity remains nearly constant regardless  [110]
of the ambient gas and pressure, ranging from
atmospheric pressure to a vacuum.
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Figure 6. A schematic representation of the ultrahigh porosity of MOFs in heat transfer systems,
highlighting their surface area in comparison with commonly used silica gel and commonly used
metal oxides.
Embedding MOFs within metal and polymer matrices is an effective strategy to
leverage the thermal properties, mechanical strength, and structural tunability of MOFs.
These composites are especially valuable in heat exchanger applications, where both
thermal conductivity and mechanical stability are critical. This section reviews key methods
for embedding MOFs into metal and polymer matrices, highlighting techniques like in
situ growth, physical blending, and surface functionalization. Figure 7 illustrates the MOF
synthesis method over the years [111].
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Figure 7. The development of MOF synthesis method over the years (updated and reproduced with
permission from the Royal Society of Chemistry).

In situ growth is a widely used approach for embedding MOFs in both metal and
polymer matrices. In this method, MOF crystals form directly within the matrix mate-
rial, resulting in a composite with strong interfacial adhesion and uniform distribution.
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For metal matrices, in situ growth involves immersing the metal substrate in a solution
containing MOF precursors, allowing MOF crystals to nucleate and grow on the metal
surface. This process promotes thermal conductivity, as it creates continuous thermal
pathways between the MOF and metal, reducing thermal boundary resistance [112]. In
polymer matrices, in situ growth can involve dissolving MOF precursors within a polymer
solution, which leads to MOF crystallization as the polymer matrix solidifies. This method
ensures a well-integrated composite structure with enhanced mechanical properties and
homogeneity [113].

Physical blending involves mixing pre-synthesized MOF particles with metal or
polymer matrices, often through mechanical blending or extrusion. While cost-effective and
scalable, this method faces challenges in achieving uniform dispersion and strong interfacial
bonding, which can limit thermal transport enhancement [114]. In polymer matrices,
physical blending typically involves dispersing MOF particles in a polymer solution or
melt, followed by casting or extrusion to form a composite. Advanced mixing techniques,
such as ultrasonic dispersion or high-shear mixing, are often employed to improve the
distribution of MOFs within the polymer, minimizing aggregation and enhancing the
composite’s thermal and mechanical properties [115]. Additionally, physical blending
offers flexibility in choosing MOF—polymer combinations, allowing for fine-tuning of
composite properties according to specific heat exchanger applications.

Surface functionalization enhances compatibility and bonding between MOFs and
polymer matrices by introducing functional groups like -NH, or -COOH. This strengthens
the interface, improves mechanical properties, and reduces thermal resistance, optimizing
thermal transport in the composite [116]. For metal matrices, surface functionalization can
involve coating the MOF particles with metal-compatible agents, which encourages better
integration and reduces particle agglomeration within the metal host. This method has
been shown to significantly enhance the thermal conductivity and stability of MOF-metal
composites under high-temperature conditions. Studies have demonstrated that MOFs like
MIL-101 and UiO-66, when functionalized and embedded in aluminum or copper matrices,
exhibit superior thermal performance and robustness, making them highly suitable for
heat exchanger applications [117].

Electrochemical deposition is a more specialized method used primarily for embed-
ding MOFs in metal matrices. In this process, a metal or alloy is electrodeposited onto
a surface along with MOF particles in a controlled environment, ensuring uniform dis-
tribution and integration. Electrochemical deposition creates a composite with excellent
interfacial adhesion and controlled MOF loading, which is beneficial for enhancing thermal
pathways within the material. This method is advantageous for applications requiring
precise control over the composite’s microstructure, and it has been successfully applied in
embedding MOFs like ZIF-8 within copper and aluminum matrices for enhanced thermal
conductivity in heat exchangers [118-120].

Each method for embedding MOFs in metal and polymer matrices has unique ad-
vantages and challenges. In situ growth ensures strong interfacial bonding but requires
precise control of MOF growth conditions, while physical blending offers simplicity but
may suffer from non-uniform distribution. Surface functionalization enhances compat-
ibility and integration, especially in polymer matrices, but adds complexity in terms of
processing. Electrochemical deposition, though specialized, allows for precise structural
control in metal matrices. By carefully selecting and optimizing these embedding tech-
niques, researchers can develop MOF-based composites that meet the rigorous thermal
and mechanical demands of advanced heat exchangers [121-123].
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2.2. MOF-Polymer and MOF-Metal Nanocomposites
2.2.1. Advantages and Applications of MOF-Polymer Composites

The integration of MOFs with polymers has shown substantial potential in enhancing
the efficiency and performance of heat exchangers, particularly for compact systems like
HVAC units. The combination leverages the inherent benefits of polymers, such as flexibil-
ity, lightweight structure, and mechanical robustness, alongside the superior surface area
and thermal properties of MOFs [124]. This synergy not only improves thermal conductiv-
ity but also enhances moisture management, making these composites highly efficient for
energy-intensive applications [125]. MOF-polymer composites, such as those involving
ZIF-8 embedded within polyimides (PI), have been extensively studied for their enhanced
heat transfer capabilities. ZIF-8 is known for its high porosity, stability, and large surface
area, which allows for efficient heat dissipation. When ZIF-8 is incorporated into polyimide
matrices, it significantly improves thermal conductivity while preserving the mechanical
flexibility of the polymer [126]. Some of the prominent MOF-Polymer composites are listed
in Table 2, along with their applications.

Table 2. Prominent MOF-Polymer Composites and their applications in different fields.

S. No. Composite Name Description Applications Ref.
- ZIF-8 embedded in polyimide enhances thermal HVAC systems fpr efficient heat
ZIE-8/Polyimide (PI) . . AT s transfer and moisture management,
1 : conductivity while maintaining the flexibility and . . [127-129]
Composite as well as in gas separation
robustness of the polymer. S
applications.
MIL-101(Cr) combined with PSU improves
5 MIL-101(Cr)/Polysulfone ~ mechanical strength and thermal stability. The high  Air purification, nano-filtration, and [130-132]
(PSU) Composite surface area of MIL-101(Cr) contributes to superior  gas separation.
adsorption capabilities.
. UiO-66 incorporated into PEO enhances thermal Lithium-ion batteries, proton
UiO-66/Polyethylene . . . . .
3 . . conductivity and mechanical properties, along with ~ exchange membranes, drug delivery,  [133-135]
Oxide (PEO) Composite . . . . . .
increasing moisture resistance. and water filtration systems.
MOEF-5/Polymethyl MOF-5 embedded in PMMA improves the thermal Lishtweight thermal insulation
4 Methacrylate (PMMA) and mechanical properties of the polymer, 5 5 . [136,137]
C g S . - panels and coatings.
omposite enhancing its use in structural applications.
HKUST-1/PDMS HKUST_.l ! ntegrzflted Wl.th. PDMS nereases thermal Heat exchangers, wearable
5 Composite conductivity while retaining the flexibility and electronics. and «as SENsors [138,139]
P elasticity of PDMS. , & :
g MOF-801 embedded in PU improves thermal HVAC systems, energy-efficient
6 MOF-801/Polyurethane stability and adsorption properties, making it ideal ~ coatings, and adsorptive [140,141]

(PU) Composite

for applications requiring flexibility and durability.

cooling systems.

2.2.2. Applications and Advantages of MOF-Metal Composites

MOF-metal nanocomposites have gained significant attention for their enhanced
thermal conductivity and mechanical durability, making them ideal for applications where
efficient heat transfer is crucial. By combining MOFs with high-conductivity metals like
copper and aluminum, researchers have developed composites that outperform traditional
materials in heat exchanger and cooling systems [142,143].

Copper (Cu) is widely recognized for its excellent thermal conductivity (~400 W/m-K),
making it an ideal candidate for integration with MOFs to improve heat transfer perfor-
mance. Studies have shown that embedding MOFs like HKUST-1 (a copper-based MOF)
into copper matrices results in composites with enhanced thermal transport properties [144].
The combination of aluminum with MOFs such as MIL-101(Cr) or UiO-66 results in materi-
als that not only enhance heat transfer but also exhibit increased resistance to corrosion and
thermal degradation [142]. This improvement is attributed to the high surface area and
porosity of the MOF, which facilitates faster heat dissipation, especially in compact systems
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like HVAC units. Some of the relevant case studies related to heat transfer enhancement
using MOFs are noted in Table 3.

Table 3. Relevant research studies in which MOFs are used for enhancement of heat transfer.

S. No. MOF Used Heat Exchanger Type Main Findings Ref.
° Exchanger total fin area was 7.26 m?2.
Sodium ° Regeneration temperature of 50 °C was used.
1 olvacrvlate Single-row finned-tube ° Cycle Time in this study was 15 min. [145]
polyacry ° Obtained Coefficient of Performance (COP) of 0.294,
which was increased by 16.2%.
° Exchanger total fin area was 1.452 m2.
Rectaneular finned . Regeneration temperature of 50 °C was used.
2 MIL-100 (Fe) heat sir%ks ° Cycle Time in this study was 15 min. [146]
° Obtained COP of 0.42, which is an almost 43%
enhancement in comparison to [117].
ﬁiﬁlggl Ell:el):umarate ° Exchanger total fin area was 0.9948 m?.
MIL-100 (Fe)/G Wire-finned heat ° Regeneration temperatures of 45, 60, and 70 °C were used.
3 MOF-303/ (e; exchaneer ° Cycle Time in this study was 15 min. [147]
MOF-801 & . Obtained COP of 0.62, 1.02, and 1.20 at regeneration
MOE-801/G temperatures of 45, 60, and 70 °C, respectively.
° Coated wire-finned heat exchanger produced Specific
. Wire-finned heat Cooling Power (SCP) of 682 W /kg.
4 Aluminum Fumarate exchanger e  Obtained COP of 0.32, which is almost 39% more than [13]
packed exchanger.
° The optimal half-cycle time was observed at 250 s, with
the temperatures of the evaporator, condenser, adsorption,
and desorption water at 24 °C, 25 °C, 25 °C, and 85 °C,
5 Aluminum Fumarate Packed heat exchanger respectively. [148]
° Under these conditions, the SCP, Specific Desorption
Water Production (SDWP), and COP were 226 W /kg, 8.66
L/kg/day, and 0.5, respectively.
° The MOF-coated heat exchangers delivered a cooling
power density of 82 W-L~1.
The results show that the system achieved a high COP of
6 MIL-100 (F Packed heat exch ¢ b4 & 51
(Fe) acked heat exchanget up to 7.9 and reduced energy consumption by 36.1% [51]
compared to the conventional Vapor-Compression Air
Conditioning (VCAC) system with reheating.
CAU-23 ° It was observed that MOF-based systems can achieve a
7 CAU-10 Plate-tvpe heat exchaneer COP that is 2.7 to 6 times higher than silica gel-based [149]
Co,Cp (BTDD) yP 8 systems, with an optimal regeneration temperature range
2 of 40 to 75 °C.
° This study was carried out in the hot and humid climate
of Qatar.
° Throughout the entire cooling season, the hybrid system
utilizing MIL-101 (Cr) was found to reduce thermal and
8 MIL-101 (Cr) Cross-flow heat exchanger electrical energy consumption by 17% and 48%, [150]

respectively, compared to the system using silica gel.
This resulted in a 27% decrease in operating costs, with a
payback period of 11 years, based on the current market
price of MIL-101 (Cr).
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Table 3. Cont.

S. No. MOF Used Heat Exchanger Type Main Findings Ref.
° The results indicated that Aluminum Fumarate achieved
CPO27 (NI) the highest COP of 0.65, with a water removal rate of
MIL100 (Fe) 12.65 g/kg dry air.
9 MIL-101 (Cr) Cross-flow heat exchanger o In contrast, MIL-101 (Cr) demonstrated the highest [151]
Aluminum Fumarate moisture removal rate of 15.99 g/kg dry air, but its COP
silica gel was 0.44 when compared to silica gel and other MOF
materials used in the study.
MOF-801 e  The MOF-801/water pair can achieve a gross temperature
. lift of approximately 30 K with a COP of 0.4867,
10 Aluminum Fumarate . . . [152]
MIL-100 (Fe) outperforming aluminum fumarate with a COP of 0.3903
and MIL-100 (Fe) with a COP of 0.0926.
2.3. MOF-Based Nanomaterials for Enhanced Fouling Resistance
Fouling is a persistent issue in heat exchangers, as the accumulation of unwanted deposits
on surfaces reduces heat transfer efficiency, increases energy consumption, and leads to higher
maintenance costs. Recent advancements in materials science have shown that coating heat
exchanger surfaces with MOFs can mitigate fouling, especially in systems where water or other
fluids are involved [153]. The unique structural properties of MOFs, such as their high surface
area, tunable pore sizes, and selective adsorption capabilities, make them effective in minimizing
fouling, thereby enhancing the efficiency and longevity of heat exchanger systems [154].
Hydrophobic MOFs, such as ZIF-8, have been particularly effective in reducing fouling by
repelling water and other contaminants. The hydrophobic nature of ZIF-8 helps in preventing
moisture-induced biofilm formation, which is a common problem in condenser units. Some of
the studies related to fouling reduced by using MOFs are discussed in Table 4.
Table 4. Relevant research studies in which reduction in fouling is observed using MOFs.
S. No. MOF Used Main Findings Ref.
The coated membranes were experimentally evaluated in an air-to-air membrane
enthalpy exchanger.
Results showed that the effectiveness increased from 44.4% for the original
polyvinylidene fluoride (PVDFA45) to 45.9% and 47.7% for the ZIF-8@PVDF45 and
HKUST-1@PVDF45 membranes, respectively, at a flow rate of 0.24 L/s.
1 ZIF-8@PVDF45 This improvement occurs due to improved hydrophilicity and a higher specific surface [129]
HKUST-1@PVDF45 area, facilitating better moisture adsorption and transfer. These enhancements optimize
the interaction between the air and the membrane, boosting the overall dehumidification
and heat exchange efficiency.
This study highlights a simple and effective approach to improve the efficiency of
polymer membranes in air-to-air enthalpy exchangers, potentially reducing energy use in
buildings and lowering greenhouse gas emissions.
MOF-based slippery surface infused with ionic liquid demonstrates exceptional
antifouling capabilities.
The MOF-based slippery surface exhibited excellent antifouling performance, maintaining
2 MIL-110 effectiveness in a 10-day trial and even under more rigorous conditions in a subsequent [155]
21-day test.
The amount of lipopolysaccharide (LPS) adsorbed on the Slippery Lubricant-Infused
Porous Surface (SLIPS) was reduced by 50% compared to a plain aluminum sheet.
After submerging the coatings in the local seawater for two months, the untreated side
was heavily covered with calcareous tubeworms and barnacles, whereas the prepared
3 CuZn-MOEF-74 (PBMA) coatings showed significantly fewer macrofouling organisms. [156]

A UV-curable poly butyl-methacrylate (PBMA) coating incorporating a low concentration
of MOF-74 (e.g., 3 wt% to 6 wt%) has proven effective in preventing biofouling.
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Table 4. Cont.

S. No.

MOF Used Main Findings

Ref.

4

GO/ZIF-8 MOF

° Antifouling tests included Adsorption of Bovine Serum Albumin (BSA) and
Anti-Biofouling Activity against Bacteria.

. All the tests supported that GO/ZIF-8 MOF coating has enhanced
antifouling characteristics.

[157]

5

PDMS@MOF@Cu

° Due to its super hydrophobic properties, the PDMS@MOF@Cu mesh demonstrates

from everyday drinks and dirt.

outstanding antifouling and self-cleaning capabilities, effectively resisting contamination

[158]

2.4. Applications in Specific Heat Exchanger Designs
2.4.1. Compact Plate Heat Exchanger

The compact design of plate heat exchangers (PHEs) is highly advantageous for
applications demanding space efficiency, such as HVAC systems, automotive cooling, and
chemical processing units. These exchangers consist of closely packed plates that maximize
the surface area for heat transfer; enhancing the overall efficiency while minimizing space
requirements remains a significant challenge, leading to decreased thermal performance
and increased maintenance costs [159]. In recent years, utilization of MOFs in the design of
heat exchangers has demonstrated promising results in enhancing heat transfer efficiency
and reducing fouling [160]. PHEs consist of corrugated stainless steel plates sealed with
gaskets to prevent fluid mixing and ensure efficient heat transfer via a counter-current flow
design. Their modular construction allows thermal output adjustment, easy maintenance,
and cleaning, making them ideal for industries like food processing, pharmaceuticals,
shipbuilding, and oil and gas [159,161]. ZIF-8 MOFs have demonstrated a substantial
improvement in thermal performance due to their ability to facilitate efficient thermal
transport and fluid flow.

A study reported by Zhang et al. demonstrated ZIF-8/PI coated heat exchanger plates
could achieve a significant enhancement in heat transfer rates while also reducing fouling
due to the hydrophobic characteristics of the composite. Additionally, an experimental
investigation revealed a compact PHE with a ZIF-8 composite led to a 12% increase in
heat transfer efficiency compared to uncoated units. This improvement is attributed to the
unique structure of ZIF-8 reducing surface energy, thus minimizing the adhesion of fouling
agents [162]. Table 5 discusses some research studies, along with their key findings, related
to PHE employing MOF as coating material.

Table 5. Research studies and their key findings related to PHE employing MOF as coating material.

S. No.

MOFs Used Main Findings

Ref.

Aluminum Fumarate

. The research explored the absorption of refrigerants on solid absorbents, presenting a
potentially eco-friendly solution for HVAC systems.

. The study utilized frequency response analysis to assess the adsorption dynamics and

equilibrium properties of water on MOF-based nanocoatings.
e Aluminum plates coated with aluminum fumarate and a silicon binder demonstrated

conductivity close to 0.07 W/(m-K).
. The calculated effective thermal resistance ranged from 1 to 4 (m2~K)/ kW.

The decrease in thermal resistance is due to the highly porous structure and large surface
area of MOFs, which enhance heat transfer by reducing thermal boundary resistance, while
the silicon binder ensures uniform particle distribution and better thermal connectivity.

conduction-driven heat transfer mechanisms within the coating layer, achieving thermal

[98]
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Table 5. Cont.

Main Findings

Ref.

S. No. MOFs Used
CAU-23
2 CAU-10

C02C12 (BTDD)

MOF-based systems demonstrate a COP that is 2.7 to 6 times greater than traditional silica
gel-based systems, depending on external environmental conditions.

These systems perform most efficiently at regeneration temperatures between 40 °C and 75
°C, allowing the utilization of low-temperature heat sources to enhance energy efficiency.
The improvement in COP with MOF compared to silica gel is due to MOFs” higher water
adsorption capacity, faster adsorption kinetics, and the ability to regenerate efficiently at
lower temperatures, reducing energy consumption.

[149]

The humidity pump utilizing MIL-100(Fe) as the desiccant layer demonstrates significantly

better dehumidification performance compared to silica gel-based systems.
° Key performance metrics for the MOF-based pump include a dehumidification rate of

34.9 g/h, a moisture removal efficiency of 1.14 g/Wh, and a dehumidification COP of 0.46.

These performance indicators are approximately double those achieved by silica
gel-coated systems.

MIL-100 (Fe) . The results highlight the enhanced potential of MOF materials in applications requiring

efficient humidity control.

. The superior performance of MOF-based systems arises from their higher adsorption
capacity, faster kinetics, and ability to regenerate at lower energy inputs.

. MIL-100(Fe)’s tailored pore structure and hydrophilic properties allow it to adsorb and
release water more efficiently, significantly boosting dehumidification rates, moisture
removal efficiency, and dehumidification COP compared to silica gel.

[146]

2.4.2. Fin Tube Heat Exchangers

The integration of MOFs in fin tube heat exchanger designs offers considerable
promise, especially in high-temperature and high-pressure environments. Fin tube ex-
changers are commonly used in industrial settings due to their ability to increase heat
transfer surfaces, thereby enhancing efficiency. By embedding MOF-metal nanocomposites,
such as those made with copper or aluminum, these heat exchangers can achieve even
greater thermal performance while maintaining structural integrity under challenging
conditions [160].

Sun et al. [163] carried out an experimental study under outdoor conditions in Singa-
pore. The system achieved a moisture removal rate of 9.32 g/kg of dry air, with a thermal
COP of 0.70 and a waste heat utilization efficiency of approximately 74.2%. To further boost
energy efficiency, a heat recovery subsystem was implemented to capture waste heat from
the exhausted regeneration air. By optimizing the pre-regeneration process to 3 min, the
system’s moisture removal was slightly reduced to 9.01 g/kg; however, this adjustment
significantly enhanced the thermal COP and waste heat utilization to 1.34% and 86.5%,
respectively. Similarly, an another study demonstrated that coating aluminum fins with
CPO-27 (Ni) resulted in a 15% increase in heat transfer efficiency due to improved thermal
conductivity and enhanced fluid flow across the heat exchanger surfaces. The porous
nature of MOFs contributes to effective heat dissipation by reducing thermal resistance
while maintaining excellent mechanical stability, even at high operating temperatures [164].
Table 6 discusses some research studies, along with their key findings, related to fin tube
heat exchangers employing MOF as a coating material.

2.4.3. Wire-Finned Tube Heat Exchangers

The use of Metal-Organic Frameworks (MOFs) in wire-finned tube heat exchangers
for HVAC and refrigeration systems has gained attention due to their exceptional moisture
adsorption and desorption properties. MOFs are highly porous materials with large surface
areas and tunable pore sizes, which make them highly effective in enhancing the efficiency
of dehumidification processes, thus improving overall system performance [160]. Some of
the studies found in the literature are discussed in Table 7, along with their key findings.
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Table 6. Research studies and their key findings related to fin tube heat exchanger employing MOF
as coating material.

S. No.

MOFs Used Main Findings

Ref.

1

° A computational fluid dynamics (CFD) approach was used to evaluate the performance of
a MOF-based heat pump (MOF-HP), establishing interactions among humid air, desiccant
material, and the heat sink.

° The model incorporated fluid flow, heat transfer, and species transport subdomains and
was validated against experimental data under various operating conditions.

e A parametric analysis identified the optimal desiccant thickness for the system,
recommending a range of 0.3 to 0.5 mm for improved geometry.

e  The optimized system configuration demonstrated an increase in the coefficient of
performance (COP) by 1.51 to 1.59 times compared to the initial design.

° The improved COP is attributed to the optimized desiccant thickness because it has
minimal thermal resistance, which enhances heat and mass transfer efficiency, reducing
energy losses and maximizing the adsorption-desorption cycle’s effectiveness.

° Experimental validation maintained discrepancies within 15%, confirming the accuracy
and reliability of the developed model.

MIL-160 (Al)

[165]

2

. The coating’s hygroscopic performance was tested with varying binder types, binder mass
concentrations, and MOF mass concentrations.

e  Optimal performance was achieved at 15 wt% PVP and 20 wt% MOF, resulting in a 51.71%
improvement over silica coating.

e The composite adsorbent’s cost was reduced by 78.04% compared to pure MOF fabrication.

. The moisture removal capacity (MRC) of the DCHE was 6.740 g/kg, 149.63% higher than
that of silica coating.

. The improvement in MRC is due to the synergistic effect of optimized binder and MOF
concentrations, enhancing the material’s water adsorption capacity and reducing structural
limitations associated with silica coatings.

MIL-100 (Fe)

[166]

3

e A full-scale functional heat exchanger coated with microporous aluminum fumarate
achieved a maximum COP of 0.72 at an evaporator temperature of 22 °C.
e  For data center cooling, operating with heat rejection at 35 °C and delivering useful cold at
Aluminum Fumarate 18 °C, the system demonstrated an equilibrium cooling COP of 0.69.
° The increase in COP results from the MOF coating’s enhanced adsorption-desorption
efficiency, which improves heat transfer and cooling performance compared to
conventional heat exchangers.

[167]

4

° The binder solution used for coating comprised a 10% binder-solvent mixture and 90%
aluminum fumarate as MOF.

° Increasing the coating thickness from 0.05 mm to 0.2 mm resulted in an average
enhancement of 113% in the dehumidification performance.

. Extending the operating time from 150 s to 300 s led to a 131% improvement in the average
dehumidification performance.

e The enhancements are due to the increased MOF coating thickness and extended operating
time, which maximize the material’s adsorption capacity. Additionally, reducing space
velocity increases the contact time between air and the MOF, further improving moisture
adsorption efficiency.

Aluminum Fumarate

[168]

Table 7. Key results of research studies on using MOFs in Wire-Finned Tube Heat Exchangers.

S. No.

MOFs Used Main Findings

Ref.

e Wire-finned tubes coated with MOF-303/G demonstrated superior performance compared to
those coated with Aluminum fumarate, MIL-100(Fe), MIL-100(Fe) /G, MOF-801, and

Aluminum Fumarate MOEF-801/G, achieving a water uptake of 22%.

MIL-100 (Fe) The COP of the multi-tube heat exchanger coated with MOF-303/G was experimentally

MIL-100 (Fe)/G evaluated and compared to other desiccant-coated heat exchangers. The results indicated

MOF-303/G that the COP ranged from 0.6264 to 1.02 to 1.2 at regeneration temperatures of 45 °C, 60 °C,

MOF-801 and 70 °C, respectively.

MOE-801/G e MOF-303/G exhibited superior water uptake and COP due to its highly porous structure and
exceptional hydrophilic properties, which enhance water adsorption efficiency. Additionally,
its optimized thermal conductivity ensures effective heat transfer during regeneration,
enabling higher COP at lower regeneration temperatures compared to other MOFs.

[147]
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Table 7. Cont.

S. No.

MOFs Used Main Findings

Ref.

2

Aluminum Fumarate

° The wire-finned heat exchanger with a specialized coating achieved a Specific Daily Water
Production (SDWP) of 23.5 m?/ton/ day, outperforming the packed heat exchanger, which
reached only 12.7 m3/ton/ day.

° In adsorption cooling applications, the coated wire-finned heat exchanger demonstrated a
SCP of 682 W /kg and a COP of 0.32, significantly higher than the packed heat exchanger,
which recorded 318.5 W/kg and a COP of 0.23.

e Aluminum fumarate demonstrated superior water uptake and COP due to its high surface
area and favorable adsorption isotherms, which enhance moisture capture and energy
efficiency. Its effective integration into the wire-finned heat exchanger ensures improved heat
and mass transfer, resulting in higher SCP and SDWP compared to packed heat exchangers.

[13]

3

e A heat-powered adsorption heat pump utilizing MOF adsorbent material was applied in a

Aluminum Fumarate

combined desalination and cooling system.
° The cooling unit generated over 6.9 kW of cooling power, achieving a COP of 0.26. This

exchanger adsorber beds.
e Aluminum fumarate’s high adsorption capacity and efficient heat transfer properties
contributed to its enhanced performance.

performance was obtained using a coating thickness of 0.75 mm on the wire-finned tube heat

[169]

4

MIL-101 (Cr)

° The validated model was employed to examine the impact of fin height, fin spacing, and tube

diameter on SCP and SDWP using silica gel.

. The results demonstrated that reducing the fin height significantly enhanced both SCP and

SDWP, reaching peak values of 1.3226 kW /kg and 23 L/kg/day at a fin height of 5 mm.

SCP and SDWP by approximately 25%.
e  The improvements in SCP and SDWP occurred because reducing the fin height and fin
spacing enhanced the heat and mass transfer rates. A lower fin height reduced thermal

resistance for adsorption, while closer fin spacing improved airflow distribution, enabling

more efficient moisture removal and cooling performance.

. Additionally, decreasing the fin spacing from 11.5 mm to 3.6 mm led to an improvement in

[170]

3. Innovations and Challenges in MOF-Based Heat Exchanger
Applications

3.1. Innovations in Synthesis and Fabrication

In recent years, significant innovations in the synthesis of MOF-based nanocom-
posites have focused on improving scalability and cost-effectiveness, crucial for their
industrial adoption.

3.1.1. Scalable Synthesis Method

Traditional synthesis methods, such as solvothermal processes, have been widely used
to produce MOFs, but their scalability has often been limited by high energy consumption
and lengthy reaction times [171]. To address these limitations, microwave-assisted synthesis
has emerged as a promising alternative. This method accelerates reaction times and offers
better control over particle size and morphology, resulting in high-quality MOFs with
improved performance in heat exchanger applications [172,173].

Solvothermal methods, though widely employed for laboratory-scale production,
have seen advancements in recent years to improve scalability. Researchers have developed
optimized protocols to enhance the synthesis efficiency and yield, making solvothermal
processes more suitable for large-scale production [174]. This advancement, coupled with
the development of new MOF precursors and solvents, has allowed for a more controlled
and reproducible production process, enabling MOFs to be produced at a commercial scale
without compromising material quality [175,176].

Microwave-assisted synthesis has revolutionized the production of metal-organic
frameworks (MOFs), making it more cost-effective and efficient, especially for industrial
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applications [177]. Traditionally, the synthesis of MOFs using solvothermal methods is
time-consuming, often requiring several hours to days, along with significant energy con-
sumption [178]. In contrast, microwave-assisted synthesis dramatically reduces reaction
times to just a few minutes, while also lowering the energy input, making it a more sustain-
able and economically viable method for large-scale production provided by microwave
radiation, which leads to uniform nucleation and accelerated crystallization rates, resulting
in MOFs with consistent particle size and morphology, and enhanced crystalline charac-
teristics. This uniformity is crucial for industrial applications where consistent material
properties are needed to ensure reliable performance, especially in heat exchanger systems
where thermal conductivity and adsorption capacity are critical [179,180]. Figure 8 rep-
resents the schematics for the operating principles of the widely used synthesis methods
for nanoparticles.
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Figure 8. Operating principles for (a) sol-gel process to synthesize metal oxide nanoparticles [181],
(b) solvothermal synthesis process for MOF (ZIF-8) [182], (c) hydrothermal process for synthe-
sis of metal oxide (ZnO) nanoparticles [183], (d) atomic layer deposition (ALD) synthesis [184],
(e) microwave-assisted synthesis of metal oxide nanoparticles [185], and (f) chemical vapor deposi-
tion (CVD) synthesis of CNTs along with their base and tip growth mechanism [186] (reprinted with
permission from Springer Nature, Wiley, and MDPI).
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3.1.2. Surface Functionalization Method

Surface functionalization of MOFs has gained significant attention as a means to
enhance their properties for heat exchanger applications. By grafting specific functional
groups onto the surface of MOFs, researchers can improve thermal conductivity, mechanical
strength, and chemical stability, making these materials more suitable for demanding
industrial environments [187]. Such techniques can be broadly categorized into structural
modifications and post-synthetic functionalization techniques. Techniques such as ligand
exchange, metal ion exchange, and annealing can improve stability by strengthening the
coordination bonds or modifying the MOF’s surface properties [188]. For instance, ligand
exchange with hydrophobic molecules has been shown to protect MOFs against moisture
degradation [189]. Figure 9 represents several strategies through which properties of MOFs
can be tailored to attain stability.
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Figure 9. Various techniques used to attain stability of MOFs [190] (reprinted with permission from
Royal Society of Chemistry).

Functionalization with alkyl or amine groups has been shown to enhance thermal
conductivity by creating better interfaces between the MOF particles and the surrounding
matrix. In composite material, ZIF-8 functionalized with amine groups exhibited better
integration into polymer matrices, leading to increased mechanical strength and durability,
which are essential for heat exchanger components that operate under variable thermal
cycles [191]. Table 8 discusses some of the research studies carried out for enhancement in
thermal properties of MOFs using the Surface Functionalization Method.
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Table 8. Several research studies regarding Surface Functionalization Method to improve properties

of MOFs.

S. No. MOF Used

Function Group Added

Main Findings

Ref.

UiO-66 (Zr)
MIL-125 (Ti)

amino (-NHy)

The amino-functionalized MOFs, H,N-UiO-66 (Zr) and H,N-MIL-125
(Ti), demonstrate high adsorption enthalpies (89.5 and 56.0 kJ /mol,
respectively) and exhibit an exceptionally favorable water adsorption
isotherm due to their increased hydrophilicity.

In particular, HyN-MIL-125 shows a notably steep increase in its water
adsorption isotherm, making it highly advantageous for heat

pump applications.

[77]

2 MIL-101-NH;

(Cr)

A new fatty acid@MOF composite phase change material (PCM) has
been developed, achieving shape stabilization for the first time.

This innovation addresses common challenges associated with
traditional PCMs, such as leakage and significant volume changes
during phase transitions.

The SA@Cr-MIL-101-NH, composite demonstrated excellent thermal
stability and long-lasting durability, making it a promising candidate for
renewable energy storage applications.

[192]

3 MIL-53

(AD)

The modified MIL-53 (Al) MOFs were found to adjust both
hydrophilicity and hydrophobicity characteristics, enhancing water
adsorption capacity to as much as 0.9 g/g.

The ligand-extended MIL-53 (Al) variants demonstrated superior water
transfer efficiency between humid (relative humidity of 80-90%) and
regeneration conditions (RH of 30%).

They also achieved a substantial Thermal Energy Storage Density (TESD)
of up to 1.54 MJ /L.

[193]

4 HKUST-1

(Cu)

In this study, HKUST-1 was successfully grown on copper nanofibers
using a homologous Cu self-transformation growth method, resulting in
a uniform and tightly bonded MOF coating.

The composite retained a high surface area of 1473 m?/g.
Consequently, the HK@Cu-NF composite, with an 80% loading of
HKUST-1, demonstrated thermal diffusivity over three times greater
than that of pure HKUST-1.

[194]

5 MIL-125 (Ti)

hydroxyl (-OH), amino
(-NH?2), nitro (-NO»),
bromo (-Br), and pyridine
(-CsHsN)

The experimental findings indicate that (i) OH-MIL-125(Ti) exhibits
adsorption and desorption kinetics that are two to three times faster than
those of the unmodified MOF, and (ii) NH,-MIL-125(Ti) demonstrates
the most favorable water adsorption characteristics, particularly
regarding maximum water capacity and efficient water transfer.
Additionally, the introduction of the NO; functional group increases the
hydrophobic chain length, suggesting its suitability for desiccant-based
dehumidification systems.

[195]

3.2. Challenges in Industrial Integration
3.2.1. Cost and Feasibility

Integrating MOFs into industrial applications, particularly in heat exchange systems,

faces significant challenges, with cost being one of the most critical barriers. The synthesis,

fabrication, and incorporation of MOFs into large-scale industrial processes remain expen-

sive, largely due to the complex and energy-intensive methods traditionally used, such as

solvothermal and hydrothermal synthesis. These methods require high temperatures and

prolonged reaction times, leading to increased production costs [196]. Additionally, the

precursor materials for MOFs, especially metals and organic linkers, are not always readily

available with the desired stability, porosity, and mechanical robustness to withstand in-

dustrial conditions, such as high pressure and temperature, further driving up costs. For

instance, integrating MOFs into polymer or metal matrices to enhance their thermal and
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mechanical properties involves additional steps like surface functionalization, which can
increase both material and labor expenses [197]

Severino et al. [198] investigated the feasibility of using safe and economical batch
production techniques to scale up the synthesis of MOF MIL-160(Al) for industrial ap-
plications. They developed a straightforward approach to estimate the production cost
of this MOF, utilizing data gathered from laboratory pilot-scale experiments. This cost
evaluation, for the first time, considered all critical process factors, including production
scale, raw material expenses, recirculation, and washing procedures. According to their
findings, the projected production costs could range from approximately USD 55 per kg for
an annual output of 100 tons to about USD 29.5 per kg if scaled up to 1000 tons per year.
Similarly, Shahvari et al. [199] explored the impact of substituting traditional solid sorbent
materials like silica gel with various metal-organic frameworks (MOFs). Their study re-
vealed that the top-performing MOFs among those tested—specifically, Co,Cl, (BTDD)
(Co), Aluminum fumarate, and CAU-23 (Al)—could be regenerated at significantly lower
temperatures, ranging between 40 and 60 °C, depending on ambient conditions. This is a
notable improvement over silica gel, which typically requires regeneration temperatures
between 80 and 140 °C. Furthermore, the energy consumption for a MOF-based sorbent
wheel was found to be substantially lower, ranging from half to as little as one-eighth of
that needed for systems utilizing silica gel, varying with environmental conditions.

Cost-benefit analyses in the literature indicate that the initial capital expenditures
are high, yet the long-term operational savings can justify the investment. For example,
research discussed earlier reduced energy consumption up to 50%, resulting in substantial
cost savings over time. As the technology scales and newer, more efficient synthesis meth-
ods, such as microwave-assisted synthesis, become more prevalent, the costs associated
with MOF production are expected to decrease, potentially making industrial integration
more feasible [200].

3.2.2. Long-Term Stability and Durability

Ensuring the long-term stability and durability of MOF-based nanocomposites under
real-world operational conditions remains a significant challenge, particularly in harsh
environments such as high temperatures, elevated pressures, and corrosive atmospheres.
These conditions can degrade the structural integrity of MOFs, potentially reducing their
performance over time. The inherent porous structures of MOFs, while advantageous for
adsorption and heat transfer applications, are also prone to collapse or degradation when
exposed to extreme conditions [201]. Addressing these challenges is essential for their
practical use in industrial systems like heat exchangers and HVAC systems.

Recent studies have demonstrated efforts to enhance the stability of MOFs through
surface modifications and structural tuning. Cai et al. found that the incorporation of stabi-
lizing agents, such as graphene oxide, into MOF composites like MOF-808 /GO resulted in
enhanced resistance to thermal and mechanical stress. This hybrid structure improved the
overall durability of the composite, particularly under conditions of fluctuating humidity
and high heat [202]. Similarly, HKUST-1, while widely used due to its high surface area,
suffers from instability in humid conditions, as water molecules can disrupt its metal—-
ligand bonds [203]. Research has proved that introducing hydrophobic functional groups
or creating composite structures with polymers provides additional stability [204].

Despite these advancements, research is needed to develop MOFs that can withstand
prolonged exposure to harsh conditions without compromising their adsorption capacity
or thermal properties. There is ongoing work in the area of composite materials, where
embedding MOFs into metal or polymer matrices helps in enhancing their structural
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integrity while retaining their desirable properties. These hybrid composites show promise
in extending the operational life of MOFs in demanding applications, but scalability and
cost remain barriers that must be addressed for widespread industrial adoption.

4. Research Gaps and Future Directions for MOF-Based
Nanocomposites in Heat Exchangers

Advancements in material selection can lead to substantial improvements in perfor-
mance across various applications. For Desiccant-Coated Heat Exchanger (DCHE) systems,
the ideal desiccant should possess a high water adsorption isotherm, rapid water uptake ki-
netics, and regeneration temperatures close to or below room temperature. These properties
help minimize the need for excess heat during desiccant regeneration, even after numerous
operational cycles, ensuring energy efficiency in DCHE applications [205-207]. Moreover,
the desiccant should be cost-effective, environmentally safe, and support recycling for
sustainable use. Early materials like silica gel, activated alumina, and AC were widely used
due to their high surface areas and effective water adsorption characteristics. To further
enhance performance, composites were developed by using these porous materials as a
foundational matrix, infused with hygroscopic salts, significantly boosting their adsorption
capacity—often doubling or even quadrupling it [208,209]. However, increasing the salt
content may lead to challenges such as corrosion and deliquescence, limiting the effective-
ness of hygroscopic salt impregnation. This drawback did not hinder further research,
which eventually led to the development of more advanced materials like MOFs. MOFs
can be precisely engineered for specific properties, offering significant advantages. Yet,
their high costs currently prevent widespread commercial use for large-scale applications.
Nonetheless, advancements in the commercialization process and scaling up production
could reduce costs, enabling efficient, high-speed manufacturing that would make MOFs
more economically viable [196,210].

4.1. Multifunctional MOFs

The development of multifunctional MOF-based composites by integrating them with
advanced materials, such as CNT and GO, represents a promising frontier in heat exchanger
technology. These hybrid nanocomposites offer a combination of enhanced properties like
superior heat transfer, efficient gas adsorption, and catalytic activity, making them ideal for
next-generation heat exchangers. Due to their inherent characteristics of both MOFs and
carbon-based materials, researchers aim to achieve optimal thermal conductivity, structural
stability, and adsorption capacity [211].

For instance, incorporating CNTs into MOFs can significantly improve their thermal
conductivity. A study demonstrated that combining CNTs with MOFs such as HKUST-1
resulted in enhanced heat transfer efficiency due to the high thermal conductivity of CNTs,
which compensates for the low thermal conductivity typically associated with pure MOFs.
Furthermore, MOF composites have shown superior thermal stability and mechanical
strength, crucial for use in harsh industrial environments. Research involving MOFE-5
combined with reduced graphene oxide (rGO) reported improved adsorption performance
and heat transfer efficiency, making it suitable for energy-efficient HVAC systems [212]

These hybrid composites are multifunctional beyond heat transfer. For example,
integrating MOF-74 with graphene oxide has been explored for applications that require
both gas adsorption and thermal management [213]. This combination allows for effective
heat dissipation while maintaining high adsorption capacity, which is advantageous in
heat exchangers used for gas separation processes. Additionally, functionalizing MOFs
with conductive materials enhances their electrical conductivity, which can be beneficial in
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thermoelectric applications [214]. Table 9 represents some multifunctional MOFs, along

with their enhanced properties and applications.

Table 9. Enhancements in properties of multifunctional MOFs, along with their applications.

Multifunctional

Enhancement in

S. No. MOFs Thermal Mechanical Electrical Adsorption Applications Ref.
Properties Stability Conductivity =~ Characteristics
HKUST-1 with Heat Exchangers
! CNT v v - - HVAC 215]
2 MOF-5with GO - v v v Gas Separation [214]
Electrocatalysis
MOF-74(Ni) with Gas Adsorption and
3 GO B v ) v Separation [216]
MIL-101 (Cr) Gas Separation
4 with AC ) v ) v Carbon Capture [217]
Gas Separation
5 MIL-100 (Fe) v v : v Wastewater [218.219]
with CNT L.
Decontamination
Gas Adsorption and
) Separation
6 MOF-808 with : v : v Pharmaceuticals [220,221]
CNT A .
grochemical
Wastewater Treatment
MIL-53 with Dye Adsorption
7 Graphene Oxide v v ) v Photocatalyst (222,223]
UiO-66 with Photocatalyst
8 CNT B 4 i} v Membranes [224,225]
. Dye Adsorption
9 Aluminum v v - v Pharmaceuticals [226,227]
Fumarate
Membranes
UiO-67 with Electrochemical Sensors
10 Graphene Oxide ) v ) v Energy Storage [228]

Despite the promising performance of these multifunctional composites, challenges
such as scalability, cost, and long-term stability under operational conditions remain. How-
ever, with continued research and the optimization of synthesis methods, the integration of
MOFs with advanced materials could lead to the next generation of efficient and sustain-
able heat exchanger systems. As these hybrid materials continue to be tested and refined,
they hold the promise of revolutionizing not only heat exchangers but also broader energy
management and environmental technologies.

4.2. Bridging Gaps Between Research and Industry

Collaboration between academia and industry is crucial in advancing the field of MOFs
research and ensuring that breakthroughs in laboratory settings translate into real-world
applications. While academia excels in exploring the fundamental science behind MOFs,
industry partners can bring the practical expertise needed for large-scale manufacturing,
commercialization, and integration into existing systems. The synergy between these two
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sectors can accelerate the development of MOF technologies, making them more accessible
and applicable for industrial processes like heat exchangers, gas storage, and separation.

One of BASF’s recent innovations focuses on adsorptive dehumidification in air condi-
tioning systems. Traditional air conditioners are tasked not only with cooling incoming
air but also with controlling its humidity levels. Typically, these systems cool the air to a
set temperature, causing moisture to condense. This dew pointing of air is highly energy-
intensive and can account for up to 60% of the total energy usage of the unit, depending
on environmental conditions. A more energy-efficient approach involves utilizing an
adsorption-based system where moisture is selectively captured by a MOEF. This method
significantly lowers the electricity demand of air conditioning units. Under optimal con-
ditions, using MOFs for air drying could reduce energy consumption by 50-60%, which
translates to thousands of kWh savings annually for a standard office building. Compared
to traditional materials like silica gel, MOFs offer 1.5 to 2 times higher volumetric energy
density, allowing for more compact device designs, and provide a 27% improvement in the
coefficient of performance. This not only enhances efficiency but also supports downsizing
the equipment while achieving superior energy conservation [229]

However, adsorption systems come with their own energy costs. Once the MOF
becomes saturated with moisture, it requires a desorption phase to regenerate the material
and release the adsorbed water. This regeneration process can utilize thermal energy
sourced from low-temperature heat supplies, such as solar thermal systems or waste heat
produced by the air conditioner’s own compressor. Such applications demonstrate that the
distinctive characteristics of MOFs outperform those of current materials and technologies.
As new use cases emerge, and production scales up, costs are expected to decline, making
these materials more viable for broader applications. The continued reduction in expenses
due to economies of scale will facilitate their integration into additional areas, further
expanding their practical uses.

NuMat Technologies is a pioneer in the commercialization of MOF-based solutions,
focusing on gas storage and separation technologies [230]. Their innovative systems utilize
MOFs with high surface areas and tunable pore structures to store gases like methane
and hydrogen efficiently. This makes them ideal for use in fuel cell vehicles and portable
energy devices, where compact and lightweight storage is critical. NuMat Technologies has
not only advanced MOF-based gas storage systems but has also addressed the challenges
of cost-effectiveness and scalable production. By leveraging computational design and
automation, NuMat reduces the time and expense associated with MOF synthesis, enabling
large-scale production without compromising quality. Their manufacturing processes are
optimized for industrial scalability, making MOFs more accessible for commercial applica-
tions. The cost-effectiveness of NuMat’s technology is further highlighted in applications
like hydrogen and methane storage for fuel cell vehicles, where lightweight and compact
systems are essential. MOFs provide higher storage capacities compared to traditional ma-
terials, reducing the overall system size and cost. Additionally, NuMat’s focus on modular
production techniques ensures flexibility and adaptability for different industries [229].
These advancements underline how MOFs can transition from laboratory-scale research to
practical, economically viable solutions, paving the way for widespread adoption in clean
energy, gas separation, and other industrial applications.

MOFs could soon compete with established materials like activated carbons, zeolites,
and silica in terms of cost and performance. At the very least, they may serve as crucial
components in multi-material systems, such as polishing layers, depending on the specific
application. Achieving this will require specialized expertise and robust supply chains
to seize emerging opportunities effectively. In the long run, MOFs have the potential
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to become as widespread as plastics, becoming an essential part of various industries,
products, and everyday life in the 21st century. Although it may take decades to see if
this forecast fully materializes, it is clear that MOFs have already moved beyond purely
academic research. The focus now is no longer on whether these materials will find
commercial success, but rather on “what’s next” and which players are best poised to
leverage the emerging opportunities in this field.

4.3. Green and Pollution-Free Preparation Methods for MOFs

The development of environmentally friendly and sustainable synthesis methods
for MOFs has gained increasing attention in recent years. Traditional MOF synthesis
methods, such as solvothermal and hydrothermal processes, often involve the use of toxic
solvents, high energy consumption, and significant waste generation [231]. To address
these issues, researchers are exploring alternative green synthesis approaches that minimize
environmental impact while maintaining material performance [232].

e  One promising approach is solvent-free synthesis, which eliminates the use of haz-
ardous organic solvents by employing mechanochemical methods [233]. In this pro-
cess, the metal precursors and organic linkers are ground together in a ball mill,
enabling the formation of MOFs under ambient conditions. This method not only
reduces waste but also significantly lowers energy consumption, making it a highly
sustainable alternative [234].

e Another green technique is the use of water as a reaction medium. Aqueous-based
synthesis methods utilize water as a benign solvent, reducing the ecological foot-
print associated with solvent disposal [235]. For instance, the production of MIL-
53 [236] and MIL-100/101 [237] has been successfully demonstrated using water
as the primary solvent, achieving comparable performance to their traditionally
synthesized counterparts.

e  Microwave-assisted synthesis is another eco-friendly method that offers rapid reaction
times and reduced energy requirements [172]. This technique utilizes microwave
irradiation to heat the reaction mixture uniformly, leading to faster crystallization and
higher yields [238]. Moreover, the process can often be conducted in water or ethanol,
further reducing the environmental impact.

e Lastly, the adoption of waste valorization strategies, such as using industrial by-
products as precursors for MOF synthesis, exemplifies a circular economy ap-
proach [239]. These strategies not only reduce the cost of raw materials but also
contribute to waste reduction and resource conservation [240].

Incorporating these green synthesis methods into MOF production processes holds
great promise for enhancing the sustainability of MOFs in heat exchanger applications,
aligning with global efforts to reduce environmental pollution and promote sustainable
industrial practices.

5. Conclusions

This review has provided an in-depth analysis of the current landscape, innovations,
and future directions for the application of MOFs in heat exchangers. As highlighted
throughout, MOFs hold immense promise for enhancing the efficiency and sustainability
of heat exchange systems due to their tunable porosity, high surface area, and exceptional
adsorption and thermal properties. However, realizing their full potential in real-world
applications requires addressing several key challenges, from cost-effective synthesis to
maintaining stability under harsh operational conditions. In this work, the authors have
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provided a comprehensive review on the applications, innovations, challenges, and future

directions of MOFs in heat exchangers.

MOFs integrated into a heat exchanger, such as wire-finned and shell-and-tube designs,
have shown remarkable gains in heat transfer rates and moisture adsorption, and
reduction in fouling resistance. Studies have proven that MOF-based coatings, like
MOF-303/GO and HKUST-1 composites, enhance both water uptake, up to 22%,
and thermal diffusivity, outperforming traditional materials such as silica gels and
activated alumina. MOFs also outperformed traditional materials such as silica gel by
enhancing COP as much as six times in comparison to it.

This research also focused on the innovations and challenges surrounding MOF-
based heat exchanger applications. Innovations in scalable synthesis methods, such
as microwave-assisted synthesis and surface functionalization techniques, are key
to reducing costs while ensuring consistent material quality. These advancements
have the potential to make MOFs more economically viable for large-scale industrial
applications. Furthermore, surface functionalization has been shown to enhance the
thermal conductivity, mechanical stability, and chemical resilience of MOFs, making
them more suitable for demanding environments. Yet, issues such as long-term
stability under high temperatures, pressure, and corrosive conditions still need to
be addressed, as shown by ongoing research into the durability of various MOF
composites under operational stresses.

The research gaps and future directions for MOF-based nanocomposites in heat ex-
changer systems are also studied in this research. The integration of multifunctional
MOF hybrids, combining materials like GO, AC, and CNT, presents a promising path
forward for developing heat exchangers with enhanced performance across multiple
domains, such as heat transfer, gas adsorption, and catalysis. The multifunctional
MOFs of CNT enhanced the thermal conductivity up to seven times in comparison to
the actual MOFs. However, these hybrid solutions will require further collaboration
between academia and industry to optimize material properties and develop scalable
production processes.

Real-world industrial case studies have also been analyzed such as BASF’s innovation
in adsorptive dehumidification, which leverages MOFs to reduce energy consumption
in air conditioning systems by 50-60%, offering higher volumetric energy density
and a 27% improvement in COP compared to silica gel. While MOFs require energy
for regeneration, this can be sourced from low-temperature heat like solar or waste
heat. Scaling production is expected to lower costs, broadening their applicability and
enhancing energy efficiency. Similarly, NuMat Technologies exemplifies the transition
of MOFs from research to industrial applications by developing cost-effective, scalable
production methods for gas storage systems. Their innovations demonstrate the
potential of MOFs in clean energy and industrial processes, emphasizing their role in
advancing sustainable and economically viable solutions.

Green synthesis methods for MOFs include solvent-free mechanochemical techniques,
which eliminate hazardous solvents and reduce energy consumption by grinding
metal precursors and linkers. Aqueous-based synthesis uses water as a benign solvent,
lowering environmental impact. Methods for production of MIL-53 and MIL-100/101
using water as the primary solvent have displayed commendable performance in
comparison to traditional synthesis counterparts. Microwave-assisted synthesis offers
rapid, energy-efficient crystallization, often using eco-friendly solvents.
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Overcoming challenges related to synthesis costs, material durability, and integration
into existing industrial systems is essential to fully harness the potential of MOF-based
technologies. Advances in scalable synthesis techniques, computational modeling, and
collaborative efforts between academia and industry pave the way for MOFs to revolution-
ize heat exchanger efficiency, promoting energy conservation and sustainability. Ongoing
research focused on improving stability and lowering production costs will be pivotal
in establishing MOFs as a widely adopted solution for energy-efficient thermal manage-
ment systems. Moreover, embedding MOF-based systems with IoT sensors and advanced
monitoring tools can further optimize real-time performance and ensure efficient operation.
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Abstract: Carbon fiber, with its strong mechanical properties and electrical conductivity, is ideal
as a fiber electrode in wearable or structural energy storage devices. However, its energy storage
capacity is limited, and coatings like transition metal oxides (TMOs) enhance its electrochemical
performance. Metal-organic frameworks (MOFs) are commonly used to grow TMOs on carbon
fibers, increasing the surface area for better energy storage. Despite this, TMOs have limited electrical
conductivity, so ion exchange is often used to dope them with additional cations, improving both
conductivity and energy storage capacity. This study compares different ion-exchange cations in ZIF-
L-derived TMO coatings on carbon fiber. Testing both supercapacitor and Li-ion battery applications,
Ni-doped samples showed superior results, attributed to their higher exchange ratio with cobalt.
As a supercapacitor electrode, the Ni-doped material achieved 13.3 F/g at 50 mA /g—66% higher
than undoped samples. For Li-ion battery anodes, it reached a specific capacity of 410.5 mAh/g at
25 mA/g, outperforming undoped samples by 21.4%.

Keywords: metal-organic frameworks; supercapacitors; Li-ion batteries; transition metal oxides;
carbon fiber

1. Introduction

The development of all-solid-state energy storage devices has emerged as one of the
most important challenges for the achievement of sustainable development goals [1]. The
replacement of conventional flammable electrolytes with their new solid counterparts is
not only a safety issue [2] but also an opportunity to achieve new functionalities [3-5].
All-solid-state batteries and supercapacitors could be wearable or even present mechanical
properties, which allow their use not only as energy storage components but also as structural
ones [6-8]. This multifunctionality could open the way for a new generation of structures
with energy storage capability, which would be more efficient and sustainable [9]. Never-
theless, this goal is still far from being achieved due to the difficulty of finding materials
that show a good relationship between electrochemical and mechanical performance [1,9].
In this context, carbon fiber (CF) fabrics have been proposed as a promising substrate
for battery or supercapacitor electrodes due to their high elastic modulus, high mechani-
cal resistance, excellent electrical conductivity, and low density [10,11]. So much so that
even the bare carbon fiber fabric has been commonly used as an all-solid-state battery
anode [12,13]. However, to improve the electrochemical performance of the device, the
design of anodes that display higher capacities and capacitances is essential [10]. In fact, for
this purpose, several coatings with other materials, which display higher energy storage
capability, have been widely reported in the last years [14-20]. Transition metal oxides
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(TMOs) are known to be widely reported as battery anodes [21,22]. These materials are
abundant, their cost is low, and, what is even more relevant, their specific capacity is about
three times higher than that of conventional graphitic anodes [23]. In addition, TMOs are
widely reported as supercapacitor (SC) electrode materials due to their chemical stabil-
ity and larger capacitances due to pseudocapacitive reactions [24-26]. However, TMOs
show two main disadvantages for these purposes. The first one is that TMOs present a
relatively low electrical conductivity, which limits the electrode’s rate capability. Thus,
bimetallic and bivalence TMOs have attracted more attention than their counterparts,
which involve only a single-valence metal. So, the presence of several metals or metals
in more than one oxidation state normally improves the electrical conductivity due to
the activation energy for the electron transfer between cations being lower [27,28]. The
second disadvantage is the poor cyclability of TMOs related to the volume expansion
during the lithiation—delithiation process [21,23], which damages the material, worsening
the electrical contact. In order to solve this problem, the use of porous TMOs has been
demonstrated to be key. The synthesis of porous TMOs has been widely researched, with
the obtention through metal-organic frameworks (MOFs) calcination a common way to
achieve it [29-31]. MOFs exhibit large mesoporosity, which partially remains after the
calcination [32]. Moreover, the porosity associated with the MOF-derived obtention im-
proves the capacitance of TMOs as supercapacitor electrodes by the surface area [18]. Thus,
this synthesis strategy has turned into an attractive way to improve TMO performance
as both battery anodes [31,33] and supercapacitor electrodes [34]. In the last years, some
examples of MOF-derived TMO coatings on carbon fiber have been reported [35—40]. The
majority of works are based on cobalt and/or zinc zeolitic imidazole frameworks as the
MOF precursor due to their demonstrated easy synthesis on carbon fiber and the excellent
electrochemical performance of the derived Co3z0O4 and ZnCo,0Oy spinels [35-53]. In this
way, these materials have been demonstrated to be promising electrodes for all-solid-state
Li-ion batteries [42,49-53] and supercapacitors [36-39,41,45,48,54]. Nevertheless, derived
compounds obtained by the ion exchange of the MOF precursor with different cations
have exhibited better performance [41,44-46]. In this work, Co-ZIF-L synthesized over
carbon fiber fabric has been submitted to an ion exchange with Ni**, Zn?* and Mn2*
cations in order to obtain M-doped Co30O4 (M = Ni, Mn, Zn) coatings and compare their
electrochemical performance as both Li-ion battery anode and supercapacitor electrode for
all-solid-state devices, studying the physicochemical reasons behind the differences.

2. Materials and Methods
2.1. Materials

Plain weaving (1 x 1) (193 g/m?) of 3K AS4 GP carbon fiber supplied by Hexcel®
(Stamford, EUUU). Nitric acid (HNO3) 65% v/v and zinc (II) nitrate hexahydrate
(Zn(NO3),-6H20) > 99% supplied by Sigma-Aldrich (Burlington, EEUU). 2-Methylimidazole
(2-mIM) < 98% supplied by TCI (Tokyo, Japan). Cobalt (II) nitrate hexahydrate
(Co(NO3),-6H,0) 98.0-102.0%, Manganese (II) nitrate tetrahydrate (Mn(NOj3),-4H,0)
98%, and Nickel (II) nitrate hexahydrate (Ni(NO3),-6H,0O) 98% supplied by Thermo Fisher
scientific (Waltham, EEUU).

2.2. TMO Synthesis on Carbon Fiber Fabric

First, ZIF-L MOF was synthesized on the carbon fiber fabrics to be used as a precursor
for the later obtention of the TMO materials. For this purpose, CF fabrics of 4 x 4 cm
were cut, and then the original coating of the fibers (commonly called sizing) was removed
through immersion in acetone for 48 h. After that, CF fabrics were immersed in HNOj3;
for 1 h to generate polar groups on the surface through partial oxidation of the fibers [55].
Subsequently, fabrics were washed with distilled water and immersed in a Co(NOj3), solu-
tion of 0.05 M for 10 min to favor the MOF growth on the CF surface through electrostatic
interactions between the generated polar groups and Co?* cations [42,56]. Having passed
this time, CF pieces were removed from the solution, and 2-methylimidazole (0.4 M) was
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added to the previous solution. Finally, after mixing both solutions for 1 min, the carbon
fiber fabrics were introduced into the mixture for 1 h, washed with distilled water, and
dried overnight at 60 °C. Moreover, the synthesized MOF powder particles, which did not
adhere to the CF or did not begin to grow on it, were filtered, washed, and dried using
the same method as the CF fabrics. The next step involved ion exchange. CF samples
were individually introduced into 0.01 M solutions of M(NO3), (M = Zn, Mn, and Ni)
in ethanol for 10 min. After drying, all the samples were submitted to a heat treatment
to obtain the corresponding TMOs from the MOF coatings. To evaluate the effect on the
final performance of the three proposed different ion-exchange steps, samples without
ion exchange were also subjected to the same thermal treatment. More in detail, the heat
treatment consisted of two steps. The first one was annealing at 500 °C for 1 h in the Ar
atmosphere to generate oxygen vacancies, which improve the electrical conductivity [40].
The second one involved a calcination step at 350 °C for 30 min with the aim of transform-
ing the MOF material into the final TMO coating. The samples were named Zn-doped TMO,
Mn-doped TMO, Ni-doped TMO, and undoped TMO. As references, powders collected
in the synthesis underwent the same ion exchange in ethanol solutions with M(NOs3);
(M = Zn, Mn, and Ni), followed by the same heat treatments.

2.3. Material Characterization

Scanning electron microscopy (SEM) images from MOF precursor coatings on carbon
fiber were taken by S-3400 N by Hitachi (Chiyoda, Japan), while SEM images of TMO
coatings on the carbon fiber were taken using a PRISMA-E by Thermo Fisher (Waltham,
EEUU). Transmission electron microscopy (TEM) images were acquired using STEM F200
by JEOL (Tokyo, Japan). X-ray diffraction (XRD) patterns were acquired from the reference
powders by X'PERT diffractometer by PHILIPS (Amsterdam, Netherlands), using Cu Ko
radiation. Moreover, X-ray photoelectronic spectra (XPS) were collected by VersaProbe I1
by PHI (Chanhassen, EEUU) using Al 1486.6 eV mono at 47.3 W as an X-ray source.

2.4. Supercapacitor Electrode Characterization

The electrochemical performance of the samples as a supercapacitor electrode was
evaluated in a three-electrode system in which the counter-electrode was a Pt electrode,
the reference electrode an Ag/AgCl electrode, and the electrolyte was a KOH 2 M solution.
Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) measurements were
acquired with an Autolab PGSTAT302N potentiostat, being the potential window between
0 and 0.45 V. The studied current densities were 50, 100, 150, 200 and 250 mA /g. Addition-
ally, the stability of the electrodes was tested by measuring the specific capacitance after
5000 GCD cycles at 150 mA /g of current density using a NEWARE battery testing system
BTS4000-5V10M. The specific capacitance values (Cs) were calculated from CV as:

Sy idv )
CS - W/ ( )
where V} is the potential window, v the scan rate, and i the current density. On the other
hand, the specific capacitance was also calculated from GCD results as:
it
. 2
CS VO/ ( )
where t is the time of the discharge. The masses of the electrodes were 0.0021 g for the
Undoped sample, 0.0019 g for the Zn-doped sample, 0.0019 g for the Mn-doped sample,
and 0.0019 g for the Ni-doped one.

2.5. Li-lon Battery Anode Characterization

Electrochemical measurements of TMO coatings on CF for Li-ion anodes were per-
formed in half-cell configuration coins 2025. Lithium metal served as counter-electrode,
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and glass microfiber filters with a diameter of 150 mm, supplied by Whatman, were used as
separators. Coins were assembled into an Ar-filled glovebox to avoid O, and H,O presence.
A 1 M LiPFg electrolyte in ethylene carbonate and dimethyl carbonate (1:1 v/v) supplied
by Merck was used. Galvanostatic charge—discharge (GCD) tests were performed using a
NEWARE battery testing system BTS4000-5V10MA. To determine the specific capacity and
evaluate the rate capability and capacity retention, tests consisting of five cycles at different
current densities were performed (25, 50, 100, 250, 500, and 25 mA /g). Additionally, to
fully evaluate the capacity retention, 100 GCD cycle tests were carried out at 100 mA /g to
evaluate the long-term performance of the batteries. Additionally, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) tests were conducted using an Autolab
PGSTAT302N potentiostat. The potential window of CV tests was from 0 to 3 V, while EIS
measures were taken at 0.01 V between 0.1 and 105 Hz.

In this case, the specific capacity values were calculated from GCD results as follows:

Cs = it 3)

The masses of the electrodes were 0.0022 g for the undoped sample, 0.0019 g for the
Zn-doped sample, 0.0020 g for the Mn-doped sample, and 0.0017 g for the Ni-doped one.

3. Results
3.1. Coating Characterization

In Figure 1, the obtained coating morphology was examined by SEM. Figure 1a shows
a general image of the ZIF-L MOF coating on the CFs, demonstrating both its homogeneity
and the high density achieved. As previously detailed, this MOF coating will be used as a
precursor for the later formation of the different TMO materials. Furthermore, it can be
observed how the MOF coats each CF instead of being a continuous layer over the tows.
This kind of coating could be advantageous in ensuring a good interface between the CF
fabric electrode and the solid polymer electrolyte. Figure 1b shows a more detailed image of
the ZIF-L coating, revealing triangular nanosheets with nanometric thickness, around 1 pm
in size. The resulting TMO without ion exchange (undoped TMO) after the heat treatment
is shown in Figure 1c, where some similarities and differences in comparison with the
ZIF-L precursor coating can be analyzed. The coating retains its high density, homogeneity,
and nanosheet morphology, which provide a high surface area that is essential for good
electrochemical performance, especially for supercapacitor applications. Nevertheless, the
thickness is lower, and the nanosheets appear less defined after the heat treatment. Finally,
Figure 1d—f show the resulting TMO coating with the different proposed ion exchanges:
Zn-doped, Mn-doped, and Ni-doped, respectively. As can be observed, no significant
differences in the morphology of the coating were detected between the undoped and
doped TMO coatings.

In order to make sure that ion exchange has occurred satisfactorily and to analyze
the composition of each sample, XPS and EDS spectra were collected and presented in
Figure 2a and Figure S1, respectively. Both EDS spectra and XPS surveys demonstrated
the presence of the dopant cations (Ni**, Zn?*, and Mn?*) in the corresponding samples.
Figure 2b shows the Co 2p core level of the undoped sample. Two main peaks, located
about 790 and 795.6 eV, correspond to 2ps,» and 2pq/,, respectively, while the wider peaks,
located at 786 and 802.3 eV, are the corresponding satellites of these levels. However, the
main peaks can be deconvoluted into the other two peaks, each one obtaining four peaks at
779.8,794.8,781.2, and 797.0 eV. The first two peaks are attributed to Co3*, and the other
two are associated with Co?* [36,57]. The presence of the two oxidation states suggests
that the composition of the undoped TMO could be Co304. Figure 2c—e show the Zn 2p,
Mn 2p, and Ni 2p core levels of the ion-exchanged samples Zn-doped, Mn-doped, and
Ni-doped, respectively. In these core levels, it is realizable that all dopant cations show a
fully or very majority 2+ oxidation state. The cation atomic contribution was quantified,
and the results are summarized in Figure 2f. Ni exchanged to Co by 25.3%, being the
highest among the dopants, possibly due to its size similarity to Co, which better suits
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its positions than the others. Moreover, Zn exchanged to Co by 21.1% while Mn only by
16.9% due to its larger size, which makes it difficult not only to exchange in the crystalline
structure but also the intercalation. Having demonstrated that the ion exchange occurs for
all dopant cations, XRD analysis was performed and summarized in Figure 2g to determine
the crystalline structure and how it is affected by the ion exchange. In regard to undoped
TMO, the XRD spectra match the expected XRD for Co30y4 spinel, while the doped-TMOs
present slight differences with respect to the undoped one. Thus, XRD spectra indicate
the same crystalline structure for all obtained TMOs. However, some conclusions can be
drawn from them. Taking into account the fact that, according to XPS analysis, the doping
in neither case reaches 33% of total cations and XRD results, the obtained TMOs are Co30;4
for the undoped sample, ZnCo;O0,@Co30;4 for the Zn-doped sample, MnCo,O4@Co304
for the Mn-doped sample, and NiCo,O4@Co30; for the Ni-doped one. Dopant cations
distort spinel unit cells, so crystallinity is affected by the ion exchange. As a result of the
great difference in size between Co?* and Zn?*, the Zn-doped sample presents wider peaks,
which indicate lower crystallinity. Nevertheless, in spite of being Ni?*, the more similar
cation to Co®* in size, the Mn-doped sample presents more crystallinity due to the low
exchange degree.

15.0kV 9.7mm x6.50k SE

> 1500w {0 s2mm E1D &500x 195y - Highvacmm W X 1000wy 45 92mm €D 6500x 195um - Highvacwm

Figure 1. SEM images of ZIF-L coating on carbon fiber fabric at (a) lower magnification and (b) higher
magnification, (¢) undoped TMO sample, (d) Zn-doped TMO sample, (e) Mn-doped TMO sample,
and (f) Ni-doped TMO sample.
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Figure 2. (a) XPS surveys. (b) XPS Co 2p core level of the undoped sample. (¢) XPS Zn 2p core level
of Zn-doped sample. (d) XPS Mn 2p core level of Mn-doped sample. (e) XPS Ni 2p core level of
Ni-doped sample. (f) The atomic percentage of each cation in each sample. (g) XRD spectra of TMO
powder samples.

Additionally, in order to study the microstructure, TEM images of the undoped TMO
are presented in Figure 3. It is possible to observe that the nanosheets are composed of
little nanocrystals with a diameter of around 10 nm, displaying high crystallinity. Although
diffraction patterns were not possible to obtain due to the small grain size, some interplanar
distances were measured in real space. One of them was 2.31 A and the other 2.41 A. Both
could correspond to Co304 spinel structure, the first one to the plane (2 2 2) and the second
one to the plane (3 1 1), confirming XRD crystal structure results.

3.2. Characterization as Supercapacitor Electrode

After compositional and morphological characterization of the synthesized TMO
coatings, CV tests were performed to compare the electrochemical processes of the samples
acting as supercapacitor electrodes. Figure 4a shows a comparison of CV curves for all
samples at a scan rate of 20 mV/s, revealing that all samples displayed an oxidation peak at
0.4 V and another reduction peak at 0.36 V, indicating a pseudocapacitance energy storage
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mechanism. These peaks can be associated with the reversible faradaic reactions (4) and
(5) [58,59]:

MCoy04 + HyO + OH™ +» MOOH + 2CoOOH + ¢ (4)
CoOOH + OH™ ¢+ CoOy + HyO + ¢~ (5)
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Figure 4. (a) CV curves at a scan rate of 20 mV/s. (b) Specific capacitance values are calculated from
CV at 20 mV/s. (c¢) GCD test discharges at 50 mA /g. (d) Specific capacitance calculated from GCD
tests at different current densities.
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The material that exhibited the lower current at these peaks was the undoped one
due to the presence of other cations on cobaltite spinels, resulting in a lattice distortion
that improves the electrochemical activity [60], being the undoped material the only one
that does not exhibit this effect. Moreover, in the Ni-doped sample, the oxidation peak
appears to consist of two different peaks, one at 3.95 V and the other at 3.6 V, while another
reduction peak at 0.24 V, hardly visible on the other sample curve, is evident. These peaks
are related to the reaction (6) [61-63].

NiOOH + OH™ <5 NiO + HyO + ¢ 6)

Figure 4b summarizes the calculated specific capacitance displayed for each sample
from CV curves at 20 mV/s, considering the mass as the whole mass of the electrode.
Because of the aforementioned additional reactions, the Ni-doped sample displayed a
larger specific capacitance, achieving 6.4 F/g per gram of the whole electrode. Never-
theless, all doped samples exhibited larger specific capacitance than the undoped one,
which only displayed 3.2 F/g, while the Zn-doped and Mn-doped displayed 3.7 F/g and
4.6 F/g, respectively. In order to evaluate the electrochemical performance of the samples
as supercapacitor electrodes, GCD tests were carried out and represented in Figure S2.
Figure 4c depicts only discharges at 50 mA /g, facilitating the comparison. The above-
discussed reduction peak at 0.36 V is observable as a plateau in the GCD discharge in all
cases. Nonetheless, the plateau at 0.24 V is also observable in the Ni-doped sample curve,
as was expected from CV results. In addition, it is possible to obtain information about
the internal resistance from GCD discharge curves that are associated with the IR drop.
Analyzing the discharge curve of the CGD test (Figure S3), performed from 50 to 250 mA /g,
it can be concluded that the IR drops at 250 mA /g are more evident. These IR drops and
their associated internal resistance are summarized in Table 1. The results suggest that
the Zn-doped sample displays the lower electrical resistance, followed by the Ni-doped,
Mn-doped, and undoped ones, respectively. Moreover, the specific capacitances were also
evaluated by GCD tests, and the results are summarized in Figure 4d. Inconsistent with
CV tests, Ni-doped samples exhibited the highest capacitance values at all studied current
densities. For instance, at a current density of 50 mA /g, it reached 13.3 F/g, while the
Mn-doped, Zn-doped, and undoped samples achieved 8.4, 6.7, and 5.9 F/g, respectively.
This represents a 37%, 50%, and 66% decrease compared to the Ni-doped sample. Even at a
current density of 250 mA /g, the Ni-doped sample maintained a specific capacitance of
7.4 F/g, which is 56% of the value observed at 50 mA /g. Thus, Ni-doped sample electro-
chemical performance as a supercapacitor electrode was further characterized due to its
superior performance in this application.

Table 1. IR drops at a current density of 250 mA/g.

Undoped Zn-Doped Mn-Doped Ni-Doped
IR drop 67 mV 55 mV 64 mV 58 mV
Internal Resistance 0.134 O 0.110 O 0.128 O 0.116 O

Kinetic information about the electrode can be obtained from CV tests. The current of
a peak (i) increases proportionally to the scan rate (v) when the process is totally capacitive-
controlled, while it increases proportionally to the square root of the scan rate when the
process is totally diffusion-controlled. Then, it is possible to understand the dependence of
the current peak with the scan rate as detailed in Equation (7):

i=av? 7)

where a and b are coefficients. The b coefficient is between 0.5 and 1; a b value close to
0.5 indicates a more diffusion-controlled process, while a b close to 1 is a more capacitive-
controlled process [64]. Figure 5a represents the CV curves of the Ni-doped sample at
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different scan rates, and Figure 5b illustrates the log(i) versus log(vl/ 2), whose slope is
the coefficient b. The obtained b value was 0.85, suggesting a more capacitive-controlled
process. Moreover, the current peak can be understood as the sum of two contributions [30]
following Equation (2): one related to capacitive-controlled processes, which depends on
the scan rate (v), and the other to diffusion-controlled processes, which depends on the
square root of the scan rate W172).

i= icap + idzf = klv + kzv 1/2 (8)

where the parameters k; and k; can be calculated by the lineal regression obtained from the
i/v1/2 versus the v 1/2 in order to calculate the contribution of each process at different scan
rates, as it is represented in Figure 5¢ for the Ni-doped electrode. As was expected because
of the calculated b value, the behavior is mainly controlled by capacitive processes rather
than diffusion processes. However, as the scan rate rises, the contribution of capacitive-
controlled processes increases further, primarily due to the kinetic inhibition of diffusion at
high scan rates. On the other hand, the Ni-doped specific capacitance and the coulombic
efficiency along 5000 GCD cycles at 150 mA /g are shown in Figure 5d to evaluate the
capacitance retention. The reached coulombic efficiency was 94%, indicating the redox
process was partially irreversible. Because of that, the initial specific capacitance, which
was 9 F/g, was reduced by 32% after 5000 GCD cycles. Nevertheless, this value appears
to stabilize, and it is still higher than the specific capacitances displayed by the undoped,
Zn-doped, and Mn-doped samples in only one GCD test.
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Figure 5. (a) CV curve of Ni-doped sample at different scan rates and (b) calculated b value in the
inset. (c) Diffusion and capacitive-controlled processes contribute to different scan rates for Ni-doped
samples. (d) Specific capacitance and coulombic efficiency of Ni-doped sample after 5000 GCD cycles
at 150 mA/g.

3.3. Characterization as Li-lon Battery Anode

After evaluating the behavior of the different TMOs as an electrode for supercapacitors,
their performance as an anode in Li-ion batteries was also investigated to explore the
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versatility of the synthesized TMO materials for diverse energy storage devices. In order
to study the TMO coating electrochemical reactions, CV tests were carried out. Figure 6a
shows the current normalized CV curves, enabling a comparative analysis of the coating
peaks. Peaks associated with MCo,04@Co304 coatings are those located around 1.3 V
in the cathodic process and around 1.6 and 2.2 V in the anodic process, which are being
expanded in the figure, while the others, presented in the inset, can be attributed to the
carbon fiber [44,51-53]. In the cathodic process, the peak around 1 V is related to the
reduction in MCo,04 and Co304 to metallic M and Co. In the anodic process, the peak at
around 1.6 V is related to the oxidation of M and Co to M** and Co?*, and the peak around
2.2V to the oxidation of Co?* to Co®*. Thus, the involved electrochemical reactions during
the charge—discharge process are the following:

MCo,04 + 8Li* — M + 2Co + 8Li,O 9)
Co304 + 8Li* — 3Co + 4Li,O (10)
M + Li,O — MO + 2Li* (11)
Co + Li,O — CoO + 2Li* (12)
2Co0 + MO + Li;O — MCo,O4 + 2Li* (13)
3Co0 + Li;O — Co30y4 + 2Li* (14)
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Figure 6. (a) Normalized third-cycle CV of the samples. (b) GCD curves at 25 mA /g of the samples.
(c) GCD calculated capacities at different current densities. (d) Nyquist plots of the samples.

The main difference among CV curves of the diverse samples is related to the cathodic
peak located around 1.3 V. This peak is narrower in CVs obtained from doped samples
in comparison to undoped ones, indicating a better electrical conductivity induced by
the cation substitution. These CV curves can be correlated to GCD curves, where each
electrochemical reaction, manifested as a peak in CV, is represented in the GCD curve as a
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plateau. Figure 6b shows the GCD curves at a current density of 25 mA /g collected from
the samples. The anodic reaction at 1.6 V is hardly observable as a change in the curvature
during the charge process, while the reaction at 2.2 V is evident. The cathodic reaction at
1.3 V is observable during the discharge process. Figure 6¢c shows the calculated capacities,
where it can be observed how the Ni-doped sample displayed the highest capacity value
across all cases; for instance, at a current density of 25 mA /g, it reached 410.5 mAh/g,
whereas the Mn-doped sample exhibited 392 mAh/g, Zn-doped 346.3 mAh/g, and un-
doped 322.7 mAh/g. These values are lower by 4.5%, 15.7%, and 21.4% compared to
the Ni-doped sample, respectively. Assessing the rate capability, i.e., the retention of the
capacity as the current density increases, the undoped sample retains 37.6% of its capacity,
while the Zn-doped one retains 41.8%, the Mn-doped retains 39.4%, and the Ni-doped
retains 40%, as the current density increases from 25 to 500 mA /g. This parameter is related
to the electrical conductivity, suggesting that the most electrically conductive sample is
Zn-doped, followed by Ni-doped and Mn-doped, whereas the undoped sample, being
the monometallic TMO, exhibits the least conductivity. Nevertheless, it is important to
realize that even at a current density of 500 mA /g, the Ni-doped sample capacity is higher
than Mn-doped, Zn-doped, and undoped samples by 5.9%, 12.5%, and 26.1%, respectively.
Moreover, the capacity retention can also be evaluated from the results of Figure 6¢, relating
the initial capacity at 25 mA /g with the capacity at the same current density after the
samples have been tested at the other current densities. The undoped sample retains the
most capacity, 95.1%, suggesting that the doping with other cations decreases the cyclability,
which could be a consequence of the distortions in the crystalline structure. However,
smaller cations like Zn?* decrease cyclability by only 6% compared to larger ones like Mn?",
which, despite being less exchanged, lose only 7.7% of the initial capacity. Owing to the
large degree of exchange, the Ni-doped sample exhibits the least capacity retention, losing
9.3%. Nevertheless, again, it is important to realize that despite these results, even after all
these tests, the Ni-doped sample still demonstrates the highest specific capacity.

Finally, EIS tests were carried out to evaluate the charge transfer resistance. The
Nyquist plots of each sample are presented in Figure 6d, while the results are summarized
in Table 2. Typically, the charge transfer process between electrode and electrolyte is related
to the first semicircle [35], and its resistance can be calculated as its width. The charge
transfer resistance value was 28.5 () for the undoped sample, 19.4 () for the Zn-doped
sample, 20.6 Q) for the Mn-doped sample, and 20.2 Q) for the Ni-doped sample. These
results agree with the rate capability discussion presented above, wherein lower electrical
resistance was expected for the Zn-doped sample and higher resistance for the undoped
one, while Ni-doped and Mn-doped are expected to present similar values.

Table 2. Summary of the EIS calculated resistances from different samples.

Undoped Zn-Doped Mn-Doped Ni-Doped
Charge-transfer 2850 194 Q 20.6 O 2020
Resistance (R¢t)
Serial 400 390 380 360

Resistance (Rg)

Owing to its better performance as a Li-ion battery anode, the Ni-doped sample was
more extensively characterized. Figure 7a shows Ni-doped sample CV at different scan
rates, focusing on NiCo,O4@Co30; characteristic peaks and the b value in the inset, which
was 0.78. This b value indicates a half behavior between capacitive and diffusion-controlled
processes. In Figure 7b, capacitive and diffusion-controlled contributions are represented
for all tested scan rates. It is observable how the capacitive contribution is higher as the
scan rate increases due to high scan rates kinetically preventing diffusion. On the other
hand, the cyclability of the Ni-doped electrode was evaluated through GCD 100 cycles at
100 mA /g of current density, being the specific capacity evolution shown in Figure 7c, just
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as the coulombic efficiency. The prominent decrease after the first cycle, where capacity is
reduced by 29%, is attributed to the formation of the solid electrolyte interphase (SEI) layer.
Following the next five cycles, the capacity rapidly decreases by another 8%. After the 6th
cycle, the decrease is continuous until reaching 76% of the value at the second cycle by the
100th cycle. Additionally, the coulombic efficiency was about 100% at all cycles except at the
first, so the SEI formation is an irreversible process. EIS tests were also carried out to study
the evolution of the charge transfer resistance as the cycle number increased. Figure 7d
shows the Nyquist plot of the fresh sample after the first cycle and after 100 cycles; the
result is summarized in Table 3. Attending to the charge transfer resistances, measured
values were 20.2 (), 32.4 ), and 74.8 (), respectively. The first increment of the resistance is
due to the SEI formation, while the increment after that is related to the degradation of the
TMO during Li intercalation—deintercalation processes [65].

100

80

- 60

k40

20

a) ‘—0.0001 Vis
| ——0.0002 V/s
0.0002 4/ ——0.0003 V/s
——0.0005 V/s
——0.001V/s
<
E 0.0000 -
5
o 7 )
£ ~b=078
-0.0002 -
og
1.0 15 20 25 30
Potential (V)
500 T T ) !
c) -
R
400
o
S "
E 300
2
e 76%
g 0
& 200
(3}
O
=
%}
8 100
7]
0 T T ! y
0 20 40 60 80 100

Cycle number

b) I % diffusion
Bl % capacitive

Contribution (%)

0.0001 V/s 0.0002V/s 0.0003 V/s 0.0005Vi/s

0.001 Vis

d) m  After 0 cycles
® After 1 cycles
254 A After 100 cycles
3 o s o .
A
E 20 A A .
2 A a A
3] A
g gl N
o N A AA A
) A gee Ve
10 070
£ A . Al
= °
0
g i’\’ Vv
0 T T T T
0 20 40 60 80 100

Z'(©Q

Figure 7. (a) Ni-doped sample CV at different scan rates and calculated b value in the inset.
(b) Percentage of each contribution at different scan rates in the Ni-doped sample. (c) Specific
capacity of Ni-doped sample after 100 GCD cycles at 100 mA /g. (d) Nyquist plot of Ni-doped sample

after several number of cycles.

Table 3. Summary of the EIS calculated resistances of the Ni-doped sample after different number

of cycles.
Fresh After the First Cycle After 100 Cycles
Charge-transfer 2020 3240 748 Q)
resistance (Rc)
Serial resistance (Rg) 3.6 Q) 4.00 3.70)

4. Conclusions

In this work, homogeneous and dense coatings with different TMOs have been de-
veloped on the carbon fiber through a Co-ZIF-L MOF precursor and ion exchange with
Zn?*, Mn?* and Ni?* as dopant cations. All doped samples have improved undoped TMO
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coating electrochemical performance, both as supercapacitor electrodes and Li-ion battery
anodes. This enhancement can be attributed to the increased electrical conductivity caused
by the bimetallic composition and the improved electrochemical activity as a consequence
of the lattice distortion. As a supercapacitor electrode, the Ni-doped sample exhibited extra
peaks with respect to other samples, attributed to the redox couple NiOOH/NiO, which is
possibly due to its higher exchange degree. These extra peaks provided a Ni-doped sample
with higher specific capacitance than its counterparts, 13.3 F/g of the electrode in the GCD
test at 50 mA /g. This value was 37%, 50%, and 66% higher than Mn-doped, Zn-doped, and
undoped samples, respectively. On the other hand, Ni-doped electrochemical performance
was also higher than their counterparts as Li-ion battery anodes. The specific capacity of
this sample was 410.5 mAh/g at a current density of 25 mA /g, which means 4.5%, 15.7%,
and 21.4% more than Mn-doped, Zn-doped, and undoped samples, respectively. Thus,
the results of this work highlight Ni** as the most suitable dopant cation for achieving en-
hanced electrochemical performance in both applications, emerging this Ni-doped cobaltite
ZIF-L-derived as a promising coating on the carbon fiber fabrics to develop supercapacitor
electrodes and Li-ion battery anodes for structural energy storage devices.
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current densities of (a) undoped sample, (b) Zn-doped sample, (c) Mn-doped sample, and (d) Ni-
doped sample; Figure S3: Galvanostatic discharges at different current densities of (a) undoped
sample, (b) Zn-doped sample, (c) Mn-doped sample, and (d) Ni-doped sample.
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Abstract: Pore engineering is commonly used to alter the properties of metal-organic frameworks.
This is achieved by incorporating different linker molecules (L) into the structure, generating isoretic-
ular frameworks. CPO-27, also named MOF-74, is a prototypical material for this approach, offering
the potential to modify the size of its one-dimensional pore channels and the hydrophobicity of pore
walls using various linker ligands during synthesis. Thermal activation of these materials yields
accessible open metal sites (i.e., under-coordinated metal centers) at the pore walls, thus acting as
strong primary binding sites for guest molecules, including water. We study the effect of the pore size
and linker hydrophobicity within a series of Ni?*-based isoreticular frameworks (i.e.,, NipL, L = dhtp,
dhip, dondc, bpp, bpm, tpp), analyzing their water sorption behavior and the water interactions
in the confined pore space. For this purpose, we apply water vapor sorption analysis and Fourier
transform infrared spectroscopy. In addition, defect degrees of all compounds are determined by
thermogravimetric analysis and solution ' H nuclear magnetic resonance spectroscopy. We find that
larger defect degrees affect the preferential sorption sites in Niydhtp, while no such indication is
found for the other materials in our study. Instead, strong evidence is found for the formation of
water bridges/chains between coordinating water molecules, as previously observed for hydrophobic
porous carbons and mesoporous silica. This suggests similar sorption energies for additional water
molecules in materials with larger pore sizes after saturation of the primary binding sites, resulting
in more bulk-like water arrangements. Consequently, the sorption mechanism is driven by classical
pore condensation through H-bonding anchor sites instead of sorption at discrete sites.

Keywords: metal-organic frameworks; MOF-74; IRMOF-74; open metal sites; water vapor
sorption; hydrophobicity

1. Introduction

The concept of reticular synthesis [1] has proven to be one of the most fundamental
concepts within the field of metal-organic frameworks (MOFs), a class of porous inorganic—
organic hybrid materials. On the one hand, it provides a systematic approach to reduce
the complexity of numerous MOFs [2,3] by simplifying their extended structures, reducing
them to simple geometric building blocks, so-called secondary building units (SBUs). On
the other hand, it guides chemists to rationally design new frameworks adopting the same
framework connectivity, i.e., network topology, referring to the structure and connectivity of
the underlying periodic network [4,5]. Substitution of geometrically identical units allows
creation of precisely tailored pore environments by inclusion of new functionalities [6-10],
pore size modification [6,10-13] or the use of different metal cations [14].

One of the most extensively studied examples of the applicability of this concept is
CPO-27-M [15] (i-e., Mpdhtp, dhtp = 2,5-dihydroxyterephthalate, also known as dobdc),
also well-known as MOF-74-M [16]. Substitution of the dhtp-linker molecule [11,17-19]
generates three-dimensional, isoreticular MOFs (i.e., IRMOEF-74) with a honeycomb-like
cross section and one-dimensional, cylindrical pores. This pore engineering concept

Nanomaterials 2024, 14, 1791. https:/ /doi.org/10.3390 /nano14221791 75 https:/ /www.mdpi.com/journal /nanomaterials



Nanomaterials 2024, 14, 1791

resulted in multiple compounds with different pore sizes and functionalities such as
Mjydondc [20] (dondc = 1,5-dihydroxynaphthalene-2,6-dicarboxylate), Mpbpp [11,17-19,21]
(bpp = 3,3'-dihydroxy-[1,1"-biphenyl]-4,4’-dicarboxylate, also known as dobpdc) and
Mytpp [11,17,19,21] (tpp = 3,3”-dihydroxy-2’,5'-dimethyl-[1,1":4’,1”-terphenyl]-4,4" -
dicarboxylate). Further studies showed that modification of the linker substitution pat-
tern (i.e., from para- to meta-arrangement of carboxylic acid groups) results in frame-
works with bended, ‘banana-like” pore walls as in the cases of Mpdhip [22] (dhip =
4,6-dihydroxyisophthalate, also known as m-dobdc) and Mybpm [21-24] (bpm = 4,4'-
Dihydroxy [1,1’-biphenyl]-3,3'-dicarboxylate). All IRMOF-74 frameworks have accessible
open metal sites [25] (i.e., under-coordinated metal centers) created by removing coordinat-
ing solvent molecules. These sites are exposed to the pores, acting as attractive sorption
sites for various guest molecules such as CO, [26-29] or water [28,30-32]. Therefore, these
isostructural frameworks offer unique possibilities for sorption-based applications.

In order to evaluate the material performance, a deep understanding of the water
sorption properties is needed, since applications either heavily rely on the absence (e.g.,
battery technology [33] and carbon capture [34,35]) or presence of water (e.g., proton con-
duction [36—40] and water harvesting [12,41]). Hence, a comprehensive knowledge of the
interactions of water molecules inside the pores of the host framework is necessary. One
powerful method to study the adsorption/desorption behavior of MOFs is water vapor
sorption analysis. The isothermal water uptake of the sample is measured, typically apply-
ing either gravimetric methods (microbalance) [42,43] or manometric techniques [44,45].
For the latter method, we recently demonstrated the potential provided by high accuracy in
the low-pressure range, i.e., for small amounts of water, studying the sorption mechanism
of Mpdhtp (M?* =Co, Cu, Mg, Mn, Ni and Zn) [46,47], unveiling distinct differences of the
sorption mechanisms, depending on the respective type of metal center.

In general, different sorption sites and unique sorption properties in MOFs [48,49]
are a consequence of the chemical nature of the surface of these porous frameworks,
gathered by a complex interplay of the hydrophilic inorganic building units and the (mostly)
hydrophobic organic domains (i.e., linker molecules). However, discrete information on
the polarity of the framework surface is obtained by determination of the inflection point
, i.e., the point at which half of the maximum adsorption is observed, of water adsorption
steps. For polar materials, this point is shifted toward lower relative pressures (p/pg), when
compared to less polar compounds [1,50]. Many MOF materials tend to lack sufficient
hydrolytic stability [51,52], which is an immediate consequence of the dynamic nature
of the coordinative bonds in competition with water molecules [53]. Nevertheless, the
above-discussed isoreticular approaches to modulate the pore properties in MOFs make
them interesting materials for detailed water sorption studies. Qian et al. [10] systematically
studied UiO-66(Zr) by independently analyzing the effect of the pore wall polarity (via
linker functionalization) and pore size (via incorporation of larger linker moieties) on
its water sorption behavior. Linkers with higher hydrophilicity revealed a pronounced
shift of the observed sorption step toward lower relative pressures, suggesting stronger
water—framework interactions. Similar observations were also made for other MOFs [13].
However, incorporation of highly polar linkers drastically altered the water sorption
behavior, changing the shape of the observed water sorption isotherm (from type IV to type
1[54]), suggesting highly attractive conditions for water adsorption, as similarly observed
for porous carbon [55]. In contrast, hydrophobic groups only led to severely reduced
water uptake without further visible changes. Further, pore size-dependent shifts of the
sorption step toward higher pressures were observed, indicating that micropore filling is
highly affected by the given pore diameter and the increased size of hydrophobic domains,
since pore condensation relies on water cluster formation, as similarly observed for other
MOFs [56-58].

We present a comprehensive study on the effects of pore size and linker substitu-
tion pattern on the water sorption mechanism and water arrangement within the one-
dimensional, cylindrical pores of a series of isoreticular MOFs (i.e., NipL; L = dhtp, dhip,

76



Nanomaterials 2024, 14, 1791

dondc, bpp, bpm and tpp). We utilize thermogravimetric analysis (TGA) and Fourier trans-
form infrared (FTIR) spectroscopy to monitor the interactions of water with its environment
in the confined space. In addition, we apply solution 'H nuclear magnetic resonance (NMR)
spectroscopy to monitor the number of defects from missing linker molecules. Finally,
manometric water vapor sorption analysis is used to study the adsorption/desorption
behavior of the IRMOF-74 series.

2. Materials and Methods
2.1. Linker and MOF Synthesis

All ML MOF materials (i.e., Nipdhtp [59], Ni,dhip [22], Nipdondc [20], Ni;bpp [11],
Nipbpm [11], Niptpp [11]) were synthesized under solvothermal conditions according to
modified reported procedures (details are given in the Supplementary Materials). Solvent
was removed by heating under dynamic vacuum conditions to obtain desolvated samples,
which were stored in a glove box under Ar atmosphere until further use. All products were
characterized by powder X-ray diffraction (XRD) and compared with literature results,
ensuring structural integrity with no evidence of crystalline impurities.

Hydhtp [46,60], Hydondc [20], Hsbpp [17,61] and Hytpp [17,61] linker molecules were
synthesized according to modified literature procedures (details are given in the Supple-
mentary Materials). All other chemicals (including Hydhip and H4sbpm) and solvents were
purchased from commercial suppliers and used without further purification. All air- or
water-sensitive reactions were carried out under standard Schlenk techniques using a dry
argon atmosphere.

2.2. Preparation of Hydrated Samples

The desolvated samples were placed in a closed vessel with a separate water reservoir
(I mL per sample, ca. 10 to 15 mg) to load them via the gas phase at 40 °C for 24 h.
Afterwards, we refer to them as hydrated samples (Ni;L-hyd).

2.3. General Characterization Techniques

Powder X-ray diffraction (XRD) data were collected on a Bruker D8 Advance diffrac-
tometer (Bruker, Karlsruhe, Germany) with a step size of 0.02° and a counting time of 3 s
per step. Patterns are normalized (data range from 0, 1) to the most intense reflection for
better comparison of relative intensities. 1H and 3C nuclear magnetic resonance (NMR)
spectra were recorded using Bruker Advance 500 and Bruker Ascent 700 spectrometers
(Bruker, Ettlingen, Germany). Chemical shifts were calibrated to the resonance of residual
non-deuterated solvent. For defect analysis, small amounts of the samples (ca. 3 to 5 mg)
were diluted overnight in 600 uL of a solvent mixture prepared from dmso-dg (10 mL)
and deuterium chloride (20 wt% in D,O; 0.5 mL). Thermogravimetric analysis (TGA) was
performed using a TGA/DSC1 STAR System thermobalance from Mettler-Toledo (Gief3en,
Germany). Samples were placed in a 70 puL corundum crucible. Measurements were
performed under a constant nitrogen gas flow (50 mL min~?, purity 5.0) in a temperature
range from 40 °C to 800 °C using a heating rate of 10 °C min~!.

2.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed using a Bruker Vertex 70 spectrometer (Bruker,
Ettlingen, Germany) in annual total reflection (ATR) mode utilizing the Platinum ATR
unit A225 with a diamond ATR crystal. Powdered samples were pressed on the crystal
during the measurement. After the measurement of hydrated samples, an automatic
baseline correction was applied using the OPUS 7.2.1 software package. The correction
was performed using a concave rubberband correction, with 10 iterations and 32 baseline
points. Gaussian least square fits of the water stretching band were performed individually
using the peak analyzer function of the Origin23b software package. First, the data within
the range from 4500 to 2400 cm ™! were normalized (data range from 0.1) to the maximum
absorbance. For the fitting procedure, the data from 3900 to 2400 cm~! were selected.
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Baseline correction was performed, using a linear baseline. Then, three peaks were set
with the starting positions near 3560 cm~! (multimer water), 3380 cm~! (intermediate
water) and 3210 cm~! (network water). Only positive peak areas were allowed, while the
previously corrected baseline was set constant. No further restrictions were used. It was
noted that the fit results possess a small error, caused by the overlap of the aromatic C-H
vibration of the linker molecules with the water stretching bands.

2.5. Sorption Analysis
2.5.1. Nitrogen Physisorption Measurements

N> physisorption analysis was performed with a Quantachrome Autosorb 6B (Quan-
techrome Instruments, Boca Raton, FL, USA) at 77 K. The relative pressure range suitable
for the BET area calculation was determined using the Rouquerol [62] criteria. Total pore
volumes were determined from the uptake at p/pg ~ 0.9. Activation of the samples was
performed in a stepwise manner. The desolvated samples were transferred to the measure-
ment cell and dispersed in methanol twice for 45 min. After each step, the solvent was
removed under dynamic vacuum. The pre-dried samples were degassed for approximately
17 h applying the following procedure: Samples were heated from room temperature to
60 °C with a heating rate of 2 °C min~! after which the temperature was held for two
hours. Then, the sample was heated to 100 °C with the same heating rate (2 °C min~!)
and the temperature was held for another two hours. Finally, the sample was heated
(2 °C min~!) to 150 °C and the temperature held for an additional 12 h, after which the
sample was allowed to cool to room temperature. Pore size analysis was accomplished
with the supplied AS-Multistation 2.01 software package using the NLDFT data-based
method (N3 at 77 K on silica, cylind. pore, NLDFT adsorption branch data kernel), treating
the samples as silica.

2.5.2. Water Vapor Sorption Measurements

Water vapor sorption experiments were performed on a 3Flex instrument (Micromerit-
ics, Unterschleifsheim, Germany) at 298 K (25 °C) with double distilled (and degassed)
water. Activation of the samples was performed in a stepwise manner, applying the same
procedure as mentioned in the N, physisorption section.

3. Results and Discussion
3.1. General Characterization

All members of our nickel-based frameworks, i.e., Ni,L (L = linker molecule), were
prepared using six linker molecules, each presenting either a different substitution pattern
(para- vs. meta-position of carboxylate groups) or different sizes, resulting in isoreticular
materials with tunable size and pore wall polarities (Figure 1).

Powder X-ray diffraction (XRD) data of the prepared frameworks (i.e., NiyL) are in
agreement with literature data [11,17,20,21], confirming the periodic, three-dimensional
framework structure with a honeycomb-like cross section, with no evidence of crystalline
impurities in any of the prepared samples (Figure 2a). The respective (110) lattice plane
distances, characteristic for the perpendicular arrangement of the one-dimensional cylindri-
cal pores, indicate the expected pore diameters in the range 13 ... 23 A (Table 1). We note
that the broad reflections for most materials indicate small crystallite size, while the signal-
to-noise ratio is attributed to sample preparation and the crystallinity of the frameworks
(longer measurement times were avoided to minimize the influence of humidity).

N, physisorption analysis enabled us to confirm the permanent porosity of all prod-
ucts, revealing type I sorption isotherms [64] for most frameworks in our series, consistent
with the existence of micropores (Figure 2b). In contrast, Niytpp reveals a type IV(b)
isotherm shape typical of mesoporous materials with pore diameters below 40 A. The
suitable pressure range for BET area determination was selected using the Rouquerol [62]
criteria. The high specific surface areas (560 ... 2320 m? g~!) and large specific pore vol-
umes (0.38 ... 1.03 cm® g1, at p/pg ~ 0.9) of the networks mostly align with literature data
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(reference data only for Mnydondc) [17,20-23]. We note that the comparable low surface
areas for some materials hint toward the existence of amorphous byproduct, while the
increase in the adsorbed volume at high relative pressures generally indicates interparti-
cle porosity as a consequence of small crystallite size Observed differences for Nipydhip
and Nipbpm are slightly larger. Pore sizes analysis (Figure 2c) is in good agreement with
previous studies [21] and our XRD results, verifying that the pore size within our series
approximately doubles from Niydhip to Niytpp (see Table 1, details are shown in the
Supplementary Materials; NLDFT-based fits displayed in Figures S6-511). However, the
uniformity of the pore sizes is seemingly affected by the average pore diameters, resulting
in a broadening of the distribution curve, in agreement with the expectation that larger
inorganic moieties negatively influence the frameworks crystallinity.
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Figure 1. (a) Illustration of the inorganic building units and used linker molecules in this research,
forming isostructural NiyL frameworks. (b) Network topology of Ni,dhtp (msf, reprinted from
ref. [3]) and (c) representation of the honeycomb-like cross section along the crystallographic c-axis,
showing Niydhtp as an example.

Table 1. Determined lattice plane distance dqyg calculated from the Bragg equitation as well as
surface areas Sggt, pore volumes Vpy and pore sizes dpore NL.DFT Of NipL materials determined from
nitrogen sorption data at 77 K.

di1o SBET VPpore dpore, NLDFT

(A) m? g1 (cm® g~ 1) (A)
Ni2dht’p 12.93 + 0.02 1240 + 80 0.55 + 0.07 12.73 +0.22
Nipdhip 12.97 + 0.06 560 + 120 0.38 4+ 0.09 11.93 + 0.30
Ni,dondc 14.57 + 0.10 1010 = 10 0.55 £+ 0.03 13.63 + 0.42
Niybpp 18.36 + 0.04 1660 + 230 0.74 + 0.02 16.68 + 0.57
Niybpm 18.87 + 0.00 1200 + 50 0.58 4+ 0.02 18.52 + 0.52
Nip tpp 23.05 £ 0.06 2320 + 140 1.03 £+ 0.06 25.09 £+ 0.67
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Figure 2. XRD patterns of Ni;L frameworks (a). The most intense reflections represent the (110)
and (300) lattice planes (marked with * and # respectively), being shifted toward lower angles
with increasing pore diameter. Patterns are normalized and compared to literature data where
accessible [22,63]. N, physisorption isotherms of NiyL (b) measured at 77 K and their respective
NLDFT-based pore size plots (c).

Recent studies analyzed formate defects in Nipdhtp stemming from decomposed DMF
(DMF = N,N-dimethylformamide) solvent molecules. They found that the number of defect
sites increases with the metal-to-linker ratio [65]. Therefore, we applied 'H NMR spec-
troscopy to analyze potential defects within our series. Samples were diluted in a solvent
mixture of dmso-dg and deuterium chloride (20 wt% in D,0O). We note that acid-caused
decomposition of formate anions [66] is a possible error source. However, we suggest that
the impact of this is comparably low due to the reasonably low acid concentration used
for decomposition. NMR spectra of diluted frameworks are shown in the Supplemen-
tary Materials (Figures S12-517). Respective ratios of the linker molecules and formate
anions (For™), or acetate (OAc™) anions for Ni,dondc, were calculated considering the
different charges of the coordinating ligands, i.e., one linker (L*~) must be replaced by four
For™ /OAc™ ions (capping ligand) to maintain charge balance. This enabled us to deter-
mine the respective sum formula for our materials (see Table 2). We found that even for low
metal-to-linker ratios (e.g., Nipdhtp) the amount of incorporated formate ions is significant
(i.e., 0.62, suggesting 0.16 dhtp*~ molecules are replaced). However, we see the reported
trend of increased defect sites with increasing metal-to-linker ratios for all materials in
our series. The precise amount of the capping ligands depends on the nature of the linker
molecule (acidity, solubility, . ..) and the precise reaction conditions. Nipdhip revealed the
largest differences between individually synthesized samples, indicating that its synthesis
is more sensitive to minor changes compared to the other materials in this study. Further,
we found formate ions in diluted samples of Ni;dondc (Figure S18), which we attribute to
thermally decomposed DMEF used for the replacement of N-methyl-2-pyrrolidone (NMP)
solvent molecules. We suggest that these post-synthetically generated formate ions do not
affect the defect degree of the pristine framework but coordinate to the open metal sites.
Hence, these molecules can be replaced by additional solvent exchange procedures, as
performed prior to sorption analysis. However, this suggests that the determined formate
ion concentration in diluted samples is slightly overestimated as a consequence of residual
DMF solvent molecules. Nevertheless, the amount of incorporated capping ligands clearly
is another contributing factor for the broadening of the pore size distribution (see above),
in agreement with the negative effect of defect sites on the materials’ crystallinity. For the
sake of simplicity, all materials are referred to NiyL, and presented defects are discussed
when necessary.
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Table 2. Determined linker and formate (For™) or acetate (OAc™) capping ligand concentrations
of Ni,L materials derived from solution 'H NMR and their respective sum formulas, considering
charge balance. (Sum formula for a defect free material would be Ni,L.).

Linker Molecules For—/OAc~ Ligands
Sum Formula

per Formula Unit per Formula Unit
Nipdhtp 0.84 £ 0.02 0.62 £ 0.10 Nij (dhtp)g.s4(For)g 62
Nidhip 0.65 + 0.09 1414035 Nia (dhip)o.¢5(For)y 41
Ni,dondc 0.65 + 0.01 1.39 +0.00 Ni;(dondc)g 5(OAC)1 39
lebpp 0.49 £+ 0.06 2.04 +0.25 Niz(bpp)0449(FOI‘)2.04
lebpm 0.61 £ 0.06 1.54 +0.25 Niz(bpm)0_61(For)1,54
Niptpp 0.54 £+ 0.04 1.85 £ 0.16 Niz(tpp)0_54(F0r)1'85

3.2. Thermal Analysis

To evaluate the thermal stability of our frameworks and provide an ideal starting point
for our hydration/dehydration experiments, we performed thermogravimetric analysis
(TGA) of the hydrated frameworks (NiyL-hyd, Figure 3). Samples were prepared by loading
the desolvated materials with water through the gas phase. Therefore, samples were placed
in a closed vessel with a separate water reservoir to load them with water above room
temperature (i.e., 40 °C) for 24 h; for more details, see Section 2.2.
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Figure 3. Thermogravimetric analysis of the hydrated materials (NiyL-hyd) from 40 to 800 °C under

N, atmosphere (heating rate: 10 °C min~1).

In general, framework decomposition is observed in the range 350 . . . 450 °C, compara-
ble with previous reports [17,21]. However, the above-mentioned formate/acetate defects
affect the thermal stability of the frameworks. Prior to framework decomposition, an
additional smaller mass loss step around 250 °C (Nixtpp) and 300 °C (Niybpp) is observed
for some frameworks. This is in accordance with previous studies on defect engineering
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in Nipdhtp, revealing additional decomposition steps, becoming more pronounced with
higher defect degrees [67]. Our results on Nipbpp and Niytpp are comparable to previous
studies, although the here-observed steps are more pronounced and, for Niytpp, shifted
toward lower temperatures [17,21]. These differences are likely to arise from slightly differ-
ent synthetic approaches (here: mostly DMF [59] vs. DMF/EtOH/water (1/1/1) mixture
with lower Ni-to-L ratios), resulting in varying defect sites [65]. TGA data further indicate
that the mass stability, i.e., formation of a stable plateau, depends on the defect degree,
as increasing amounts of For™ /OAc™ lead to the loss of a stable mass plateau after the
water loss step and finally, an additional pronounced decomposition step. We note that our
results for Nipdhtp deviate from our previous studies [46], where larger amounts of OAc™
ions were incorporated (stemming from the metal source), visible in an additional decom-
position step prior to the collapse of the framework. This suggests that the herein-found
formate defects do not significantly alter the thermal stability of Ni;dhtp, agreeing with
the above-referenced studies.

Next, we determined the amount of adsorbed water in all hydrated Ni,L-hyd materials
by considering the first mass loss step between 40 and 250 °C. (We note that the adsorbed
amount of water is generally underestimated due to its strong bonding to the Ni?* sites,
being slowly desorbed over a broad temperature range as well as during framework
collapse [32,46]). All materials reveal similar values (21 ... 25% weight loss, Supplementary
Materials Table S1), slightly increasing with pore size. However, Niytpp deviates from
this trend, indicating that some loosely bonded water molecules could desorb during
sample preparation, as indicated by a less stable sample mass during measurement setup.
In general, the dehydration step shifts toward lower temperatures with increasing pore
diameter, indicating water—framework interactions become less attractive and the adsorbed
water becomes more comparable to bulk water.

3.3. FTIR Spectra of Hydrated Samples

Our results presented above indicate the expected effect of the channel size on
water—framework interactions and hint toward different water arrangements in the one-
dimensional channels. Thus far, infrared spectroscopy is frequently used to analyze the
interactions of water molecules at surfaces (e.g., inverse micelles [68,69]) or within pores
(e.g., mesoporous silica [45,70] and MOFs [46,71]). This possibility arises from the decon-
volution of the O-H stretching vibration, a superposition of vibrational bands, typically
located in the range of 2800 to 3700 cm ™! [72]. Least squares fitting of three Gaussian
profiles enables us to determine the respective contributions (peak areas) of the different
vibrational bands assigned to water in a particular H-bonding environment [45,68,69].
Brubach et al. [72] designated these water molecules as different types with respect to their
coordination numbers (CN), i.e., numbers of H-bonding partners. These three types are
termed ‘network water” (NW), ‘intermediate water’ (IW) and ‘multimer water’ (MW), as
their respective stretching frequencies reveal a red shift, i.e., toward lower wavenumbers,
with an increasing number of intermolecular interactions. NW resembles highly H-bonded
water molecules interacting strongly with their respective environment, forming roughly
four H-bonds (CN > 4) with adjacent atoms. These structures are often referred to as “ice-
like” arrangements, possessing oscillation frequencies around 3260 cm~!. As the number of
interactions decreases, IW water populations form, showing frequencies around 3460 cm ™.
These populations offer a ‘bulk-like” water arrangement of more dynamic water molecules.
Lastly, MW resembles poorly connected water molecules, often found at interfaces, forming
only few H-bonds (as found in dimeric/trimeric structures). These MW water molecules
are also referred to ‘dangling” water molecules, being a consequence of their isolation, i.e.,
low connectivity, to other water molecules. MW typically shows vibration frequencies
located around 3600 cm 1.

We carried out Fourier transform infrared (FTIR) spectroscopic measurements in
attenuated total reflection (ATR) mode on hydrated samples (i.e., NipL-hyd) to analyze the
effect of the pore size and linker substitution pattern on the arrangement and interactions of
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adsorbed water molecules. The spectra reveal the integrity of the organic linker molecules
as well as the presence of three of the characteristic vibration bands of water, i.e., the
stretching band (3750 ... 2800 cm™1), the bending band (1700 ... 1650 cm™1), and the
libration band (1000 ... 400 cm~!) (see Supplementary Materials Figures $19-524) [72].
Next, least squares fitting was performed for a pure liquid water film located at the surface
of the ATR crystal (Supplementary Materials Figure S25), as a reference to quantify the
relative contributions of the different water vibrations. We observed a contribution of 13%
from multimer water (3535 cm '), stemming from water in the liquid film that is located
at either of the two interfaces (ATR diamond crystal or air) [46]. Further, contributions
of 18% from intermediate water (3405 cm~!) and 69% from network water (3251 cm ™)
indicate that most of the water molecules not located at the interfaces form multiple H-
bonds with surrounding molecules. All NiyL-hyd samples possess significantly lower
contributions for the multimer peak (5-6%) (Figure 4 and Supplementary Materials Table
52) when compared to the pure water film. This suggests that, similar to M,dhtp [46],
water molecules in these confined environments show a higher tendency for H-bonding
than interface-near water molecules of a pure liquid water film. This further suggests
that additional water molecules interact strongly with the coordinating water molecules,
located at the primary binding sites, and with oxygen atoms of the inorganic building
unit, giving rise to further H-bonding possibilities. Further, all NiL-hyd networks show
slightly higher contributions from network water (73-78%) as well as similar contributions
from intermediate water (17-22%) when compared to the pure water film, suggesting that
multiple water molecules form a highly connected H-bonding network.
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Figure 4. Deconvolution of the FTIR O-H stretching vibration band of water in hydrated Ni,L-
hyd samples (a—f) by least squares fitting (Dotted lines: sums of the three Gaussians). Relative
contributions of multimer, intermediate and network water in comparison with a pure liquid water
film (g).

We note that the observed relative contributions of the three vibrational bands in
Nipdhtp-hyd differ from earlier results [46]. As mentioned above, this is explained by
different synthetic procedures, resulting in more defect sites caused by significant incor-
poration of acetate anions (from the metal source). These capping ligands alter the pore
surface, resulting in a less uniform pore wall structure, causing less attractive interactions of
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water with the framework because of reduced H-bonding possibilities. Further, the precise
adsorption mechanism is affected (as discussed below). As stated above, the Niydhtp
formed here possess fewer defects, which is typical for reactions applying small metal
to linker rations [65]. Consequently, a more uniform pore wall structure and stronger
interactions with more H-bonding opportunities are found. Expecting crystallographically
defined water positions in Nipdondc, similarly for Mnydondc [20], we found different MW
(lowest observed) and NW (second highest) contributions, suggesting a similar number of
water molecules within the hydrated framework (ca. five molecules per Ni?*). However,
defects within the other frameworks seem to play a minor role for these interactions, since
most water molecules form multiple H-bonds even in the presence of significant amounts
of capping ligands. This indicates that potential binding sites near the pore walls are signif-
icantly less attractive for frameworks with larger hydrophobic domains. We hypothesize
that the high NW contributions found therein stem from inner pore, more bulk-like water,
rather than from interfacial water (i.e., MOF-water interactions as found for Mpdhtp [46]).

Consideration of the respective wavenumbers v (peak positions, see Supplementary
Materials Table S3) of the three Gaussian contributions allows us to gain more information
on the O-H bond situation of confined water. When compared to the pure water film, all

Ni,L-hyd samples show a blue shift (i.e., toward higher v) of the multimer and intermediate
water peak. Observed shifts are comparable for all materials except for Niydhtp-hyd, which
reveals a less pronounced blue shift, generally indicating O-H bond strengthening upon
hydration. In addition, most compounds reveal no significant changes of the network water

peak. However, Nipdhtp-hyd reveals a red shift (toward lower v), indicating weakening
of the O-H bonds in NW water stemming from highly confined water molecules. For
Niptpp-hyd, the opposite, i.e., blue shift, is found, being a consequence of less confined
water molecules.

The local H-bonding situation inside the one-dimensional pores of hydrated frame-
works is another aspect to bear in mind to monitor pore-size-dependent differences. Infor-
mation on this is derived from the respective differences between the peak center positions

x and y of different vibrational bands, i.e., from the wavenumber splitting Aaxy (Table 3).

Smaller Av values suggest a higher symmetry in the local H-bonding of water, indicating
more mobile water molecules with high rotational degrees of freedom and vice versa [73,74].
We determined higher values for all NipL-hyd materials than found for a pure water film.
This indicates a higher degree of H-bonding asymmetry, which is consistent with the

expectation of confined water molecules. Despite the similar trend, the precise Av values
differ for any given compound. For NiyL-hyd materials with smaller pore diameters, i.e.,
L = dhtp, dhip and dondc, generally higher wavenumber splitting is found. In the particu-
lar cases of Nipdhtp [32] and Niydondc [20], this is in accordance with the expectation of
crystallographically defined water positions in a fixed, highly asymmetric local H-bonding
situation. However, frameworks with larger pore diameters, i.e., L = bpp, bpm and tpp,
show the opposite trend, revealing lower Av values. H-bonding becomes more symmetric,
and thus are more comparable with bulk water because of the less pronounced confinement
effects. These observations are in accordance with our TGA experiments and previous
results on mesoporous silica revealing similar effects of the pore size [70], highlighting a
more bulk-like behavior with more flexible water molecules. Considering these results, the
members with larger pores (NiyL, L = bpp, bpm and tpp) should reveal a water sorption
behavior that mostly resembles classical pore condensation (i.e., water cluster formation),
rather than the occupation of discrete positions and confinement effects (as expected for
the smaller pores).
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Table 3. Wavenumber splitting Av of the stretching vibration bands of water in the NiyL-hyd
materials and of pure water.

AUmultimer—network Avmultimer—intermed. Avnetwork-intermed.
(cm—1) (cm—1) (cm—1)

Nipdhtp 336.2 +2.5 146.1 £ 1.1 190.1 £25
Nipdhip 3254+ 1.8 1422+ 1.2 1832 £ 1.8
Ni,dondc 337.0 £ 2.5 1413 +1.2 181.7 £ 1.7
Niybpp 321.0+1.9 1409 £ 15 1829+ 1.6
Nipbpm 320.6 = 1.7 1426 £ 14 1788 £ 1.5
Niptpp 309.1 £2.2 140.0 £ 2.0 169.1 £ 1.8
water 2844+ 1.5 130.2 £29 1542 +15

3.4. Water Vapor Sorption

To prove our hypothesis regarding the effect of the pore size on the sorption mech-
anism, we analyzed the hydration/dehydration behavior of the Ni;L with manometric
water vapor sorption measurements at 25 °C. We carried out two consecutive adsorp-
tion/desorption cycles without additional thermal activation in between the two cycles
(i.e., samples were not removed from the device), since our previous water sorption studies
on Mpdhtp [46,47] highlighted that coordination of water to the open metal site during the
first sorption isotherm results in different starting conditions ascribed to strongly bound
(chemisorbed) water molecules. These cannot be removed during the desorption process
without additional thermal activation.

We observed an overall higher total uptake during the second adsorption/desorption
cycle when compared to the first cycle for Nipdhtp. This is explained by a partial degra-
dation of the frameworks resulting in the formation of additional open metal sites caused
by cleavage of metal-linker bonds [42,46,47] during the time-consuming measurements
(several days). Results on Nipdhip indicate a poor hydrolytically stability since we observe
a decrease in water uptake during the first desorption isotherm, reflected by the crossing of
the adsorption and desorption branch and large equilibrium times, making it impossible to
further evaluate its water sorption behavior in detail. On the other hand, Ni,L frameworks
containing larger linker moieties (i.e., L = dondc, bpp, bpm and tpp), and thus possess-
ing larger pores, reveal a severely decreased total water uptake during the second cycle,
indicating that water molecules affect the framework’s longevity. All observations are
consistent with the decreased crystallinity of all samples after water sorption experiments
(Supplementary Materials Figure 526), while most materials maintain a larger degree of
their initial pore ordering (except for Nipdondc, which reveals complete loss of crystallinity).
Since all ML frameworks adsorb water at low relative pressure (p/pg < 0.1) due to highly
attractive interactions with vacant coordination sites, we displayed all isotherms, both in
a linear and in a semi-logarithmic representation, to analyze differences in the sorption
behavior. In addition, first derivatives of the isotherms (8V /5(p/py)) were calculated to
highlight the distinct water sorption steps in all isotherms (see Supplementary Materials
Figures S27-532) (Missing data points below p/pg = ca. 0.002, except in the first adsorption
isotherms, are due to technical experimental restrictions).

The water sorption isotherms of Niydhtp (Figure 5a,b), reveal similar characteristics
as observed in previous studies on M,dhtp [46,47], revealing a type I [54] water sorption
isotherm. However, differences arise as both materials are compared with each other.
Accordingly, uptake of the first 20% (with respect to the total uptake) occurs at particularly
low pressures (p/pg < 0.003), attributed to the coordination of water to open meal sites,
even though the desorption data are inconclusive with respect to the irreversibility of this
process, i.e., missing low-pressure data due to technical limitations. The further course
of the isotherms suggests a slightly different sorption mechanism: The observed sorption
step at p/pg = 0.03 ... 0.05 in this study corresponds to the uptake of one rather than two
water molecules in our previous study (ca. 20%, resulting in 60% of the total water uptake
vs. 40%, resulting in 80%) and presumably results in the formation of a uniform water
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cluster along the pore walls of the framework, being in agreement with the water sorption
mechanisms found for most other metals within the M,dhtp series (except M = Cu) [46,47].
As mentioned above, these findings result from varying defect degrees. Significant incorpo-
ration of acetate anions (and presumably capping ligands in general), results in less uniform
pore walls within the Nipdhtp framework, and thus less attractive interactions of water
with the pore walls, i.e., via H-bonding with the phenylene backbone at the proposed third
adsorption site. Consequently, the adsorption mechanism is altered, making the adsorption
of two water molecules more attractive to create a metastable state (i.e., preliminary pore
saturation). However, the further cause of our isotherm suggests that the here observed
formation of a continuous water layer along the pore walls seems to be a meta-stable state,
since gradual absorption of additional water molecules occurs afterwards until complete
hydration is observed, without any sign of additional sorption steps. We attribute this to
stronger Ni-O interactions in the inorganic SBU when compared to the other members of
the Mpdhtp series [47], affecting atomic charges on the metal center, thus preferring a square
planer coordination environment of Ni?*. Consequently, chemisorption of water molecules
to the metal center as well as H-bonding with framework O atoms becomes less attractive,
i.e., larger H-bonding distances, causing similar adsorption energies of both sorption sites.
Subsequent occupation of the third site (near the phenylene backbone) results in more
water molecules arranged in the confined environment. Hence, preliminary pore saturation
is observed at lower relative pressures when compared to M,dhtp [46,47]. Then, uptake
of additional water molecules with increasing vapor pressure (i.e., during adsorption) is
enabled by relaxation of previously adsorbed molecules, providing additional space while
decreasing their respective mobility. This phenomenon creates a hysteresis because of an
increased density of the adsorbed water, which is irreversible during the desorption, i.e.,
with decreasing pressure. We previously ascribed this effect to the alternating hydrophobic
(phenylene) and hydrophilic (coordinated metal centers) domains within M,dhtp [46,47],
which is in accordance with similar effects found for other porous materials possessing
larger and/or more hydrophobic pores [45,75-84]. The total water uptake after the first ad-
sorption branch was determined to be 0.51 & 0.06 g g~ !, which is in agreement with earlier
studies [17,85]. Our findings on Nipdhtp indicate that the precise sorption mechanism can
be tailored by selective incorporation of defects, giving rise to tailor-made water sorption
properties [59,65,67,86]. We will carry out further experiments in the future to validate this
hypothesis and confirm if this is a general property of the Mydhtp framework series.

Continuing with Niydhip, the water sorption isotherms reveal a similar shape com-
pared to Nipdhtp (Figure 5¢,d). Slight differences within the low-pressure range p/pg < 0.05
suggest that the less uniform structure of the pore walls because of the different substitution
patterns (i.e., para- vs. meta-arrangements of the carboxylate groups) has only a minor
influence on the possible sorption sites within the one-dimensional pores. In addition,
the total water uptake is slightly lower (0.41 & 0.06 g g~ !), which is probably due to the
decreased void spaces, affecting especially sorption sites near the pore center. We note that
these effects could also stem from the observed higher defect-degrees within Nidhip when
compared to Nipdhtp. As mentioned above, the framework decomposes during the first
desorption branch, making it impossible to analyze any effects of the chemisorbed water
on the second cycle.
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Figure 5. Water vapor sorption isotherms (25 °C) of Nipdhtp, Nipdhip and Nipdondc (two consecu-
tive adsorption/desorption cycles). Data are shown at linear scale (a,c,e) and in semi-logarithmic
representation (b,d,f). Horizontal lines mark 20%, 40%, 60%, 80% and 100% of the total water uptake
during the first cycle.

The water sorption isotherms of Ni;dondc (Figure 5e,f) offer fewer similarities to the
previously discussed Niydhtp, displaying a type IV [54] water sorption isotherm. Here,
water adsorption proceeds less at low relative pressures (p/pg < 0.1) and is attributed to the
irreversible saturation of the open metal sites, i.e., chemisorption to the primary binding
sites (ca. 20% of the total uptake remain adsorbed after completed desorption). Following
this, a pronounced adsorption step at p/py = 0.1 is detected, accountable for a majority of
the water uptake. This indicates less favorable conditions for water adsorption, i.e., similar
sorption energies of additional water molecules after chemisorption, because of the larger
pore diameter and hydrophobic moieties. Therefore, water cluster formation is the driving
force for pore condensation, initiated by previously adsorbed water molecules coordinating
to the metal centers [56,57]. After this step, more water molecules are gradually adsorbed
over a large pressure range. Desorption proceeds gradually as no pronounced desorption
steps are visible. This results in a hysteresis between the first adsorption and desorp-
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tion branch, again suggesting the formation of a meta-stable state during the adsorption
process. The total water uptake after the first adsorption branch (0.43 + 0.03 g g~ 1) is
slightly smaller than for Nidhtp, which is attributed to the higher molecular mass of the
used dondc* ligand, resulting in a larger molecular mass. However, our results are in
agreement with single crystal data on as-synthesized Mnydondc [20], suggesting that, once
completely hydrated, water occupies similar positions in fully hydrated M,dhtp (i.e., five
distinct positions) (We note that the authors mentioned significant disorder of the water
molecules due to residual N-Methyl-2-pyrolidone solvent molecules). However, unlike for
Ni,dhtp, these distinct positions do not stem from the occupation of preferred sorption
sites during the adsorption but rather from an attractive configuration of adsorbed water
molecules in hydrated pores. Continuing with the second cycle, a lower overall uptake is
observed after the adsorption branch, suggesting decomposition of the framework during
the measurement, applying a similar mechanism as discussed for Nidhtp [42,46,47], i.e.,
with partial pore blockage, resulting in decreased water uptake.

Finally, we investigated the adsorption/desorption behavior of the remaining Ni,L
materials (i.e., L = bpp, bpm and tpp). These compounds offer even larger pores than
Nipdondc, but reveal distinct similarities, showing type IV [54] water sorption isotherms.
All these NipL materials reveal only minor adsorption below a pressure of p/py < 0.2,
which is again attributed to the irreversible adsorption to the primary sorption sites (Ni%*
metal sites, Figure 6a—f). The amount of irreversibly bond water molecules decreases as
shown by 13% (Nip;bpp) > 11% (Nipbpm) > 8% (Nixtpp), suggesting a smaller amount
of water strongly interacting with the framework, resulting in a more bulk-like state,
agreeing with our FTIR experiments. Slight differences in the trend presumably stem
from the significantly higher incorporation of For~ within Niy,bpp, resulting in lower
hydrolytic stability. As the relative water pressure increases, one large adsorption step is
visible in all isotherms, which is shifted toward higher pressures with increasing pore size:
p/po =~ 0.21 for (Nipbpp and Ni;bpm) < p/pg = 0.46 for (Nixtpp). Similar dependencies of
the condensation of water on the pore size were reported for other MOFs [10] and carbon
nanotubes [81,87,88]. These pronounced sorption steps are accountable for the majority
of the total water uptake, indicating that for Niydondc and other MOFs [56,57], water
adsorption is driven by water cluster formation initiated by chemisorbed water molecules,
facilitating pore condensation. Over the remaining pressure ranges, water is gradually
adsorbed until complete hydration is observed. During desorption, a small hysteresis is
observed, attributed to the above-stated preliminary pore condensation. However, a rather
unusual behavior is found for Ni;bpp and Nipbpm, as the first desorption branch crosses
the first adsorption branch within the pressure range p/pg = 0.25 ... 0.41 (Figure 6a—d).
This is assigned to structural degradation of the framework [89], adopting a similar de-
composition mechanism as reported for Niydhtp [42,47]. There, additional open metal
sites are formed with individual pores tilting against each other, resulting in decreased
porosity. Further evidence for this is found as the second adsorption/desorption cycle is
considered, revealing a significantly reduced water uptake after the second adsorption
branch when compared to the first adsorption branch. We note that a similar phenomenon
might occur for Nitpp (see data range from p/pg = 0.5 ... 0.7) although data are incon-
clusive in this respect (Figure 6e,f). In addition to this crossing, the second cycles are
mostly identical to the first ones, clearly indicating that this effect is caused by framework
degradation rather than unique material properties. The maximum water uptake after the
first sorption branch increases with pore size, 0.57 + 0.02 g g~! (Niybpp) < 0.65 + 0.07 g g~ !
(Nisbpm) < 0.80 & 0.01 g g~ ! (Niptpp). Except for the observed crossing of the branches,
our results on Ni;bpp and Ni,tpp are generally in agreement with previous studies, reveal-
ing a slightly lower total water uptake [17]. Differences are attributed to either different
measurement settings (fewer data points in the respective crossing regions) or lower defect
amounts (not analyzed therein).
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Figure 6. Water vapor sorption isotherms (25 °C) of Nip;bpp, Ni;bpm and Ni,tpp (two consecutive
adsorption/desorption cycles). Data are shown at linear scale (a,c,e) and in semi-logarithmic represen-
tation (b,d,f). Horizontal lines mark 20%, 40%, 60%, 80% and 100% of the total water uptake during
the first cycle (Missing data points for Nipbpm below ca. p/pg = 0.006 stem from technical difficulties).

When compared to our TGA results, the overall water uptake determined by wa-
ter vapor sorption experiments (see Supplementary Materials Table S4) is higher for all
frameworks (23 ... 48 mmol g~ !). Differences become larger with increasing pore size. As
stated above, our TGA analysis underestimates the amount of adsorbed water because the
chemisorbed water is strongly bound and gradually released over a larger temperature
range and during decomposition. Hence, it is not considered in the initial dehydration
step. While this is sufficient to explain the difference for NiyL frameworks with a smaller
pore apparatus, i.e., L = dhtp, dhip and dondc, additional factors for larger pores must
be considered. We hypothesize that some water molecules in these frameworks, i.e.,
L =bpp, bpm, tpp, are loosely bond and could leave prior to the TGA measurements dur-
ing sample preparation. Further, we note that we do not see a clear trend of the maximum
adsorbed volumes in our nitrogen sorption and water sorption experiments (see Table S6),
as found in other studies [82]. Nevertheless, our water vapor sorption analysis indicates

89



Nanomaterials 2024, 14, 1791

that additional hydrophilic sorption sites for H-bonding, besides the open metal sites,
i.e., near the inorganic SBUs as present in Niydhtp, are optimal for high water sorption
at low relative pressures (Figure 7a). Those additional sorption sites are not found in
the other members of the Ni,L series, which is an immediate consequence of the larger
hydrophobic domains. We suggest that water adsorption within the more porous NiyL
frameworks (L = dondc, bpp, bpm, tpp), is dominated by water cluster formation and
follows a similar mechanism in the low-pressure region, as previously reported for other
MOFs with strong sorption sites [56-58]. First, the open metal sites are saturated before
additional, low-entropy water molecules adsorb thereon, forming distinct water clusters
driven by large hydration enthalpies (We note that this could also be a simultaneous
process). With increasing pressures, previously adsorbed water molecules initiate the
formation of water bridges/chains between adjacent chemisorbed water molecules, acting
as hydrophilic anchor sites (Figure 7b—d), similar to studies previously reported for meso-
porous silica [83,90] and porous carbons [91] possessing similar hydrophobic domain size.
As soon as enough water molecules are present in the gas phase to connect enough adjacent
anchor sites, the formation of a continuous H-bonding network is initiated, resulting in
pore condensation with minimal framework-water interactions. This process is shifted
toward higher relative pressures p/pg with increasing hydrophobic domain size, i.e., larger
distances of adjacent chemisorbed water molecules, revealing a direct correlation of the in-
flection point & and the linker polarity (i.e., octanol-water partition coefficients [92,93], see
Table S5). Further, this suggests that the pore wall surface polarity is mostly controlled by
the inorganic domains, even at small domain sizes. These effects are a direct consequence
of the Gibbs hydration energy AGpygration being dominated by the enthalpy term for larger
hydrophobic domains, with water molecules avoiding these units. Conversely, smaller
units are viewed as discrete perturbations, forcing a high-entropy water arrangement near
the hydrophobic surface, resulting in dominant entropic contributions as suggested for
Ni,dhtp (i.e., dominant surface-water interactions) [94-96]. The transition length for the
reversal of entropy /enthalpy-driven hydration lies around 10 A (or 1 nm), which is within
the same range as water-water distances for coordination water molecules in Ni;bpp and
Niybpm. Following the condensation step, the relaxation of adsorbed water molecules
provides additional room for further water molecules until complete hydration is observed.
Consequently, a more bulk-like water arrangement with increased H-bonding symmetry
is found, as suggested by our FTIR experiments. Hence, the observed H-bonding in NW
water is dominated by water—-water interactions for larger pores, which is additionally
supported by the observation of a decreasing amount of irreversible bond water molecules
with increasing pore size. For Nipdondc, this relaxation process initiates the formation of
more entropic water molecules with more asymmetric H-bonding forced to interact with
the pore walls. Eventually, this results in the occupation of discrete positions, as suggested
by XRD data [20], even though the initial hydration mechanism, i.e., pore condensation,
is enthalpy-driven. This is supported by our spectroscopic results, highlighting a more
asymmetric H-bonding situation.
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Figure 7. [llustration of the different arrangements of water molecules near the framework pore walls
in hydrated Ni,L frameworks. (a) Nipdhtp reveals multiple attractive H-bonding interactions with
framework atoms (dashed orange lines) and surrounding water molecules (dashed blue lines), located
at distinct positions. Formed water bridges, avoiding the hydrophobic domains in (b) Nipdondc,
(c) Nipgbpp and (d) Nitpp, suggest that the size of the water bridges/chains increases with larger
distances of adjacent coordinating water molecules, i.e., H-bonding anchors (distances estimated
from XRD data [11,20,97]).

4. Conclusions

Our study on the isoreticular NiyL framework series enabled us to analyze the effects
of the pore size and linker hydrophobicity on the water sorption mechanism and the ar-
rangement of confined water. We found evidence that defects in Ni;dhtp play an important
role on the given sorption mechanism. Higher amounts of formate defects result in a less
uniform pore wall, reducing the attractiveness of the third sorption site (near the phenylene
backbone), offering less H-bonding possibilities. Conversely, incorporation of fewer defect
sites results in a sorption mechanism, more comparable to those discussed for most other
Mpdhtp frameworks. This suggests that selective incorporation of defects enables one to
precisely tune the water sorption properties in the M,dhtp series. On the other hand, these
effects play a minor role for larger pores (i.e., NipL; L = dondc, bpp, bpm, tpp). Within the
low-pressure range, water predominantly adsorbs to the open metal sites while additional
molecules adsorb thereon as a result of large hydration enthalpies, forming distinct water
clusters. Water bridges between adjacent chemisorbed water molecules, located at the
primary binding sites, form thereafter, providing additional H-bonding opportunities.
Consequently, the sorption process is facilitated, resulting in classical pore condensation
characterized by a continuous H-bonding network. The observed sorption step is governed
by the pore size, with the pressure range additionally depending on the linker hydrophobic-
ity /hydrophobic domain size. We found that H-bonding is generally more asymmetric in
smaller pores, consistent with the expectation of defined water positions in fully hydrated
Nipdhtp and Niydondgc, offering multiple attractive water—framework interactions. Larger
pores offer a more symmetric H-bonding situation, suggesting a more bulk-like water
arrangement under less confinement, dominated by water-water interactions, as indicated
by decreasing dehydration temperatures with increasing pore size.
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Abstract: With the rapid growth of the economy, people are increasingly reliant on energy sources.
However, in recent years, the energy crisis has gradually intensified. As a clean energy source,
methane has garnered widespread attention for its development and utilization. This study employed
both large-scale computational screening and machine learning to investigate the adsorption and
diffusion properties of thousands of metal-organic frameworks (MOFs) in six gas binary mixtures of
CHy (Hp /CHy, N /CHy, O, /CHy, CO,/CHy, HyS/CHy, He/CHy) for methane purification. Firstly,
a univariate analysis was conducted to discuss the relationships between the performance indicators
of adsorbents and their characteristic descriptors. Subsequently, four machine learning methods were
utilized to predict the diffusivity/selectivity of gas, with the light gradient boosting machine (LGBM)
algorithm emerging as the optimal one, yielding R? values of 0.954 for the diffusivity and 0.931 for the
selectivity. Furthermore, the LGBM algorithm was combined with the SHapley Additive exPlanation
(SHAP) technique to quantitatively analyze the relative importance of each MOF descriptor, revealing
that the pore limiting diameter (PLD) was the most critical structural descriptor affecting molecular
diffusivity. Finally, for each system of CH, mixture, three high-performance MOFs were identified,
and the commonalities among high-performance MOFs were analyzed, leading to the proposals of
three design principles involving changes only to the metal centers, organic linkers, or topological
structures. Thus, this work reveals microscopic insights into the separation mechanisms of CHy from
different binary mixtures in MOFs.

Keywords: methane; metal-organic frameworks; gas separation; molecular simulation; machine
learning; diffusion

1. Introduction

Coal mine methane (CMM) [1] is methane released during the coal mining process,
typically mixed with gases such as nitrogen, oxygen, and carbon dioxide. CMM is primarily
stored in the coal matrix through physical adsorption, where the coal matrix contains a large
number of micropores and mesopores; the high specific surface area of micropores makes
them crucial for methane adsorption [2]. In abandoned coal mines, microbial methane
production is a new source of methane, indicating that, even after coal mining ceases,
methane generation and emission remains a concern that needs attention [3]. Accurately
predicting the emission of coal mine methane [4] is essential for understanding its potential
environmental impact and planning the use of methane as an energy source. Methane in
nature often contains impurities, such as nitrogen, carbon dioxide, and hydrogen sulfide,
which can reduce the combustion efficiency of methane, corrode pipelines, and increase the
environmental burden. Wu [5] and others developed a new amine ion-exchanged zeolite
Y by introducing amine cations CH* and TWA™ to the original zeolite Y and confirmed
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that they had good separation performance in the CHy/N; system. The global warming
potential of each mole of methane is 3.7 times that of carbon dioxide, and carbon dioxide
emissions account for 80% of the contribution of current greenhouse gas emissions to
global warming [6]. Although methane is a greenhouse gas, through effective capture
and utilization, methane can also serve as an efficient and clean energy source, playing
a positive role in global energy transition and climate change mitigation [7]. Biogas, formed
by mixing methane with an appropriate amount of air, is an ideal gas fuel. Purifying
biogas for use as vehicle fuel can further improve the utilization rate of biogas [8]. The
pressure swing adsorption (PSA) purification method utilizes the selective adsorption
of carbon dioxide by the adsorbent [9], that is, carbon dioxide has a higher separation
coefficient relative to other gaseous components on the adsorbent, to achieve the purpose
of removing carbon dioxide from biogas and purifying methane [10]. Purifying methane
in biogas using physical or chemical methods, such as pressure swing adsorption (PSA)
or chemical absorption, usually involves repeated pressurization and depressurization
processes, which can lead to high energy consumption and production costs, affecting the
economic benefits and sustainable development of enterprises [11].

In recent years, a new type of adsorbent material, metal-organic framework (MOF),
has emerged as a novel class of porous material. Formed through self-assembling metal
ions or clusters with organic ligands, MOFs boast high porosity, large surface area, and
tunable pore sizes. They have been extensively studied and applied in various fields,
including gas adsorption and separation [12], storage [13], catalysis [14], drug delivery [15],
and sensing applications [16]. The structure of MOFs can be regulated by selecting different
metal ions and organic ligands, thereby achieving precise control over pore size, shape,
and chemical environment [17]. Understanding multi-component adsorption equilibria
on MOFs is essential for designing adsorption-based separation processes [18]. Although
a large number of MOFs have been synthesized and reported to date, given the vast variety
of metal ions and organic linkers and diverse connection sequences, manually sifting
through a vast database to select MOFs for a specific system using only experimental
methods is undoubtedly inefficient.

Therefore, molecular simulation, high-throughput computing combined with machine
learning (ML), and molecular fingerprints (MFs) are used to replace traditional research
methods in searching for and designing suitable new MOF absorbents [19]. Anbia [20]
and others studied the adsorption characteristics of MOF-235 for CHy, Hj, and CO, by
measuring volume, finding that the absolute amount of adsorption was in the order of CHy
> Hp > CO,. The selectivity of MOF-235 for CHy was higher than that for CO, (14.7) and Hp
(8.3), indicating that MOF-235 is a potential adsorbent for CHy separation in gas mixtures.
Niu [21] and others reported a methane nano-trap, discovering that an alkyl-MOF-based
methane nano-trap has a high methane adsorption rate and CHy /N selectivity at 298 K
and 1 bar. Yang [22] and others synthesized a microporous hetero metal-organic framework
(MOF) material named Culn(Ina)s, which showed excellent adsorption performance in
separating and purifying CH, from a ternary mixed system containing C,H, and CO,.
Mulu [23] and others determined that original wood ash, after calcination treatment, can
effectively adsorb and remove CO, and H,S from biogas, thereby increasing the purity
of methane in biogas. Wang [24] and others designed and synthesized a series of porous
coordination polymers (PCPs) with hourglass-shaped nanochannels, one of which, the
porous coordination polymer NTU-30, showed excellent separation efficiency in CoHg/CHy
and CoH,/CHjy gas systems. Experiments proved that NTU-30 has weaker adsorption for
CHy, but stronger adsorption capacity for CoHg and C;Hy, making it an adsorbent material
for natural gas purification and increasing CHy purity. Yang [25] and others studied the
field of low-concentration coal mine methane and used the VPSA (vacuum pressure swing
adsorption) method with modified carbon molecular sieves as adsorbents for methane
adsorption. The results showed that this adsorption technology is particularly suitable
for purifying raw gases containing low concentrations of methane. Tu [26] and others
reported a nickel-based metal-organic framework Ni-BPZ, which can effectively achieve
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methane separation and purification, including capturing methane in coal mine gas, and
revealed its efficient separation mechanism through molecular simulation. Kang [27] found
in his research that, compared with other gas molecules, the MOFJUC-150 membrane has
a significant preference for Hy permeation, and at room temperature, the selectivity factor
of this membrane for H, /CHy is 26.3.

The purpose of this work is to employ large-scale computational screening and ML to
study the adsorption and diffusion properties of 6013 MOF adsorbents in six gas mixtures
(H,/CHy, Np/CHy, O,/CHy, CO,/CHy, H,S/CHy, He/CHy). In Section 2, the atomic
models of CoORE-MOF and gases, simulation methods, and principles of machine learning
are described. In Section 3, the relationship between the performance indicators of the
adsorbents and their characteristic descriptors is first discussed through univariate analysis,
and then the best ML model for a specific performance indicator for the six systems is
identified using four ML techniques, followed by the application of SHAP for a quantitative
analysis of the relative importance of each CoRE-MOF descriptor. Finally, high-performance
MOF materials for different systems are screened, and the commonalities among high-
performance MOFs are analyzed to propose design principles.

2. Model and Methods
2.1. Molecular Model

In this work, Chung [28] and colleagues conducted a series of experiments to screen
CoRE-MOFs by removing free solvent molecules using high-throughput molecular simula-
tion and established a database containing MOF crystal models. Five structural descriptors
of MOF were calculated, including pore-limiting diameter (PLD (A)), large cavity diameter
(LCD (A)), volumetric surface area (VSA (m?/cm?)), void fraction (¢), and MOF density
(0 (kg/m?3)). The LCD and PLD were calculated using zeo++ software (version 0.3) [29].
The VSA and ¢ were computed using the RASPA software (version 1.9.15) [30] with He
with a diameter of 2.58 A and N, with a diameter of 3.64 A as probes, respectively. In
the grand canonical Monte Carlo (GCMC) simulations, the Lennard-Jones (L]) potential
function was used to describe the interactions between atoms in CoRE-MOFs, allowing
particles to freely enter and exit the simulation system, thereby simulating the adsorption
behavior of the system under different chemical potentials.

12 6
7ij 0ijj qiq;j
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In Equation (1), r;; represents the distance between two atoms; g;, q; denote the charge
quantities of the two atoms, respectively; ey = 8.8542 x 10712 C2 N~ !m~2 is the vacuum
permittivity, which is used to describe the Coulombic interactions between atoms. The
Lennard-Jones (L]) potential parameters for MOFs are derived from the universal force
field (UFF) [31] and are listed in Table S1.

We constructed a database for seven gas components (CHy, Ny, H,S, O,, CO,, Hy, He).
The force field parameters for these seven gas components listed in Table S2 are derived
from the transferable potential of the Trappe force field [32]. CHy is a united atom model;
Ny is a three-site model with an N-N bond length of 1.10 A; H,S is a four-site model with
an S-H bond length of 1.13 A, featuring L-J potentials on the S and H atoms. Additionally,
there is a dummy atom near the S atom, with partial charges on the H atoms and the
dummy atom, while the S atom is uncharged. O is a three-site model, and for CO,, the
C-O bond length is 1.16 A and an ZOCO was 180°. The He atom has a diameter of 2.58 A.

2.2. Molecular Simulations

In this study, the temperature was set to 298 K and the pressure to 1 bar. The diffusion
coefficients D of CHy, Ny, HyS, Oy, CO,, Hp, and He in the MOF were calculated using
MD simulation [33]. Each MOF underwent an independent MD simulation to individually
assess its diffusion characteristics for gas molecules. The time step for the MD simulation
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was 1 fs, which was the smallest time interval used in the simulation to calculate atomic
motion. The duration of each MOF’s MD was 5 ns, with the first 3 ns used for the system to
reach an equilibrium state, and the last 2 ns for production. The data from the production
phase will be used for the final analysis and results. The diffusion coefficient in the MD
simulation was calculated from the mean square displacement using the Einstein equation.
All MD simulations were performed using the RASPA software package. The simulation
using this method showed better consistency with experiments (see Figure S1 for details).
To quantify the diffusion separation of two gases, the diffusion selectivity between ideal
binary gas pairs was estimated using Equation (2).

D;
Saiff(i/j) = D, 2)

In this context, D; and D; represent the diffusion coefficients of gas molecules i or j
within CoRE-MOFs, where i stands for Ny, H,S, Oy, CO,, Hy, He, and j stands for CHy.
The pairs i/j represent different gas combinations, listed in Table S3.

The interactions between CoRE-MOFs and adsorbate molecules were calculated using
the Lorentz—Berthelot rules. Periodic boundary conditions (PBC) are a standard simulation
technique, enabling the representation of an infinitely large material within a small repeat-
ing unit. In a 3D system with PBC, particles that exit one side of the simulation box re-enter
from the opposite side, ensuring continuity. The simulation cell, which contains the parti-
cles, is expanded to a minimum of 24 A in every dimension to ensure accurate modeling.
To calculate the Lennard-Jones (LJ]) interactions, a long-range correction spherical cutoff
radius of 12 A was set.

2.3. Machine Learning

In this work, four algorithms were used to predict two target values—diffusion
coefficient (D) and diffusion selectivity (Sg). In machine learning, constructing a diverse
training library is crucial as it helps ensure the model has generalization capabilities, that
is, it can accurately predict new unseen data. This training library includes gas molecules
of different sizes, shapes, and polarities (CHy, No, HS, O, CO,, Hy, He), and CoRE-MOFs
with different topological structures and chemical compositions. A total of 6013 MOFs with
different topological structures and chemical compositions were sourced from the 2019
CoRE-MOF database. Additionally, to facilitate the exploration of diffusion similarities of
different molecules within MOFs, the dataset was arranged longitudinally.

Firstly, molecular dynamics simulations (MD) were used to obtain the diffusion
coefficients (D) of seven gas molecules (CHy, Nj, H,S, O,, CO,, Hy, He), resulting in
42,092 preprocessed data entries. The feature variables consisted of MOF structural de-
scriptors (PLD, LCD, VSA, ¢, p) and gas physical properties (see attachment Table S4)
(kinetic diameter (Dia), quadrupole moment (Qua), dipole moment (Dip), and polarizability
(Pol)). The diffusion selectivity (Saif) for six ideal binary gas mixtures was derived using
Equation (2), resulting in 36,078 preprocessed data entries. The feature variables consisted
of MOF's five structural descriptors (PLD, LCD, VSA, ¢, p), the physical properties of the
separated gases (kinetic diameter (Dia), quadrupole moment (Qua;), dipole moment (Dip;),
polarizability (Pol;)), and differences in the physical properties of the separated gases (AD:ia,
APol, ADip, AQua) [34]. The data then proceeded to the next step of machine learning.

To explore the importance of geometric/energy descriptors (LCD, PLD, VSA, p, ¢) in
MOFs for their performance, four machine learning (ML) algorithms were used for data
mining, including random forest (RF) (version 1.2.2) [35], gradient boosting regression
trees (GBRT) in scikit-learn (version 1.0.2) [36], extreme gradient boosting (XGB) (version
1.1.2) [37], and lightGBM (LGBM) (version 3.3.2) [38] for comparison. All algorithms were
executed in scikit-learn for Python [39], and detailed information on the principles of ML
algorithms can be found in Supporting Information Section S3. All version numbers of
the Python packages used during training are listed in Table S5. ML algorithm parameters
can be found in detail in Table S6. Before training the ML models, the dataset was first
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randomly divided into training and testing sets at a ratio of 7:3, followed by standardization
processing. During training, k-fold cross-validation was used (k = 5 in this work) to
improve the stability and accuracy of the model; the principle can be found in Figure S6.
In machine learning and statistical modeling, evaluating the performance of the model is
a very important step. The coefficient of determination R?, mean absolute error (MAE), and
root mean square error (RMSE) are three commonly used evaluation metrics. A higher R?
indicates greater predictive accuracy, while lower MAE and RMSE values signify enhanced
stability in the model’s predictions.

In this work, SHapley Additive exPlanation (SHAP) technology was combined with
machine learning models for the analysis of the relative importance of features. SHAP
(version 0.40.4) [40] is a popular interpretive tool for machine learning that helps us
understand the specific impact of each feature of the model on the model’s predictions. It
can be calculated through the TreeExplainer algorithm developed by Lundberg [41] and
others. TreeExplainer is a method for calculating SHAP values to interpret tree-based
models. For each sample in the dataset, TreeExplainer individually calculates the result
of that sample in each decision tree of the model. It then assesses the contribution of each
feature to the sample’s predicted outcome in each decision tree. By analyzing the SHAP
values across all samples, the global behavior of the model can be interpreted.

3. Results and Discussion
3.1. Statistical Analysis

To explore the impact of MOF structure on the diffusion performance of seven gases
during the diffusion process, we first analyzed the relationship between diffusivity (D) and
five descriptors. As shown in Figure la—d, D increases with the increase in PLD, LCD, ¢,
and VSA, eventually tending to stabilize, as they are all descriptors of pore size or pore
volume. p is negatively correlated with diffusion performance, showing a downward
trend as p increases, which may be because p is not only related to the material’s pore
channels but also to its mass. When p > 3000 kg/m?, the dispersion of D is very high,
as shown in Figure le. MOFs typically have a high specific surface area and adjustable
pore structure, which makes them excellent for gas storage (such as hydrogen, methane,
and carbon dioxide). However, p may vary greatly due to the type and quantity of the
constituent elements and may include heavier metal atoms such as gold (Au), platinum
(Pt), or uranium (U), which can significantly increase the overall density of the structure.
Although some MOFs may have a larger free space (high porosity), which can provide
more gas storage capacity, the density of MOFs may still be high. Therefore, p is not easy to
represent the performance of MOFs.

200 20 400 1000 2000 3000 0 0.5 1.00 2000 4000
PLD (A) LCD (A) VSA (m?/cm3) ¢ p (kg/m3)
Figure 1. The variation of CHy diffusion performance with (a) PLD, (b) LCD, (c) VSA, (d) ¢, (e) p.

To further analyze, the relationship between D and PLD for the seven gases (CHy,
Ny, H;S, Oy, CO,, Hy, He) was explored. The kinetic diameters of these seven molecules,
sorted from smallest to largest, were He (2.6 A)<H, (2.89 A) <CO, (3.3 A) <O, (3.46 A)
<H,S (3.62 A) < N, (3.64 A) < CHy (3.8 A). As can be seen from Figure 2a,b, within the
range of PLD < 3.7 A, the diffusion coefficient of molecules increases with the increase in
PLD, showing a high positive correlation. After that, as the pore size increases and all gases
enter the interior of MOFs, when PLD > 5 A, diffusivity decreases and tends to stabilize.
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Secondly, based on the diffusion coefficients of CH4 and Ny in the infinite dilution state,
a quantitative relationship with PLD was established as log D = a PLD — b, as shown
in Figure S7. We found that the molecules affected by PLD in descending order were
CH4 > Ny > HpS > O, > Hy > CO, > He. Since CHy has the largest molecular diameter
among the four gases and He has the smallest, larger kinetic diameters slow gas molecule
diffusion, enabling methane capture and gas separation, which is consistent with the
conclusions reported previously in the literature [42].
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Figure 2. The effect of MOFs’ PLD and LCD on the diffusion properties of gases for (a) CHy;—PLD,
(b) Nz—PLD, (C) COz/CH4—PLD, (d) Oz/CH4—PLD, (e) Nz /CH4—LCD, and (f) H2 /CH4—LCD
(The orange line represents the range of optimal MOFs).

We then analyzed the relationship between selectivity (x = Ny, HyS, Oy, CO,, Hy, He)
and PLD and LCD. Most MOFs with larger diffusion selectivity have relatively smaller
PLD and LCD. From Figure 2c, it can be seen that when the PLD is between 2.4~4.2 A, the
adsorption selectivity for CO,/CHj decreases. When PLD > 5 A, both gas molecules can
pass through freely, and the adsorption selectivity gradually stabilizes and tends towards 1.
This is because CO; has a strong quadrupole moment and is preferentially adsorbed over
CHy4 even in infinitely large pores, thus achieving the separation of CO, from CHy. The
pore size of MOFs can be precisely controlled, allowing only specific-sized molecules to
pass through. Smaller pore sizes can prevent larger molecules from passing while allowing
smaller molecules to diffuse freely. The molecular kinetic diameter of CO, is about 3.3 A,
also smaller than that of the methane molecule. Therefore, designing MOFs with a pore size
smaller than the kinetic diameter of the methane molecule can promote the permeation of
CO; molecules while hindering CH4 molecules, achieving CO,/CH, separation. Similarly,
the kinetic diameter of O, is about 3.46 A, and that of CHy is about 3.8 A. If the pore size of
MOFs is designed to be smaller than 3.5 A, it will be more conducive to the rapid diffusion
of oxygen molecules and restrict the passage of methane molecules, achieving O, /CHy
separation. Other gases also show the same trend, as shown in Figure S8. Therefore, by
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finely tuning the pore size and channel geometry, a certain degree of methane purification
can be achieved.

Saiff decreases and then tends to flatten as the four descriptors (LCD, ¢, VSA, PLD)
increase, as shown in Figure 2. This is also due to the gradual release of strong steric
hindrance. When the pore size is small, the pore walls of different framework materials
have a strong or weak adsorption effect on gases, resulting in high selectivity differences.
When ¢ is high, gas molecules have more space for free diffusion, so the diffusion capacity
Sdiﬁ( is larger. When VSA is close to 0, that is, the specific surface area of MOFs is very small,
and the pores are very limited, the diffusion area Sy of gas molecules is the largest. This
is because at this time, MOF molecules either cannot pass any molecules or can only pass
a small number of molecules other than methane. As VSA increases, that is, the specific
surface area increases, the pores become more tortuous and complex, leading to a longer
diffusion path for gas molecules, thereby reducing the diffusion capacity Sy Finally,
because further increasing VSA has a limited effect on increasing the diffusion path, or the
pore structure is already complex enough that the diffusion capacity of gas molecules no
longer decreases significantly, the diffusion selectivity equals 1, that is, methane purification
cannot be achieved. The complexity of the pore structure of MOFs may have an important
impact on the diffusion of gas molecules. As shown in Figure 2e,f, PLD also affects the
diffusion of gas molecules. A smaller pore size may limit the diffusion of gas molecules,
while a larger pore size may help to improve the diffusion rate. Other gases also show the
same trend, as shown in Figure S9.

The results show that PLD is a key indicator of x/CHjy separation performance, but
not a perfect one. The above univariate analysis can only preliminarily determine the
relationship between a single parameter and performance. To screen structural variables
that have a strong impact on all gas components and further predict the performance of
MOF structures, we will further use ML algorithms for systematic multivariate analysis of
the comprehensive structure-performance relationship of CoORE-MOFs.

3.2. Machine Learning

ML (machine learning) was used to model these complex large-scale data, and the
prediction results were effective. Therefore, in this work, ensemble algorithms were
employed in machine learning (ML) to enhance the performance of the predictive model,
especially in forecasting diffusivity and diffusion selectivity. Details of R2, MAE, and
RMSE are presented in Table 1. It can be seen that the computational accuracy of the RF
algorithm is relatively low, and its stability is poor. Relatively speaking, this algorithm has
lower predictive performance for methane purification. GBRT usually reduces prediction
errors step by step in the iterative process of multiple decision trees, with each tree trying
to correct the errors of the previous one. This strategy makes GBRT slightly better in
prediction accuracy than RF.

Table 1. Comparative prediction of R%, MAE, and RMSE for D and S performance by four machine
learning algorithms.

Indicators Algorithm R? MAE RMSE
RF 0.934 0.151 0.247

D LGBM 0.954 0.127 0.207
XGB 0.957 0.119 0.199

GBRT 0.947 0.129 0.222

RF 0.887 0.155 0.264

S LGBM 0.931 0.127 0.207
XGB 0.928 0.123 0.210

GBRT 0.907 0.135 0.240
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Figure 3 shows that the prediction results of XGB and LGBM are very close, with
considerable accuracy and stability. The R? value of XGB is 0.957, and the R? value of
LGBM is 0.954; both are close to 1, indicating that both models fit the training data very
well. The RMSE of XGB is 0.199, and the RMSE of LGBM is 0.207. Given the similar R? and
RMSE outcomes, we can deduce that both algorithms exhibit comparable accuracy.
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Figure 3. Prediction of machine learning for diffusivity and diffusion selectivity with (a) the predic-
tions of D by LGBM, (b) the predictions of D by XGB, (c) the predictions of S;;# by LGBM, and (d) the

predictions of Sy by XGB. (The color of the dots represents the quantity).

Figure 4b shows the time performance of different machine learning algorithms in
predicting diffusivity and selectivity, with the selectivity prediction time being shorter
than that of diffusivity. Although the R? value of the XGB algorithm is slightly larger
than that of LGBM, the computing time of XGB is over 300 s. The CPU computation
time of LGBM is significantly reduced; especially, when predicting selectivity, it reached
an impressive speed of 23 s. Therefore, comparing the four algorithms comprehensively, it
can be concluded that LGBM > XGB > GBRT > RF, with LGBM having the highest fitting
ability, stability, and efficiency. The excellent predictive effect of LGBM may be attributed
to its difference in tree structure from other tree model algorithms. Traditional tree models
use a depth-first strategy when growing, that is, building one branch at a time. LGBM
adopts leaf-wise growth, which can lead to the asymmetry of the tree but usually finds
better split points more quickly. The tree structure built from leaf growth may better reflect
the interaction between MOF description and performance than trees grown horizontally.
Another optimization of LGBM is histogram subtraction acceleration. With this method,
after constructing a histogram of a leaf, the histogram of its sibling leaf can be obtained at
a very low cost, which can double the speed. Therefore, LGBM is the fastest among the
four algorithms.

To avoid the impact of the training sample on the coverage of molecules in the test set,
we calculated each of the six systems separately, as shown in Table S7. As the training set
sample size increases, the model is exposed to more data and can better learn the underlying
patterns. Consequently, its predictive accuracy and generalization ability typically improve.
Ideally, the improvement in accuracy observed on the training set should also be reflected
in an independent test set, indicating that the model not only performs well on the training
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data but also generalizes effectively. For datasets with a small amount of data, the training
score of LGBM is higher than the test score. Providing more data for training will enhance
the model’s generalization ability and reduce overfitting. Surprisingly, the accuracy of the
LGBM model for predicting small sample sizes is still very high (R? = 0.910). Therefore,
when the algorithm focuses on predicting within a certain range (for example, parts of
materials with excellent diffusivity performance), the LGBM model still has a high degree
of accuracy and can also be applied to predict the diffusivity performance of new gases or
new MOF materials.
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Figure 4. Comparison of the four algorithms. (a) R2 and RMSE, (b) D and S.

3.3. SHAP Analysis

To further explore the impact of MOF descriptors on diffusion performance, in this
work, SHAP was utilized to interpret their relationships. Calculating SHAP values aims
to quantify the impact of features on performance in terms of magnitude (significant or
insignificant) and direction (positive or negative correlation). As shown in Figure 5a,
the SHAP values based on the LGBM algorithm illustrate the impact on diffusivity. The
influence is ranked as PLD > pol > Dia > VSA > LCD > LCD/PLD > ¢ > p > Qua > Dip. PLD
is positively correlated with gas diffusion performance, meaning that an increase in PLD
usually leads to an improvement in diffusion performance. The size of PLD can determine
the MOF’s screening ability for gas molecules of different sizes, allowing smaller gas
molecules to pass through quickly while hindering the diffusion of larger molecules, and
achieving size-selective separation. A larger PLD provides more space for gas molecules to
enter and diffuse, reducing intermolecular collisions and the diffusion resistance within the
adsorbent, possessing a more open pore structure, and providing more diffusion channels
for gas molecules. Therefore, the degree of match between the gas molecule’s kinetic
diameter and PLD is an important factor in determining diffusion performance. This is
consistent with previous research results [43], further verifying the importance of PLD
in MOF design. Pol, as the second most important influencing factor, shows a significant
negative correlation, meaning that an increase in the pol descriptor will reduce gas diffusion
performance. Dia, the descriptor for gas molecules, mostly has a negative impact on gas
diffusion, but there are also some positive correlations. This may indicate that the impact
of Dia on diffusion performance depends on the specific MOF structure and other factors.
An increase in VSA and LCD is found to promote gas diffusion. This may be because
a larger VSA and LCD provide more adsorption sites and more open diffusion channels.
Different MOF descriptors may interact with each other, and they collectively determine the
MOF’s diffusion capability. By identifying and quantifying the impact of these descriptors,
strategies can be provided for the optimization of MOF materials, such as adjusting pore
size and surface chemical properties to improve the diffusion performance of target gases.
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Figure 5. Relative importance analysis chart of structural descriptors for (a) D and (b) Sgs.

As shown in Figure 5b, the SHAP values based on the LGBM algorithm illustrate
the impact on diffusion selectivity. The influence is ranked as Dia > pol > PLD > VSA >
o> ¢ >LCD > APol > LCD/PLD > Qua > ADia > AQua > ADip > Dip. Dia (as the most
significant influencing factor)’s increase will have a negative correlation effect on diffusion
selectivity, meaning that a larger Dia value will reduce the MOF’s diffusion selectivity,
which has been mentioned in previous studies [44]. Pol, as the second influencing factor,
also inhibits diffusion selectivity, indicating that stronger intermolecular forces will reduce
the MOF’s separation efficiency. These two factors are the physical properties of the gas
molecules themselves, indicating that the physical properties of the gas molecules have
a significant negative impact on MOF diffusion selectivity [45]. In addition, PLD, VSA, and
p each have an inhibitory effect on diffusion selectivity to varying degrees. An increase in
PLD inhibits diffusion selectivity, possibly because an overly large PLD allows non-target
molecules to pass through, reducing selectivity. An increase in VSA and p leads to a longer
diffusion path for gas molecules within the MOEF, increasing the resistance to mass transfer.
Meanwhile, an increase in ¢ and LCD is positively correlated with diffusion selectivity,
indicating that optimizing these parameters can improve the MOF’s diffusion selectivity.

3.4. Top-Performing Metal-Organic Frameworks (MOFs)

Further research has found that, when the LCD value is smaller, the LCD/PLD ratio is
lower, the channels appear more uniform, and the diffusion performance is better. When
the LCD/PLD ratio is around 1, the diffusion rate rises sharply, reaching a peak in diffusion.
As the LCD/PLD value increases, the diffusion rate shows a downward trend, indicating
that more uniform channels are conducive to diffusion. For low PLD (below 5 A) with
smaller LCD, ¢, and VSA, the SHAP value is greater than 0, having a positive impact.
When the MOFs’ PLD is between 2.4 and 5.0 A, LCD is within 5 A, ¢ is near 0.1, and the
specific surface area is around 500, there will be a peak with a SHAP value greater than 0,
which will have a positive effect on the target values of our ML model. Therefore, MOFs
with higher diffusion selectivity can be obtained within this range.

To select CORE-MOFs with excellent performance, we set limiting conditions according
to the above range, as shown in Table 510. In the selection process, D; and Sy are the
two factors we jointly consider. As can be seen from Figure S12, the specific strategy
involves screening for MOF materials that exhibit high diffusivity and significant selectivity
for the target gas i to be separated. In Table 2, three optimal MOFs are selected for each
system, and most MOFs have a larger Sj;f;). Among the materials selected in the He/CH,4
system, ELUQIMO04 has the largest diffusion selectivity, Syigne/cra) = 61,406.36. Among the
materials selected in the H, /CH, system, ELUQIMO5 has the largest diffusion selectivity,
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SaifH2/cHa = 40,173.07. Figure 6a,b are the structural diagrams of the optimal MOFs,
and Figure 6¢,d are their corresponding pore diagrams. It can be seen that their channel
structures are all circular, and it is speculated that the circular channels make the gas
diffusion more uniform. In the selection of the six optimal MOFs for the system, the ranges
of PLD and LCD are very concentrated, with PLD between 2.40 and 3.25 A and LCD
concentrated between 2.47 and 3.84 A. This is because, within this range of PLD, CHy
cannot enter the channels due to its large molecular kinetic diameter, which enhances the
separation performance of the six gases. It can be seen from the SHAP relative importance
analysis that PLD is an important descriptor affecting gas separation. PLD close to the
kinetic diameter of the separated gas is the key condition to achieve CHy purification with
good separation effects. This will provide effective theoretical guidance for the design of
new MOFs with excellent performance.

Table 2. The best-performing MOFs selected from six systems.

Gas Mixture LCD PLD I D; D; -
ilj CSDCord 14, ¢ [A] [kg/m’] [em¥/s] [em?/s] Saifit
ELUQIMO04 2.92 0.04 244 1764.65 9.03 x 107 1.47 x 10710 61,406.36
He/CH,4 ELUQIMO5 2.90 0.04 243 1773.83 8.42 x 107° 1.76 x 10710 47 815.36
ELUQIMO06 2.89 0.04 2.41 1779.43 9.74 x 107 8.11 x 10710 12,015.02
ELUQIMO05 2.90 0.04 243 1773.83 7.08 x 1076 1.76 x 10710 40,173.07
H,/CH, ELUQIMO04 2.92 0.04 2.44 1764.65 414 x 10°° 1.47 x 10710 28,148.27
FAPYEA04 2.47 0.00 2.40 1583.54 2.83 x 107° 3.01 x 10710 9397.11
XEKDUO 2.98 0.02 2.75 1903.55 1.70 x 1077 6.92 x 10~ 11 2463.01
CO,/CHy ELUQIMO5 2.90 0.04 2.43 1773.83 391 x 107 1.76 x 10-10 2220.35
HIQPEE 3.84 0.15 3.12 1440.14 1.24 x 10° 5.69 x 10710 2185.18
FAPYEAO04 247 0.00 240 1583.54 292 x 1077 3.01 x 10710 968.16
0, /CHy ELUQIMO5 2.90 0.04 2.43 1773.83 1.58 x 10~7 1.76 x 10710 898.78
GUXQAS 2.79 0.02 2.52 1598.28 1.16 x 1077 1.30 x 10710 893.53
GUXQAS 2.79 0.02 2.52 1598.28 1.70 x 1072 1.30 x 10~10 13.04
H,S/CH, RUPZIM 348 0.11 3.25 1549.49 151 x 1077 139 x 10~8 10.87
GUXPUL 2.79 0.02 2.58 1595.02 1.18 x 107 1.10 x 10710 10.70
FAPYEA04 2.47 0.00 2.40 1583.54 111 x 1077 3.01 x 10710 369.05
N, /CHy PARFOF 2.77 0.05 2.46 1541.02 478 x 10~7 2.16 x 10~? 221.18
HIWXERO1 3.29 0.13 2.76 2533.00 1.80 x 1077 1.27 x 1072 141.34

Figure 6. Cont.
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Figure 6. The structure of MOF for (a) ELUQIMO04 and (b) GUXQAS; the pore channel diagram
of MOF for (c¢) ELUQIMO04 and (d) GUXQAS. (Color code: O atoms of MOFs: red; C atoms: gray;
H atoms: white; N atoms: blue).

3.5. Design Strategies of MOFs with High Performances

To further guide experiments and design novel MOF materials with excellent methane
purification and diffusion selectivity, this section discusses a series of design strategies
for hypothetical MOF materials. Each pair comprises one MOF with superior diffusion
selectivity and another with inferior performance, differentiated by a single compositional
variation, such as the metal center, organic linker, or topology. Details of MOF composition
are shown in Table 3. Based on this, we propose three strategies to diffuse gases from the
six systems to achieve efficient methane purification, similar to previous studies [46].

Table 3. Comparison of the structures of different pairs of MOFs.

Gas Mixture (i/j) NO. CSD Cord Metal Center Organic Links Top Structure Saiffily)
. GIRDUI Co MGFJDEHFNMWYBD pcu 7.93
GIRGUL Co MTAVBTGOXNGCJR pcu 643.48
H, /CH b CIMTAV La BVKZGUZCCUSVTD 1lj 458
2 4 CIMTEZ Nd BVKZGUZCCUSVTD 1j 12.97
. EBELUU NiZn JEVCWSUVFOYBFI fsc 5.36
EBEMEF NiZn JEVCWSUVFOYBFI pts 147.93
q CAJQEL Cu GRYHAGOZZMMYAO scu 0.31
CO,/CH CAJQIP Cu DUKMDOUQAIDJRW scu 2.24
2 4 . HEBTEP Zn ABMFBCRYHDZLRD lim 21.93
SETFUT Ccd ABMFBCRYHDZLRD lim 1.22
H,S/CH ; ISIKIF Co GEBVRXNOWAYDCP dia 16.07
2 4 ISIKOL Co GEBVRXNOWAYDCP bbf 0.97

In Table 3a, the alteration of the organic linker in this group of MOFs resulted in

a dramatic increase in selectivity, jumping from 7.93 to 643.48—a remarkable enhancement
of 80.15 times. As shown in Table 3e, in this group of MOFs, the sole modification was the
metal center, with the higher performing MOF featuring Zn. Zn’s atomic radius of 0.142 nm
was more compact than Cd (0.151 nm), a difference that influenced the pore structure and
dimensions of the material. Additionally, metal activity significantly influenced adsorption,
with Zn noted for its greater reactivity compared with Cd, the selectivity was improved
from 1.22 to 21.93, an increase of 16.97 times. In Figure 7c, a modification was made
solely to the MOF’s topology. By substituting the fsc topology with pst, the selectivity
saw a remarkable enhancement, soaring from 5.36 to 147.93—a 26.6-fold improvement in
performance. Variations in separation efficacy stem from the distinct pore dimensions and
shapes created by the MOFs’ topological networks. Ideally, in gas separation processes,
pore sizes are meticulously regulated to permit the passage of molecules of a particular size
while excluding others, ensuring selective gas permeation. It is evident that by adjusting
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topologies, organic linkers, or metal centers, one can obtain or design superior MOF
adsorbents tailored for various systems.

Figure 7. Enhancement of gas diffusion selectivity performance by three different MOF design
strategies. The different pairs of MOFs for (a) GIRDUI and GIRGUL; (b) CIMTAV and CIMTEZ;
(c) EBELUU and EBEMEEF; (d) CAJQEL and CAJQIP; (e) HEBTEP and SETFUT; (f) ISIKIF and ISIKOL.

4. Conclusions

In this study, big data and machine learning were combined to simulate the diffu-
sion and selectivity for methane purification in 6013 CoRE-MOFs within six gas mixtures
(Hy/CHy, Np/CH,4, Oy /CH,y, CO,/CHy, HyS/CHy, He/CHy). Preliminary analysis indi-
cated a close relationship between D and PLD, establishing a quantitative relationship of log
D =aPLD — b. Subsequently, four machine learning algorithms were applied to predict the
diffusion and selectivity of MOFs in the six systems. The result analysis showed significant
performance differences among the models, ranked by excellence as LGBM > XGB > GBRT
> RF. Further SHAP relative importance analysis using the LGBM algorithm indicated that
PLD is the most important structural descriptor affecting diffusivity, and Dia is the most
important descriptor affecting selectivity. Additionally, three optimal MOFs were selected
for each of the six systems, further verifying that the diffusion properties of gases are key
to separating other gases from methane for its purification. Finally, three design strategies
were proposed to effectively purify methane for specific systems by replacing different
metal nodes, adjusting various topologies, and changing multiple organic linkers. This
research provides effective guidance for experimentalists to select high-performance MOFs
to separate other gases from methane.
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mental data for various MOF; Figure S2. Random forest model; Figure S3. GBRT model; Figure S4.
XGBoost model; Figure S5. LightGBM model; Figure S6. 10-fold cross-validation; Figure S7. Gas
diffusivity changes with PLD; Figure S8. Gas diffusion selectivity varies with PLD; Figure S9. Gas
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Abstract: The reaction of glycerol with CO, to produce glycerol carbonate was performed success-
fully in the presence of gold nanoparticles (AuNPs) supported by a metal-organic framework (MOF)
constructed from mixed carboxylate (terephthalic acid and 1,3,5-benzenetricarboxylic acid). The most
efficient were two AuNPs@MOF catalysts prepared from pre-synthesized MOF impregnated with
Au?* saltand subsequently reduced to AuNPs using H (catalyst 4%Au(H;)@MOF1) or reduced with
NaBH} (catalyst 4%Au@PEI-MOF1). Compared to existing catalysts, AuUNPs@MOFs require simple
preparation and operate under mild and sustainable conditions, i.e., a much lower temperature and
the lowest CO, overpressure ever reported, with MgCOj3 having been found to be the optimal dehy-
drating agent. Although the yield of the process is still not competitive with previously developed
systems, the most promising advantage is the highest TOF (78 h~!) ever reported for this reaction.
The optimal parameters observed for AuNPs were also tested on AgNPs and CuNPs with promising
results, suggesting their great potential for industrial application. The catalysts were characterized by
XRD, TEM, SEM-EDS, ICP-MS, XPS, and porosity measurements, confirming that AuNPs are present
in low concentration, uniformly distributed, and confined to the cavities of the MOF.

Keywords: glycerol carbonate; carbon dioxide; glycerol; metal nanoparticles; metal organic
frameworks; NPs-CeMOFs

1. Introduction

The increasing release of carbon dioxide (CO,) is a matter of global environmental
concern, with intensive efforts aimed at recovering a global carbon balance by using energy
generated from renewable sources in preference to traditional fossil fuels. Today, transport
consumes most of the world’s petroleum. Although electric vehicles are becoming standard,
many regions described as the Global South depend on traditional fuels, with increasing use
of biofuels (biodiesel and bioethanol) as alternatives to petroleum. Unfortunately, biodiesel
production results in the formation of glycerol (GL) as a by-product of transesterification,
with at least 9 kg of GL accumulating per 100 kg of biodiesel produced [1]. The scale
of GL production exceeds any reasonable demand: the chemical and pharmaceutical
industries utilize less than 20% of the generated glycerol, and the rest is not even purified
because the costs of purification exceed the price of the final pure product. The problem of
environmental significance and other challenges connected with excess bioglycerol and
market dynamics have been highlighted and discussed in several reports and reviews [1-4].
The most sustainable method for glycerol utilization is to capture CO, by GL and convert
both wastes into added-value products. Glycerol carbonate (GLC) appears to be the most
versatile valuable product from GL [2,4,5], with a high dielectric constant (111.5), low vapor
pressure (0.008 bar at 177 °C), low melting point (—69 °C), low flammability /high flash
point (190 °C), negligible toxicity, and high miscibility, among other features.
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GLC is a clean substitute for alkyl carbonates, and this green solvent [6] has many
applications (as a solvent for electrolytes in batteries; for lubricants and plasticizers; for
the production of polycarbonates and polyurethanes, membranes, coatings, paints, and
surfactants). On an industrial scale, GLC is produced from toxic (and expensive) phosgene
(see Scheme 1A). The other two technologies presented in Scheme 1A are also of limited
applicability. Transesterification is expensive due to the high cost of organic carbonates
used [7,8]. The glycerolysis of urea could be competitive but is not sufficiently sustainable
because the industrial production of urea relies on the combustion of large amounts of
methane to obtain ammonia. The reaction is shifted to the products by removing generated
ammonia under reduced pressure. Therefore, the direct catalytic reaction of GL with CO,
to form GLC (Scheme 1B) appears to be the greenest option and has attracted the attention
of many research groups [4,9-11]. The efforts focused on applying metal and metal-oxide-
based catalysts have resulted in relatively small progress [12-15] as the proposed catalytic
materials exhibited TOF parameters are far from satisfactory (see Scheme 1B).
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Scheme 1. Synthetic pathways to GLC. The TOFs in (B) are calculated based on reported data [16,17].

As presented in Scheme 1B, methods B1 and B2 [16,17] are thermodynamically uphill
reactions driven forward by the irreversible loss of water due to the use of a stoichiometric
excess of expensive 2-cyanopyridine as a dehydrating agent. In both methods, the catalysts
are recovered by calcination, and such thermal treatment (at 600 and 400 °C, respectively)
increases the overall costs of the process. Furthermore, a hazardous by-product (pyridine-
2-carboxamide) is formed that is not readily biodegradable, has a low flash point (89 °C),
and during calcination decomposes, causing the release of CO, CO, and nitrogen oxides
(NOy). The limited attractiveness of these methods caused attention to turn to other kinds
of catalytic systems. A different approach to tackling the problem of low catalytic efficiency
includes the application of metal nanoparticles (MNPs) combined with metal-organic
frameworks (MOFs) and the use of an inert dehydrating agent in order to remove water
and avoid the formation of other products, for example, by replacing toxic and expensive
2-cyanopirydine with MgCQO3. When water is removed physically by MgCOs, no toxic
by-product is formed and the dehydrating agent might be recovered together with the
catalyst, activated by drying, and reused. Surprisingly, this direction is not represented
in the rather broad literature on GL/CO, chemistry. MNP-based catalysts are commonly
used in both organic and inorganic transformations [18], whereas MOFs are versatile
materials in many fields, including catalysis; the sorption of gases [19,20], with catalytic
reactions of CO, with olefins [21] or epoxides (obtaining up to 96% yield of propylene
carbonate) [22], and the direct cyclodimerization of epichlorohydrin to produce 1,4-dioxane
2,5-bis-chloromethyl [23]. The catalytic applicability of MOFs is usually limited because of
their moderate stability and low number of catalytic centers. However, the first weakness
can be overcome by improving the architecture of MOFs aimed to increase in chemical
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and thermal stability (which are usually compromised), and the second drawback can be
solved by enriching MOF with more active centers, like MNPs as guests. On the other
hand, the idea of combining of MOFs with MNPs can also improve the catalytic activity
of MNPs as a convenient protection against agglomeration, oxidation, leaching from the
support material [24,25], or poor accessibility to active centers when MNPs are coated
with stabilizing surfactants or ligands [26-28]. The accessibility /contact of MNPs with
reactants could be enhanced by embedding MNPs within the cavities of an MOF [28,29],
and such a combination might be facilitated by a proper design of the MOF architecture or
its post-synthetic modifications.

Here, we used Cu, Ag, and Au NPs stabilized by a cerium-mixed carboxylate MOF
as catalysts for the reaction of glycerol with carbon dioxide to form glycerol carbonate.
AuNPs, with their high chemical and physical stability, well-defined morphology [30], and
high catalytic activity in numerous transformations, including oxidative carboxylation [31],
are frequently used as model NPs to develop new catalytic systems to be further extended
on cheaper and more available metals or bimetallic catalysts. Cerium-based catalysts
demonstrate exceptional abilities in activating small molecules, including CO, [16,32,33].
Moreover, Ce-based MOFs are inexpensive and more resistant to the presence of oxygen
and moisture.

2. Materials and Methods
2.1. Chemicals and Instrumentation

Detailed information on the chemicals used, their origins, and detailed analytical
protocols are given in the Supplementary Materials. UV-vis spectra were recorded using
a Thermo Scientific Genesis 50 UV /Vis spectrophotometer (Waltham, MA, USA) in the
200-800 nm range using glass quartz cells (10 mm path length). Infrared spectra (in
KBr) were obtained on a Shimadzu FTIR-8400S spectrophotometer (Kyoto, Japan). Using
Cu radiation, the crystal structures were characterized using powder X-ray diffraction
on a Bruker AXS D8 X-ray diffractometer (Billerica, MA, USA). The diffraction patterns
were processed in the TOPAS application and compared with the literature data about
MOE-808(Ce), UiO-66(Ce), and CeBTC. N; sorption isotherms were analyzed at 77 K
with Autosorb iQ Station 1 (Quantachrome Instruments, Boynton Beach, FL, USA). Before
analysis, the samples were degassed at 120 °C for 12 h. The surface area and pore properties
were obtained using BET and BHJ methods, respectively. X-ray photo-electron spectroscopy
analysis (XPS) was performed at 150 W. High-resolution spectra were obtained using a
scan step of 0.2 eV with a pass energy of 200 eV for Au 4f and Ce 3d. The neutralizator
was set at 1 eV /1 pA. The catalyst (fine powder) was placed on a conductive carbon tape.
The beam was monochromated using an Al K« (1486.7 eV) monocromator. Curve fitting
of the XPS data was carried out using the casaXPS program (version 2.3.15) and Shirley
background. For Ce 3d spectrum E Tougard background was used because the energy
interval was too weak for reliable Shirley background use.

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy
(EDS) measurements (SEM-EDS) were performed using three microscopes: a scanning
electron microscope JEOL-JSM-5600 (Tokyo, Japan) equipped with an energy-dispersive
X-ray spectrometer OXFORD Link-ISIS (Oxford, UK); a Zeiss Merlin FE-SEM scanning
electron microscope (Oberkochen, Germany) equipped with a Bruker Quantax XFlash EDS
detector 5010 (Billerica, MA, USA) operated at 3 kV and 30 pA for imaging and 15 kV and
500 pA for EDS analysis; and a Jeol JSM—6380LA SEM (Tokyo, Japan) operated at 20 kV
with BSE detector, W.D = 16 mm, an aperture size of 120 um, and a Bruker XFlash 6110
(Berlin, Germany) as the EDS probe. Transmission Electron Microscopy (TEM) images
were taken on a Zeiss Libra 120 Microscope (Oberkochen, Germany) operated at 120 kV
and on a JEOL 1400 electron microscope (Tokyo, Japan). Inductively coupled plasma-mass
spectrometry data were acquired on digested samples. For 12 h, 20 mg of the catalyst
was aged at room temperature in 5 mL of acid mixture (0.30 mL of conc HCl in 2 mL 65%
HNO3). Then the resultant mixture was digested at 180 °C with 2 mL of the acid mixture
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every 30 min until the solution became transparent and colorless (3 h) and came to a total
of 25 mL with the HNOj3. Samples for analysis were further diluted with 3% HNOs. Metal
contents were determined on a NexION 300D spectrometer (Perkin Elmer, Waltham, MA,
USA) equipped with a liquid sample introduction system. The ICP-MS apparatus was
calibrated by measuring a series of reference solutions with concentrations ranging from
10 pugL~! to 200 ugL~! (obtained by diluting ICP standard solutions). Dilution was made
using ultra-pure water. The measurement was obtained as a count of ions with a mass-to-
charge ratio of appropriate isotopes. The apparatus was purged with a neutral solution for
60 s after each sample and was allowed to equilibrate for 40 s before measurement. Three
measurements were obtained for each sample and averaged. The limit of quantification
was calculated from the results obtained for the digested blank solutions. The reaction
products were analyzed by gas chromatography (GC) using an Agilent 7820A (Santa Clara,
CA, USA) chromatograph equipped with an HP-5 capillary column (30 m long x 0.32 mm
internal diameter x 0.25 mm filling) and a flame ionization detector (FID).

2.2. Synthesis of Nanoparticles Au@PEIl and Au@DBU

The preparation of the nanoparticles was based on the synthesis of gold nanoclusters
in aqueous solutions using branched polyethylenimine (PEI) as proposed by Tao et al. [34]
with further modification: briefly, a solution containing HAuCls-3H,O (0.08 g, 0.2 mmol)
and PEI (2 g) in ultrapure water (60 mL) was adjusted to about 7 °C in an ice bath. Then, a
cold aqueous solution of freshly prepared sodium borohydride (2 mmol) was added with
constant stirring (1200 rpm), and the mixture was allowed to react for 1 h. The resultant
solution was reddish brown, indicating the formation of AuNPs designated as Au@PEI
NPs. In a separate synthesis, Au@DBU NPs were synthesized using 1,8-diazabicyclo
[5.4.0lundec-7-ene (DBU) (2 mL, 13 mmol) as a stabilizing ligand instead of PEI. The
nanoparticles were precipitated with acetone after a reduction in the solvent volume under
reduced pressure, then isolated by centrifugation (15,000 rpm, 20 min), dried, and stored
for further use. For TEM measurements, a drop of NP solution in water or ethanol was
placed on a carbon-coated copper grid and allowed to dry under ambient conditions before
TEM measurements were conducted.

2.3. Pre-Synthesized MOF

The MOF was constructed from two organic components, terephthalic acid (BDC) and
1,3,5-benzenetricarboxylic acid (BTC), using the hydrothermal/solvothermal method [35].
BTC (11.2 mg, 0.05 mmol) and BDC (5.8 mg, 0.1 mmol) were ultrasonically dissolved
in 3 mL of DMF and mixed with a solution of ammonium cerium (IV) nitrate (13.7 mg,
0.25 mmol) in ultra-pure water (1 mL) under stirring for 5 min. Then formic acid (250 pL)
was added under constant mixing. The mixture was sealed in a Teflon-lined steel autoclave,
heated to 70 °C, and kept at this temperature for 20 min. The mixture was allowed to
cool down and the precipitated MOF was separated by centrifugation, washed twice with
DMF and two times with methanol, and afterwards soaked in methanol for 12 h, with the
methanol portions being replaced after 6 h. Finally, it was washed once with acetone and
allowed to dry in the air (fume-hood) for 1 h. The crystalline powder was dried at 80 °C in
a vacuum for 12 h and thermally activated (150 °C for 12 h) before use and characterization.
The synthesis of MOF was scaled up with 10-fold higher amounts of reactants.

2.4. Synthesis of Catalysts

Three synthetic strategies were applied to combine the MOF and NPs into one catalytic
system. Method 1 is based on the generation of NPs inside the already pre-synthesized
MOF. The catalyst obtained by this method is denoted as NP-MOF1, where NP is a nanopar-
ticle of nanoclusters of Au, Ag, and Cu. Method 2 involves the buildup of MOF around
the already pre-synthesized MNPs, and these catalysts are abbreviated as NP-MOF2. The
third strategy (Method 3) is a one-pot in situ formation of a catalyst from precursors of
both MNPs and MOF; such catalysts are described as NP-MOF3.
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Method 1. Synthesis of catalysts using pre-synthesized MOF

The NPs or nanoclusters (NCs) of Au@DBU and Au@PEI were embedded in the MOF
using simple precursor impregnation method followed by reduction [36]. Pre-synthesized
MOF material (75 mg) was ultrasonically dispersed in methanol (15 mL). Measures of 6 mg
(0.015 mmol) of HAuCly-3H,0O and 100 uL. DBU were dissolved in 1 mL of water and added,
and the mixture was stirred for 6 h and then placed in an ice bath at about 7 °C before a
cold aqueous solution of NaBHy (0.15 mmol, 2 mL) was added. After 30 min of stirring,
the resulting solid product was removed by centrifugation at 8000 rpm for 10 min, washed
twice with water and once with methanol, dried for 1 h at RT, and then dried overnight at
80 °C to produce approximately 72.5 mg of powder, which was finally reduced /activated
in a flow of Hy /He (1:2 v/v) at 210 °C (quartz tube) in a horizontal furnace for 1 h before
use and characterization. This catalyst is denoted as 4%Au@DBU-MOF1 and contains 4% of
Au (calculated with respect to Ce in (NH4),Ce(NO3)6 used, see the analysis of the catalysts
in the Results and Discussion). By changing the amount of HAuCly to 4 mg and 12 mg,
two other catalytic systems were obtained: 3%Au@DBU-MOF1) and 8%Au@DBU-MOF1,
respectively. The catalyst based on polyethylenimine (4%Au@PEI-MOF1) was synthesized
following the same procedure except that 200 mg of PEI was used instead of DBU. Catalysts
with silver and copper nanoparticles (2%Ag@PEI-MOF1 and 2%Cu@PEI-MOF1) were
synthesized using an appropriate amount of AgNOj3 or CuSOy instead of Au precursor.

A variation of this procedure, but without surfactants and with gold reduced directly
with H; (instead of NaBH4), was used for the preparation of the catalyst Au(H;)@MOF1,
following the double solvent method [37]: 250 pL of aqueous solution of HAuCly-3H,O
(6 mg, 0.01 mmol) was added dropwise to ultrasonically dispersed pre-synthesized MOF
(85 mg) in 15 mL of dry n-hexane. The reaction vessel was removed from the sonic bath
and the mixture was stirred until all the solid was deposed on the walls of the flask to leave
colorless n-hexane, which was allowed to stand for 3 h. The solvent was gently removed,
and the MOF impregnated with HAuCly was vacuum dried under ambient conditions,
then dried at 70 °C under vacuum for 12 h. Finally, the Au®>" impregnated in the MOF
was reduced with mixed H, /He (approximately 1: 1 v/v) at 210 °C for 2 h to obtain the
final catalysts with approximately 3.4 mol% Au (ICP-MS) based on Ce, which was labeled
4%Au(H,)@MOF1.

Method 2. Synthesis of 4%Au@DBU-MOEF2

A solution of sodium borohydride (0.06 g, 1.5 mmol) in DMF (5 mL) was added
dropwise to a solution containing HAuCly-3H,O (0.06 g, 0.15 mmol) and 1,8-diazabicyclo
[5.4.0Jlundec-7-ene (DBU) (1 mL, 6.55 mmol) in DMF (20 mL), immersed in an ice bath.
The reaction mixture was stirred and allowed to react for 1 h. The resultant mixture was
red, which indicated the formation of AuNPs. The mixture was dispersed in a solution
containing 1, 3, 5-benzenetricarboxylic acid (BTC) (0.263 g, 1 mmol) and terephthalic acid
(BDC) (0.166 g, 1.2 mmol) in DMF (30 mL) and ammonium cerium(IV) nitrate (3.5 mmol,
10 mL H,O) under ultra-sonication and then allowed to react at 120 °C for 1 h. The solid
product was recovered by centrifugation and washed with DMF and then with methanol.
Afterward, the product (4%Au@DBU-MOEF2) was dried at 80 °C in a vacuum oven for 12 h
and activated at 150 °C with H,.

Method 3. One-pot synthesis of the catalyst

A solution containing HAuCly-3H,O (0.06 g, 0.15 mmol) and 1,8-diazabicyclo [5.4.0]
undec-7-ene (DBU) (1 mL, 6.55 mmol) in DMF (20 mL) was stirred for 5 min, and the
resultant solution was mixed with a solution containing 0.263 g (1 mmol) of 1, 3, 5-
benzenetricarboxylic acid (BTC) and 0.166 g (1.2 mmol) of terephthalic acid (BDC) in
30 mL of DMF and 6 mL (3.5 mmol) aqueous solution of ammonium cerium (IV) nitrate.
This was then sonicated, sealed, and allowed to react at 120 °C for 12 h. The solid was
recovered by centrifugation and washed with DMF and then with methanol. Afterward,
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the product was dried overnight at 80 °C in a vacuum. The dried catalyst was activated in
H; gas at 150 °C for 1 h. The final material was marked as 4%Au@DBU-MOF3.

2.5. Carboxylation of Glycerol with Carbon Dioxide Using the Catalysts

Measures of 10 mL of DMF, 1.15 g (12.5 mmol) of GL, 2.5 mL of methanol, and the
dehydrating agent (1.0 g of MgCOg3, or 2 mL of adiponitrile, or 2.5 mL of acetonitrile)
were placed in a stainless-steel autoclave equipped with a Teflon vessel and a magnetic
stirring bar. For crude glycerol, 3 mL of the crude GL were diluted to 10 mL with DMF
without the addition of methanol or the dehydrating agent (1.0 g of MgCO3 was added, see
Supplementary Material for chemicals and reagents for information on how crude GL was
obtained). The catalyst (0.01, 0.05, 0.10, or 0.15 g) was loaded, and the vessel was purged
with CO,, pressurized with CO,, and placed in a preheated oil bath on a magnetic stirrer.
After the required time, the reactor was cooled down and carefully depressurized. The
solids were separated from the reaction mixture by centrifugation at 4000 rpm for 3 min
and the supernatant was derivatized (silylated) and analyzed by gas chromatography.
Derivatization was carried out as follows: 0.50 g of the supernatant from the carboxylation
reaction was shaken with approximately 2 g of the silylating reagent (a mixture of pyridine,
hexamethyldisilazane, and trimethylchlorosilane at molar ratio of 9:3:1, respectively) in
a vial. After 0.5 h, the formed precipitate was separated by centrifugation at 4000 rpm
for 2 min, and the supernatant was analyzed by gas chromatography. The conversion
of GL and yield of GLC were determined from the integrated peaks for GL and GLC on
chromatograms, calculated with respect to the initial amount of GL using the internal
standard method and expressed in %. See Supplementary Materials for details on the
calculation of GLC yield, GL conversion, TON, and TOF (Equations (S1)-(S6)). Please note
that TON/TOF parameters were calculated based on moles of Au embedded in MOF.

3. Results and Discussion
3.1. Synthesis and Characterization of the Nanoparticles

Good stabilization and protection of NPs against agglomeration in water was obtained
due to the strong interaction with nitrogen-containing ligands PEI [34] and DBU (see
Figure 1). The UV-vis absorption spectra (Figure 1B) recorded for Au@DBU indicate a
clearly visible localized surface plasmon resonance (LSPR) band at around 530 nm, which
suggests that the average size of formed AuNPs is greater than 2 nm. On the other hand, a
weak LSPR at 530 nm for Au@PEI indicates the presence of few large nanoparticles, while
a strong band with a maximum at ca. 365 nm can be assigned to Au nanoclusters [38,39].

These observations were supported by the TEM measurements presented in Figure 1.
AuNPs are spherical and have a very narrow size distribution, with a mean diameter of
3.2 nm for Au@DBU and 2.6 nm for Au@PEI (Figures 1C and 1D, respectively).

3.2. Analysis of Pre-Synthesized MOFs

Among the rare earth metals, cerium and its compounds are the most accessible, with
costs comparable to those of metals like copper. Ce- and CeO,-containing catalysts have
exceptional abilities to activate small molecules such as CO, [40]; therefore, we decided to
prepare cerium-containing MOFs as part of the catalytic system. Chemically and thermally
stable MOF-808(Ce) and UiO-66(Ce) and their Zr predecessors can be produced with the
BDC and BTC linkers [41], respectively, and we applied this convenient, non-expensive, and
environmentally friendly method to prepare Ce-MOF based on both organic components
assembled within one framework (see Section 2—Materials and Methods). The SEM, TEM,
and XRD images of the synthesized Ce-MOFs are given in Figure 2.
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Figure 1. (A) Structures of 1,8-diazabicyclo [5.4.0Jundec-7-ene (DBU) and polyethylenimine (PEI).
(B) UV-Vis of the NPs at concentration 1.3 mM (calculated with respect to Au) in water. Lower
panels: TEM images with histograms for AuNPs stabilized with PEI (C) and DBU (D).

The pure MOF is shown in Figure 2A,B (SEM and TEM, respectively). We expected to
obtain a material with a new crystal-like morphology as a result of cerium bridges formed
between dicarboxylate and tricarboxylate anions. However, the morphology and size of
the synthesized powder particles indicate a mixture of MOF-808(Ce) and UiO-66(Ce) [42],
suggesting that two-valent (BDC) and trivalent (BTC) anions do not assemble in one hybrid
system, but each of them forms a separate MOF with cerium cations. The TEM image
is typical for UiO-66 and MOF-808 with aggregates, and the sizes of the pristine MOFs
range from 40 nm to ca. 560 nm (note that the small MOF NPs appear as aggregates in
the bigger picture, see Figure S1). The MOF presented in Figure 2A contains a larger
number of aggregated crystals that cover the regular octahedral crystals, which is common
with UiO-66(Ce), as recently reported [43,44]. Based on this similarity, we suggest that
our product contains more UiO-66(Ce) MOF than MOF-808(Ce). This is supported by the
comparison of powder X-ray diffraction patterns for mixed MOF and for the two catalysts
4%Ag@PEI-MOF1 and 4%Au(H,;)@MOF1 presented in Figure 3E, whose XRD results are
similar to the diffraction pattern obtained for UiO-66(Ce) [45—47].
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Figure 2. SEM (A), TEM (B), and SEM-EDS (C) elemental maps of O, C, and Ce, respectively, and far
right is the image of the prepared Ce-MOF containing BTC and BDC.

Au(H2)MOF

Au@PEI-MOF

Au@DBU-MOF

Figure 3. (A) XRD powder patterns for the catalysts prepared by method 1 (the lowermost plot is
for the pre-synthesized MOF). Panels (B-E): SEM and TEM images of 4%Au@DBU-MOF1 (B and C,
respectively) and 4%Au@PEI-MOF1 (D and E, respectively). Panel (F): SEM EDS elemental maps of
4%Au(H;)-MOF1.
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3.3. Synthesis and Characterization of the Catalysts

The aim of all three procedures described in the Section 2—Materials and Methods
(Methods 1-3) was to produce catalysts in the form of nanoparticles embedded inside the
cavities of MOFs because such a NPs@MOF system ensures the stabilization of the NPs. The
catalysts obtained using Method 1 (with pre-synthesized MOFs and abbreviated MOF1)
were the most active and selective for the carboxylation reaction, and our discussion
will concentrate much on the ones with gold nanoparticles embedded inside cavities:
4%Au@DBU-MOF1, 4%Au@PEI-MOF1, and 4%Au(H;)@MOF1. The FTIR spectra (shown
in Figure S2) indicate strong bands at 1401, 1596 em ! and 1421, 1576 cm ! in all the samples
due to symmetric and antisymmetric carboxylate stretching modes [48,49]. The appearance
of weak bands at around 3000 to 3500 cm ! in all spectra is attributed to both O-H (from
adsorbed water) and C-H stretching modes or N-H bonds present in 4%Au@DBU-MOF1
and 4%Au@PEI-MOF1. The weak bands at 524, 750, and 110 cm~! are due to the several
vibrational modes of the benzene rings from the carboxylate linkers in all of the spectra.

As presented in Figure 3A, the XRD patterns demonstrate similarity regarding their
XRD peaks and their 2theta positions to UiO-66(Ce) [45-47], UiO-66(Hf) [50], and MOEFE-
808(Ce) [51] (see Figure S3 in Supplementary Materials), confirming that our catalysts were
obtained with good purity. Apart from the XRD pattern of 4%Au@DBU-MOF1 (Figure 1A),
the rest of the plot represents sharp peaks and therefore high crystallinity.

As can be seen in Figure 3A, there is no appreciable difference between the XRD results
of the MOF and the three catalysts based on this MOF: 4%Au@DBU-MOF1, 4%Au@PEI-
MOF]1, and 4%Au(H;)-MOF1. Such retention of the XRD pattern of the MOF after the
introduction of Au [50,52] corroborates our expectations that AuNPs are present at a low
concentration (confirmed by ICP-MS), uniformly distributed, and held inside the MOF,
resulting in no X-ray reflections from Au. The XRD pattern of 4%Au@DBU-MOF]1 suggests
that the material is amorphous, probably due to the interference of reflection from the much
higher number of AuNPs on the surface of the MOF, as is evident in the TEM and SEM
images (Figure 3B,C). Large NPs (about 5 to 10 nm) are visible on the catalyst’s surface,
while small ones are inside the MOF. No small AuNPs are visible on the surface, suggesting
they were effectively embedded inside the MOF cavities. Obstruction due to overlap and
masking by the host MOF surface could not allow for the concise particle positioning of
very small NPs/NCs using TEM imaging [53-55].

Large NPs reside tightly on or close to the surface of the MOF crystals, probably
due to an ineffective encapsulation strategy that might have resulted in some Au NPs
on the surface of the MOF aggregating during synthesis or TEM imaging [53-55]. In
contrast, the XRD of the 4%Au@PEI-MOF1 shows sharp peaks (Figure 3A), pointing to
better crystallinity than the DBU catalysts, and is complemented by the TEM images of the
PEI catalyst, which shows no particles on the surface. In some images (see Figure 3B-D),
we observed the presence of a few rod-like crystals and needle-like forms similar to the
BTC-based Ce-MOF reported by other researchers [56], suggesting a presence of Ce>*
moieties during synthesis [56]. The 4%Au@PEI-MOF1 and 4%Au(H;)@MOF1 form more
regular crystals, and there is a smaller number of aggregates than in the pristine MOF,
suggesting that the presence of the NPs prevents aggregation in the MOFs.

The SEM image of the 4%Au(H;)@MOF1 synthesized by a modified double solvent
method coupled with the hydrogen reduction of Au®* is given in Figure S4 (Supplementary
Materials). No AuNPs are present on the surface of the MOF crystals. This shows that
this strategy is more efficient in embedding the ultra-small NPs inside the MOF. Moreover,
the crystals of the MOF seem to maintain a uniform shape. This probably explains the
better performance and reusability of the resultant catalyst, vide infra. The EDS elemental
maps shown in Figure 3F support the speculation of the presence of NCs. The EDS
elemental maps of the MOF 4%Au(H;)@MOF1 given in Figure S5 confirm that Ce and Au
are uniformly distributed in the catalysts. This suggests that all the Au is well distributed
inside the MOF. The representative elemental composition is given in the Supplementary
Materials (Figure S6).
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Measurements of the MOF’s porosity and surface area and a pore analysis were also
conducted. As presented in Figure 4A, the N, adsorption-desorption graph and the pore
size distribution graph provide an estimated total surface area of the MOF of 459 m?/g,
and a pore volume of 0.156 cm3/g. The pore size distribution shows both micropores
and mesopores due to the presence of volume in both regions with more mesopores, as
indicated by the distribution plot (approximately 0.5 to 20 nm with two peaks at around
1 nm and 3.5 nm pore size) (Figure 4B). The adsorption plot shows a type 4 isotherm with
an Hja hysteresis loop at a relative pressure of approximately 0.37-0.7, according to the
latest IUPAC classification [57]. This type of hysteresis loop is caused by the blocking of
the desorption pores and delayed condensation during the physisorption measurement
due to connectivity in the pores with small apertures/necks [57].
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Figure 4. Physisorption analysis of the MOF: (A) N, adsorption/desorption plot and (B) pore size
distribution;. Lower panels: XPS spectra of Au(H;)@MOF]1 for: (C) Ce and (D) Au (with Shirley
background subtracted).

The XPS spectra of Au 4f were taken for the most promising system: Au(H;)@MOF1.
NP-support interactions usually play a very important role in supported/composite cata-
lysts [58—61]. Therefore, XPS analysis was performed mainly to determine the chemical
states of Au and Ce atoms and the relative percentage composition in the composite catalyst
because it is a reliable technique for studying the surface chemistry of the elements. Such
information is relevant to checking the presence of the species in reduced or oxidized states
and the presence of NP-support interactions. The XPS spectra of Ce and Au are given in
Figures 4C and 4D, respectively, while the survey spectra are given in the Supplementary
Materials (Figure S8). From the survey spectra of the sample, peaks confirming the presence
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of the major elements, i.e., for Au 4f, Ce 3d, C 1s, and O 1s, are evident. The relative quanti-
ties in at% are C = 66.4, O = 24, Au = 0.15, and Ce = 2.05. The high-resolution XPS spectra
in Figure 4D show binding energies of 87.95 eV (Au 4f5/2) and 84.25 (Au 4f7/2) for Au’.
On the other hand, the peak at 885.9 eV in Figure 4C is due to Ce3* [62-64] and contributes
38.2% of the area, which is higher than all other Ce states. Presence of Ce>* in Ce** MOFs
and ceria creates structural defects (oxygen vacancies), resulting in higher catalytic activity.
The surface defects in the MOF can strongly interact with Au atoms and modify their
electronic structure to stabilize the oxidation states of Au [62-64], which could play a role
in the insertion of CO, into the alcohol. Therefore, we examined the chemical status of Au
in the synthesized catalyst composite. As depicted in Figure 4C, the deconvoluted Au 4f
spectra exhibit two main peaks corresponding to metallic Au”. No dominant peaks for Au3*
(normally at around 86.1 and 90.2 eV) are observed, confirming the presence of most of the
Au in the zero state [65]. However, there are minor peak branches on the main peaks of the
Au binding energy, which are obviously assigned to oxidized Au (Au>* and Au*). Since
it is very difficult to have oxidized Au under an excess of Hj and at 205 °C, the presence
of oxidized gold species in the XPS spectra must originate from the strong Au-CeMOF
interactions caused by the defects [66-68]. Moreover, the NPs not surrounded by agents
containing heteroatoms have better contact with Ce-O moieties in the MOF. Similar effects
were observed for Au supported on ceria [68]. Gold existing at different oxidiation states
in AuNPs [69] accelerates the charge transfers leading to superior catalytic performance,
and were also reported to enhance CO, adsorption [63,66]. It is also important to note that
the characteristic peaks for C and Ce (Figure S8) of the MOF are not attenuated, which
confirms the efficient encapsulation of Au NPs inside the CeMOF, not on the MOF surface.

3.4. Catalytic Activity of Synthesized X% AuNPs@MOF

The direct carboxylation of GL with CO; is known to form various products depend-
ing on the reaction conditions. In this work, effort was put into optimizing the conditions
towards selective GLC formation, though the identification, isolation, and quantification of
other products is outside the scope of this study, as the by-products of glycerol carbony-
lation (acetins, dimethyl carbonate, and glyceraldehyde) have been well identified and
described in several reviews [4,10,16]. Since the analytical standards of GL and GLC are
commercially available, we were able to identify and quantify these compounds accurately
by gas chromatography using the internal standard method.

Optimization experiments of reaction conditions for the carbonylation of GL to
GLC with carbon dioxide in the presence of X%Au@DBU-MOF1 (X = mol% of Au, see
Section 2—Materials and Methods) included the determination of the effect of various
factors (dehydrating agent, catalyst composition and amount, CO, pressure, temperature,
time) on the conversion of GL and the yield of GLC.

3.4.1. Effect of a Dehydrating Agent, Au Content, and Amount of Catalyst

Dehydration is crucial for the carbonylation of GL to GLC by CO, [3,70,71] because the
evolved water shifts the equilibrium towards reactants. The effect of dehydrating agents
(MgCO;3, acetonitrile, and adiponitrile) on the conversion of GL and the GLC yield was
tested, and the results are presented in Table 1. Since mass transfer limitations are more
pronounced in reactions involving a mixture of materials in different physical states, we
checked the stirring speed and the optimal mass of MgCOj3 to ensure the absence of such
limitations. Using 0.5 g of MgCOg3 gave a very low conversion, and the highest conversion
and uniform stirring was observed when 1 g of MgCO3 was used. Increasing the mass to
1.5 g had no effect on stirring uniformity and no effect on conversion, whereas the presence
of 2 g of MgCOj3 caused non-uniform stirring, sluggish and depositing lumps on higher
parts of the vessel were observed. Thus, 1 g was chosen as an optimal amount of MgCO3
for further experiments.
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Table 1. The effect of dehydrating agents on the conversion of glycerol (Cgr) and yield of glycerol
carbonate (Ygrc) during the carbonylation of GL to GLC “.

Run Dehydrating Agent Cqr [%] Ygic [%]
1b MgCO3 49 32
2 Acetonitrile ¢ 75 12
3 Adiponitrile 63 30
4 MgCOs3 51 39
5 - trace -

? Reaction conditions: 4%Au@DBU-MOF1, 12.5 mmol GL, 10 mL DMEF, 2.5 mL MeOH, 1 g MgCOs, 150 °C,
1.5 MPa CO,, 13 h. ? Reaction performed in the absence of MeOH, ¢ 2 mL.

The highest yield was obtained for MgCOj3; (perhaps due to the stability of MgCOj3
in the protic environment [72]), followed by adiponitrile. We observe a much better
performance for adiponitrile than for acetonitrile, and such results agree with the data in
the literature [73]. Considering the results from Table 1, we decided to study the catalytic
activity of other catalysts in the presence of the two most effective dehydrating agents
(MgCOj3 and adiponitrile) (see runs 1-5 in Table 2). The added advantage of using MgCOj3 is
that it captures the formed water from the reaction mixture physically without undergoing
a reaction to form other products.

Table 2. Conversion of GL (Cgp) and yield of GLC (YgL ) in the carbonylation of GL to GLC in the
presence of CO,, MgCOj3, adiponitrile, and various catalysts “.

Dehydrating

Run Catalyst Agent Cgr [%] Y [%]
1 4%Au@DBU-MOF1 MgCO3 51 39
2 4%Au@DBU-MOF1 Adiponitrile ? 63 30
3 4%Au@PEI-MOF1 MgCO3 65 42
4 4%Au@PEI-MOF1 Adiponitrile ? 70 37
5 4%Au(H,)@MOF1 MgCO3 52 44
6 MOF MgCO; 14°¢ 12
7 4%Cu@PEI-MOF1 MgCO; 254 17
8 4%Ag@ PEI-MOF1 MgCO3 334 26
9 4%Au@DBU-MOF2 MgCO3 49°¢ 40
10 4%Au@DBU-MOF3 MgCO; 26 18
11 3%Au@DBU-MOF1 MgCO3 41 28
12 8%Au@DBU-MOF1 MgCO; 68 43

13/ 4%Au(H,)@MOF1 MgCO; 49 7.0
14 - MgCO; <1 -

* Reaction conditions: 12.5 mmol GL, 10 mL DMF as a solvent, 2.5 mL MeOH, 1 g M§C03, 150 °C, 1.5 MPa of
CO,, 13 h. ? 2 mL,  reaction time = 25 h, ¢ reaction time = 20 h, ¢ reaction time = 18 h. / Instead of pure glycerol,
dry crude glycerol was applied (dried over MgCOj3; and molecular sieves).

Three catalysts based on MOF1, i.e., 4%Au(H;)@MOF1, 4%Au@PEI-MOF1, and
4%Au@DBU-MOF1, exhibit relatively similar activity (with 44, 42, and 39% yield, re-
spectively). Considering the slight increase in yield in the presence of methanol (Table 1,
run 1 versus run 4), methanol was applied as a co-solvent since it can be recovered easily
if required. There is an additional advantage of using methanol as this solvent might
also form dimethyl carbonate (DMC) [74]. As we did not detect DMC in the reaction
mixture, we suppose that all DCM (if formed) is subsequently trans-esterified into glyc-
erol carbonate. The high selectivity of 4%Au(H,;)@MOF1 can be attributed to the small
and evenly distributed Au particles (clusters or nanoparticles) within the MOF cavities,
with relatively uniform particle sizes and shapes. The reaction performed with crude
glycerol (as a substrate) gave a relatively good conversion (Cg, = 49%) but a very poor
yield (YgLc = 7.0%) of GLC (Table 2, run 13). A representative GC chromatogram showing
the peaks of the silylated products is given in the Supplementary Materials (Figure S7).
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The TEM images of the 4%Au@DBU-MOF1 and 4%Au@PEI-MOF1 catalysts indicate the
presence of NPs within the MOF (Figures 3B and 3D, respectively). However, most large
NPs are visible on or close to the surface of the MOF (Figure 3B), and their broad size
distribution has been reported to lead to by-products [75,76]. For reduced or doubled
Au content (3%Au@DBU-MOF1 or 8%Au@DBU-MOF], respectively), conversions and
yields changed to 41 and 68% and 28 and 43%, respectively (Table 2, runs 11 and 12). The
content of Au = 4% (based on the results obtained for 4%Au@DBU-MOF1) was optimal,
and therefore, the same content of Au was applied for the synthesis of 4%Au(H,;)@MOF]1,
4%Cu@ PEI -MOF1, and 4%Ag@ PEI -MOF1 (runs 5, 7, and 8 respectively).

Table 3 presents the effects of the amount of catalyst 4% Au@DBU-MOFI on its activity
in the carbonylation of GL to GLC. As doubling the catalyst amount from 0.05 to 0.1 causes
a small change in conversion and yield for the process carried out for 13 h at 150 °C), the
optimal amount of catalyst is 0.05 g.

Table 3. Effect of the amount of catalyst (4%Au@DBU-MOF1) on the conversion of GL (Cgr) and the

yleld of GLC (YGLC) a,
Run Catalyst Amount [g] Cgar [%] Ygrc [%]

1 0.01 34 22

2 0.05 51 39

3 0.10 58 41

4 0.15 66 44
? Reaction conditions: 12.5 mmol GL, 10 mL DMEF as solvent, 2.5 mL MeOH, 1 g MgCOs3, 150 °C, 1.5 MPa CO5,
13 h.

3.4.2. Effect of the Reaction Time, Temperature, and Pressure

Based on the results in Table 2, we selected 4%Au@DBU-MOF1 as the most promising
catalyst (before 4%Au@PEI-MOF1 and 4%Au(H;)@MOF1 were synthesized) and checked
to what degree the reaction efficiency depends on the reaction time, temperature, and
pressure, and the results are presented in Table 4. For processes carried out at 150 °C
under 1.5 MPa pressure, an increase in GLC yield from 5 to ca. 40% is observed during the
first 13 h, and after that time the further increase is negligible (runs 6-11), probably due
to decomposition of GLC or side reactions of GLC, as suggested by gas chromatography
analysis (small unidentified peaks appear in the products obtained for a long reaction
time). Table 4 also presents the results obtained at different temperatures—from 120 to
170 °C (runs 12 to 16), indicating an increase in conversion and yield with an increase in
temperature in the range of 120 to 150 °C (runs 14 to 16). However, above 150 °C, the yield
of GLC decreases (runs 12 and 13), perhaps due to the formation of by-products formed
during the decomposition of GLC or the reaction of GLC with GL at higher temperatures
(the conversion of GC still increases). The effect of the third parameter, the pressure of
CO; (in the range of 0.5 MPa to 5.0 MPa, see runs 1 to 5 in Table 4), allows one to identify
1.5 MPa as the optimal pressure, as a further increase in CO, pressure causes a high increase
in conversion but a negligible increase in yield.

Table 4. Effect of reaction time (t), temperature (T), and CO; pressure (p) on the conversion of GL
(CgL) and yield of GLC (YL c) in the presence of 4% Au@DBU-MOF1 “.

Run t [h] T[°C] p [MPa] Cer [%] Yarc [%]
1 13 150 5.0 86 38
2 13 150 35 76 42
3 13 150 25 64 33
4 13 150 15 51 39
5 25 150 0.5 39 24
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Table 4. Cont.

Run t [h] TI[°C] p [MPa] Cer [%] Yarc [%]
6 18 150 15 53 38
7 15 150 15 52 40
8 13 150 15 51 39
9 9 150 15 32 24
10 6 150 15 23 16
11 3 150 15 13 5
12 13 170 15 67 29
13 13 160 15 60 34
14 13 150 15 51 39
15 13 140 15 36 24
16 13 120 15 2 7

* Reaction conditions: 12.5 mmol GL, 10 mL DMF, 2.5 mL MeOH, 1 g MgCOs.

3.4.3. Regeneration and Efficiency of the Applied Catalysts

In order to examine whether the catalysis was heterogeneous or homogeneous (due to
a release of nanocatalysts in the form of nanoclusters from the MOF), the leaching from
the 4%Au(H)@MOF1 was checked by hot filtration of the reaction mixture at midway
through the reaction. To the fresh filtrate (approx. 12 mL), 1.15 g of GL was added and 1
mL of sample was removed for analysis (after homogenization), while the rest was placed
in the reactor with fresh MgCOj (1 g), pressurized with CO;, and heated to 150 °C over 15
h, and after that time, no conversion of GL was observed, indicating that no appreciable
amount of NPs or NCs leached from the MOF to the reaction mixture. This is confirmed by
ICP-MS analysis of the fresh and recycled catalysts, which shows negligible difference in
the % ratio of Au to Ce after three consecutive cycles. Both experiments indicate also that
AuNPs are not released from the MOF, which is an important observation when a decrease
in activity is discussed, vide infra.

The separation and recyclability of a catalyst from the products have a crucial im-
plication on the profitability and sustainable application of such a catalyst in industry.
To recycle the catalyst, the post-reaction solid residue was washed with dry DMEF, dried,
cleaned in Hj as described in the Materials and Methods section, and reused. The activity
of 4%Au(H,;)@MOF1 and 4%Au@DBU-MOF1 (expressed as GLC yield) over three con-
secutive cycles is shown in Figure 5. Both catalysts lose their activity, but the decrease
in yield is smaller for 4%Au(Hy)@MOF]1 (from 44% to 24% after three cycles) compared
to the DBU-based catalyst (from 39 to 9%) after the same number of cycles. The better
stability of 4%Au(H;)@MOF1 is probably attributed to the fine structure of the catalyst, as
depicted by the electron microscopy images, which leads to the stability and reusability of
the nanocatalysts.
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Figure 5. GLC yield over three consecutive cycles in the presence of 4%Au(H;)@MOF]1 (black bars)
and 4%Au@DBU-MOF1 (red bars).
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However, the loss of activity observed for the DBU-based catalyst is believed to be due
to the loss of nanoparticles from the MOF leading to a decrease in AuNP content during
subsequent carboxylation cycles [77]. This is in agreement with the SEM and TEM images
(Figures 3B and 3C, respectively), where the particles are seen mainly on the surface of
the MOF.

During the last three decades, AuNPs have been used as model catalysts in many
reactions, and the results and ideas tested on AuNPs have usually been applied to develop
new families of catalysts based on less-expensive metals and their bimetallic combinations.
Here, we have demonstrated for the first time that AuNPs@MOF can catalyze the reaction
of GL with CO,. The main advantage of the catalytic system designed and prepared by us
is that a small amount of Au catalyst is required to obtain a reasonable yield, resulting in a
TOF that is higher than other catalytic systems reported previously [16,17] by almost two
orders of magnitude (>78 h~1) (see Scheme 1). Another advantage of the AuNPs@MOF
composite is that it requires a low overpressure of 1.5 MPa, compared to 4-8 MPa in other
systems [4,10,78], which can be attributed to a synergy of the MOF’s exceptional ability
to adsorb CO, and the presence of AuNPs embedded within the MOFE. The formation
of such unique catalytic centers is fundamentally essential for the future optimization of
industrial catalysts. The proposed AuNPs@MOF catalytic system provides a relatively
high productivity that is accompanied by a low E-factor, i.e., (mass of waste)/(mass of
desired product), because water is the only by-product (the dehydrating agent can be
recycled). Taking into account that the other catalytic systems require a long activation
time or calcination treatments at elevated temperatures (up to 600 °C), the method of
AuNPs @ MOF formation proposed in this work is time and energy saving: preparation in
aqueous solution, activation at low temperature, and relatively simple recovery make it
a very promising catalytic system that is in line with the assumptions of green chemistry
and sustainable processing [79,80]. The catalyst system uses a very dilute amount of Au
(0.0064 mmol) and Ce (ca. 0.2 mmol) to yield a high amount of GLC (ca. 50%) based on a
calculation made with the use of ICP-MS quantification analysis for 50 mg of catalyst used
in the carbonylation of 12.5 mmol of GL.

The catalytic system (Au-based) developed and optimized by us was extended to
robust and sustainable systems containing less-expensive metals, i.e., copper and silver
(AgNPs and CuNPs). We obtained 25 and 33% GL conversions and 17 and 26% yields for
Cu and Ag, respectively. The results are promising given that the reaction system was not
optimized for these two metals since the scope of this study was centered on Au.

Higher GLC yields were obtained using other catalytic systems; for example, Lim et al.
reported a high GLC yield (86%) using a metal-free catalyst (DBU and CH;Br,) [81].
They applied very mild conditions (70 °C, 1 MPa); however, CH,Br; is expensive and
brominated by-products are formed. Another catalytic system based on divinylbenzene
3-butyl-1-vinylimidazolium bromide polymer allows for GLC to be obtained at a yield of
81% [82]; however, the relatively high content of bromide in the polymer (more than 17%),
the large amounts of chloroform used, and the complicated and time-consuming synthesis
make this method uncompetitive in the current shift to green synthesis.

4. Conclusions

In this research, we developed the idea of a catalytic system assembled from two mor-
phologically different solid species, namely metal organic frameworks and nanoparticles,
and we tested the applicability of such a system to the carboxylation of glycerol. Several
new catalytic systems based on cerium carboxylate MOFs with embedded AuNPs were
successfully used to react glycerol with CO, to form glycerol carbonate as the main product.
The most efficient were two catalysts prepared from pre-synthesized MOF impregnated
with Au®* salt and subsequently reduced to AuNPs using H; (catalyst 4%Au(H,)@MOF1)
or reduced with NaBHy (catalyst 4%Au@PEI-MOF1). Although the yield of the process
is still not competitive when compared to existing systems, the great and most promising
advantage is the highest TOF (>78 h—1) ever reported for this reaction, which demonstrates
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the much higher performance compared to already known systems. We also tried to test
the applicability of the optimal system to crude bioglycerol because it is more environ-
mentally and economically sustainable but hitherto has been ignored. The conversion
obtained is promising, but the system needs optimization to obtain significant GLC yields.
Other advantages of such hybrid catalysts include the fast and straightforward fabrication
of AuNPs@MOF at a much lower temperature than currently used catalysts and mild
conditions of operation (they work at the lowest CO, overpressure ever reported). The
developed catalyst system was finally applied to Ag and Cu with promising results (26
and 17% GLC yields, respectively).

For the thermodynamically demanding reaction of CO, with glycerol, the equilibrium
has to be shifted toward the products by applying drying agents that drive water out of
the reaction mixture, and we found that an inorganic dehydrating agent (MgCO3) is more
effective than adiponitrile and acetonitrile. The use of the inorganic drying agent brings an
additional advantage because, unlike most other methods, no by-product is obtained. The
presented preliminary data are promising, and further efforts are planned to ensure the
more effective encapsulation of different metal NPs inside MOFs to enable better yields,
longer catalyst life, and more-efficient recovery after the reaction.
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by aggregates (small particles) (B); Figure S2: FTIR of the synthesized MOF and catalysts materials.;
Figure S3: Literature XRD patterns of two MOFs and their derivatives; Figure S4: SEM image of
4%Au(Hp)@MOF1; Figure S5: SEM-EDS elemental maps for 4%Au(H,;)@MOF]1; Figure S6: EDS
elemental composition for 4%Au(H;)@MOF1; Figure S7: Gas chromatogram of silylated glycerol
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Abstract: Although Zr-based metal-organic frameworks (MOFs) exhibit robust chemical and physical
stability in the presence of moisture and acidic conditions, their susceptibility to nucleophilic attacks
from bases poses a critical challenge to their overall stability. Herein, we systematically investigate
the stability of Zr-based UiO-66 (UiO = University of Oslo) MOFs in basic solutions. The impact
of 11 standard bases, including inorganic salts and organic bases, on the stability of these MOFs is
examined. The destruction of the framework is confirmed through powder X-ray diffraction (PXRD)
patterns, and the monitored dissolution of ligands from the framework is assessed using nuclear
magnetic resonance (NMR) spectroscopy. Our key findings reveal a direct correlation between the
strength and concentration of the base and the destruction of the MOFs. The summarized data
provide valuable insights that can guide the practical application of Zr-based UiO-66 MOFs under
basic conditions, offering essential information for their optimal utilization in various settings.

Keywords: metal-organic frameworks; zirconium; UiO-66; basic solution; stability

1. Introduction

Metal-organic frameworks (MOFs) represent a class of materials based on metal-
ligand coordination, characterized by a three-dimensional structure and inherent porosity.
The versatility of MOFs is underscored by the utilization of various metal salts and clusters
coupled with a diverse array of coordinating ligands (e.g., carboxylate or pyridyl groups)
employed in their synthesis. This diversity allows for a broad spectrum of MOF composi-
tions, imparting distinctive chemical and physical properties to these materials [1-6].

One defining feature of MOFs is their predictable reticular chemistry, which enables
the exploration of similar structures with varying ligand lengths and identical frameworks
originating from identical coordinating sites but featuring different functional groups [7-10].
This aspect has been extensively investigated in the field of MOF chemistry. The porosity
of MOFs has been exploited for efficient gas storage and molecular separation, leverag-
ing sieving effects, and their unique structural characteristics have found applications in
diverse fields [11-16]. The tunable pores of MOFs hold promise for selective molecular
conveyance, such as drug delivery applications [17-19]. Furthermore, the recurring com-
binations of metal-ligand coordination lead to a distinctive catalytic efficacy in reactions,
contribute to optical properties and have the potential for applications in energy-related
processes [4,20,21]. However, the practical applications of MOFs have been hindered by
their relatively low stability under moisture or acidic/basic conditions. Addressing these
stability challenges is crucial for unlocking the full potential of these sophisticated materials
for real-world applications in various industries as well as in daily life [22-27]. The stability
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of MOFs has been investigated through theoretical and experimental approaches [28-36],
and the effects of buffers, amino acids, and cell media on MOFs have been extensively
examined [37-39].

For this reason, diverse strategies for the increase in their stability have been employed
during the preparation steps [23,40,41]. Notably, the nature of the metal and ligand, as
elucidated by the hard-soft acid—base (HSAB) theory, is pivotal [42,43]. Additionally,
introducing hydrophobic characteristics and safeguarding frameworks have been the
subject of extensive investigation [44—46]. For instance, the choice of metal ions and
ligands significantly influences stability. Applying the HSAB theory, MOFs featuring hard
carboxylate ligands, particularly those anchored to zirconium (Zr, a hard metal ion), exhibit
superior stability against water compared to MOFs that incorporate softer metal ions such
as zinc [47,48]. Consequently, Zr-based MOFs have emerged as a focal point in a plethora
of research, demonstrating enhanced stability and versatility for various applications,
including industrial uses [49-54].

The pioneering work on Zr-based MOFs is exemplified by the UiO series, employing
benzene-1,4-dicarboxylate (BDC) ligands, as reported by Lillerud et al. [55]. Subsequent
studies have explored manipulating the connectivity of secondary building units and the
coordination of ligands, transitioning from dicarboxylic acids to tricarboxylic and tetracar-
boxylic acids. The exceptional stability of Zr-based MOFs in water and acidic conditions,
coupled with their diverse structural possibilities and relative ease of accessibility, posi-
tion them as representative MOFs across various applications spanning diverse research
fields [49-54].

Despite the numerous advantages of Zr-based MOFs, the persistent challenge of
low stability under basic conditions remains unresolved. Recurrent nucleophilic attacks
by hydroxide ions (OH™) on Zr—carboxylate coordination bonds lead to the dissolution
of Zr-based MOFs [56]. This instability is intricately linked to structural issues and the
properties of the pore environments. Notably, Zr-based UiO-66 MOFs are commonly
reported to be unstable under basic conditions [56], with a limitation level at pH 12 [41].
This inherent instability poses a significant obstacle, especially in the realm of catalytic
applications in organic reactions, where bases are often used as essential additives. For
instance, new bond-forming cross-coupling reactions, such as the Suzuki-Miyaura reaction
and Buchwald-Hartwig amination, require a wide range of bases [57], translating the fact
that the low stability of Zr-MOFs under basic conditions restricts their widespread use in
applications in organic syntheses [58-62].

To address these concerns, our work focuses on the systematic study of Zr-MOFs in
basic solutions to determine their stability. The UiO-66 system, which is based on the sim-
plest BDC ligand, was chosen for investigation because of its ease of accessibility and high
chemical stability. Our investigations encompass various inorganic and organic bases, and
the insights gained from this study offer valuable information for the practical application
of Zr-MOFs, particularly in scenarios involving basic conditions and catalytic applications.

2. Results and Discussion
2.1. Preparation of Zr-Based UiO-66 MOFs

UiO-66, the primary Zr-based MOF investigated in this study, was synthesized fol-
lowing Farha’s solvothermal protocol [63]. The synthesis involved ZrCly and H,BDC
(benzene-1,4-dicarboxylic acid or terephthalic acid) with formic acid modulators. Detail
procedures are provided in the Supplementary Materials (p. S2). Acid modulators are
commonly employed in the solvothermal synthesis of MOFs to regulate crystallization
speed and enhance reproducibility. However, using acid modulators introduced structural
defects into the pristine UiO-66 MOF, a characteristic arising from the consistent protocol
employed [64-66].

The crystallinity and stability of the synthesized MOFs were initially validated using
powder X-ray diffraction (PXRD) pattern analysis. The PXRD patterns of the as-synthesized
MOFs were compared with a simulated pattern derived from a reported structure (Figure 1).
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Any deviations, such as peak broadening in UiO-66, indicated framework destruction. The
dissolution of ligands in the MOFs under basic conditions was monitored through physical
mass measurements after basic treatment to further assess the stability. Additionally,
'H nuclear magnetic resonance (NMR) spectroscopy data acquired after acid digestion
provided insight into ligand dissolution. An internal standard method was employed
to quantify the BDC ligands within the framework, utilizing 1,3,5-trimethoxy benzene
as the NMR internal standard. Detail protocols for PXRD and NMR are provided in the
Supplementary Materials (p. S2). Before subjecting UiO-66 to the basic treatment, the
pristine MOFs exhibited 91% of the expected BDC ligands compared to the ideal structure
(Figure 1). This 9% discrepancy could be attributed to structural defects resulting from the
use of formic acid modulators. Further comparisons of the remaining BDC ligand amounts
(by '"H NMR) post-basic treatments shed light on the variations in stability. Notably, the
introduction of additional functional groups to the ligand was not considered in this
analysis. This omission was due to the potential impact of functional groups (e.g., nitro or
tetramethyl groups) on MOF stability [41,67], which could introduce confounding variables
into the study.
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Figure 1. (a) Preparation of UiO-66 MOF and PXRD and (b) NMR data of pristine UiO-66 MOF (the
digested sample) before base treatments.

2.2. Effects of Inorganic Base Solutions on UiO-66 MOF

To assess the stability of the UiO-66 MOF under basic conditions, we selected rep-
resentative potassium salts, including KOH, K3PO,, K,CO3, KHCO3, KOAc, and K;50y.
These inorganic bases were chosen to ensure a comprehensive evaluation while excluding
cationic effects on MOF stability. The pKj}, values of these bases ranged from —1.7 to 12
(Table 1) [68-70]. Initial stability tests involved incubating 30 mg of UiO-66 MOF in each
0.1 M aqueous basic solution for 1 h, followed by recovery through centrifugation and
PXRD analysis after washing with pure methanol to remove trapped water molecules.

Table 1. pK}, value of tested inorganic bases toward UiO-66 MOEF.

Base KOH K3PO4 K2C03 KHCO3 KOACc KzSO4
pKy, —-1.7 1.6 41 7.2 9.2 12
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As illustrated in Figure 2, the strongest base, KOH, led to the total destruction of
the UiO-66 structure within 1 h. Conversely, weak bases, such as KHCO;, KOAc, and
K550y, generally retained their PXRD patterns after 0.1 M of the solution treatment. There-
fore, detailed analyses were performed with K3PO4, KHCOj3, and KOAc by varying the
concentration and treatment time.

after Kzsoi (0.1 M) treatment

after KOAc (0.1 M) treatment

after KHCO, (0.1 M) treatment

after KQCO] (0.1 M) treatment

| P it

after KZPDL (0.1 M) treatment

after KOH (0.1 M) treatment

26/°

Figure 2. PXRD patterns of the recovered UiO-66 samples after the 0.1 M basic solution treatment.

The weak base, KOAc, demonstrated good tolerance for the UiO-66 MOF, with no
changes in the PXRD patterns observed until treatment with a 1.0 M KOAc solution for
1 d. Structural decomposition commenced at a 2.0 M solution, and substantial destruction
occurred with a 3.0 M KOAc solution for 1 h, leaving only 31% remaining BDC ligands in
the solid-state MOF (Figure 3) compared to the ideal UiO-66 MOE. Since the starting MOF
had 91% of BDC ligands in their structure (and 9% of the defect), 60% of the ligand was
removed from the framework during base treatments.
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KOAC (3.0 M)
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Figure 3. (a) PXRD patterns and (b) NMR spectral changes after treatment with the KOAc solution
for1h.

Specific concentration effects were examined using medium-strength bases, KHCOs3
and K3PO,;. KHCOj3 exhibited a PXRD peak that broadened at 0.2 M of the solution
treatment for 1 h, with complete framework destruction confirmed at 0.3 M of solution
incubation for 1 h, leaving less than 10% of the remaining ligands in the solid state (which
meant an 81% loss from pristine MOF, Figure 4). Between K3PO, and KHCOj3, the stronger
base, K3POy, annihilated the UiO-66 structure with a 0.05 M solution within 1 h, with
almost no remaining BDC ligand, as confirmed via the 'H NMR analysis after acid digestion
(Figure 4).
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Figure 4. (a) PXRD patterns and (b) NMR spectral changes after KHCOj3 solution treatment for 1 h.
(c) PXRD patterns and (d) NMR spectral changes after K3POy solution treatment for 1 h.

The concentration limits and remaining ligands are summarized in Figure 5. Notably,
KOH exterminated all MOF solid materials with a 0.1 M solution for 1 h, while KOAc
exhibited tolerance even with a 1.0 M solution for 1 d. K3POy led to over half the destruction
with a 0.05 M solution for 1 h, and KHCOj resulted in similar framework destruction with
a 0.2 M solution for 1 h of incubation. Consequently, it was confirmed that the acetate series
is a promising inorganic base additive for using Zr-MOFs under basic conditions.
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Figure 5. (a) Concentration limits for inorganic base treatments of UiO-66 and (b) the remaining BDC
ligands in the recovered UiO-66 after each base treatment.

2.3. Effects of Organic Base Solutions on UiO-66 MOF

To assess the stability of UiO-66 MOFs under basic conditions, standard organic bases
were examined, including DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene), Et3N (triethylamine),
BnNH; (benzylamine), DABCO (1,4-diazabicyclo[2.2.2]octane), and pyridine. Initial sta-
bility tests were conducted using 0.5 M of aqueous solutions, and the pKj}, values of these
organic bases ranged from 0.5 to 8.77 (Table 2) [71]. The strong bases, DBU and Et3N,
resulted in the complete destruction of the UiO-66 frameworks within 1 h of the 0.5 M
concentration test (Figure 6). Furthermore, the concentration limits were explored using
DBU, DABCO, and pyridine.
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Table 2. pKy, values of the tested organic bases toward the UiO-66 MOF.

Base DBU EtzsN BnNH; DABCO Pyridine
pKp 0.5 3.3 4.6 52 8.8

w
BnNH, (0.5 M)
W

—DBU (0.4M)

5 10 15 20 25 30
28/

Figure 6. PXRD patterns of the recovered UiO-66 samples after the organic basic solution treatment.

The concentration variation revealed that 0.3 M was the limit for a one-hour treatment
of UiO-66 MOFs with the DBU solution. Although all the primary peaks in the PXRD of
UiO-66 were retained with a 0.2 M solution treatment, 0.3 M of the DBU solution removed
all the primary peaks from the PXRD patterns (Figure 7). Meanwhile, the portion of the
remaining BDC ligand in the solid state was drastically decreased in the 0.3 M DBU solution
treatment (Figure 7). In contrast, DABCO, which is often used as a nitrogen donor ligand
for MOF synthesis, showed good compatibility with the Zr-MOFs. Although some peak
broadenings were observed, all primary peaks of the UiO-66 frameworks were completely
retained. In addition, ligand dissolution was much lower than that in the DBU treatment
(Figure 7). Notably, higher concentration tests (>0.5 M) were unsuccessful because of the
low solubility of DBU and DABCO in water. Finally, in the case of the weakest pyridine,
the PXRD pattern of the UiO-66 MOF retained its sharpness until the 1.0 M treatment, and
the BDC ligands remained in their solid state (Figure 7).
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Figure 7. (a) PXRD patterns and (b) NMR spectral changes after DBU solution treatment for 1 h.

(c) PXRD patterns and (d) NMR spectral changes after DABCO solution treatment for 1 h. (e) PXRD
patterns and (f) NMR spectral changes after pyridine solution treatment for 1 h.

Six samples, each treated with 0.1 M of K,CO3, KHCOj3, and K,SOy4 as inorganic bases
and 0.5 M of BnNH;, DABCO, and pyridine as organic bases, were carefully chosen for
in-depth analysis to evaluate their morphology and porosity. The selection was based on
the successful recovery of measurable and analyzable samples following the respective base
treatments. Notably, the morphology of the recovered samples exhibited no discernible
damage, as validated by the scanning electron microscope (SEM) images presented in
Figure 8. Both the SEM images and the bulk crystallinity, as confirmed via the PXRD
analysis depicted in Figure 7, indicated an overall influence on the entire MOF particles
rather than the partial dissolution of specific MOF components.

Although the morphology of the MOF particles remained intact, the porosity ex-
perienced alterations due to the basic treatment. Gas adsorption experiments unveiled
reductions in the N uptake following base treatments, with stronger bases demonstrating
a more pronounced impact on porosity than their weaker counterparts (Figure 9). Notably,
the N, uptake underwent an approximate 50% decrease under the BnNH, treatment among
the organic bases. A subsequent Brunauer—-Emmett-Teller (BET) surface area analysis was
performed. While the pristine UiO-66 MOF boasted a BET surface area of 1777 m?/g,
the recovered sample generally displayed a diminished surface area. Specifically, K,CO3
yielded the lowest surface area (524 m?/ g), and weak bases like KHCO3, K;SO4, and
pyridine had a minimal impact on the surface area (see Table 3).
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Table 3. BET surface area of recovered UiO-66 after base treatments.

Base - K,CO3 KHCOg3 K,S04 BnNH, DABCO Pyridine
(Pristine) (0.1 M) 0.1 M) 0.1 M) 0.5 M) (0.5 M) (0.5 M)
BET surface area 1777 524 1540 1566 881 1060 1622

(m?/g)

Finally, inductively coupled plasma—optical emission spectrometry (ICP-OES) anal-
ysis was conducted to examine the metal-to-ligand ratio of the MOF following the base
treatment. Given that the general formula of UiO-66 MOF is ZrsO4(OH)4(BDC-ligand),
the dissolution of the ligand in a basic solution could lead to an increase in the metal ra-
tio [72-74]. While UiO-66 exhibits a theoretical zirconium content of 32.9 wt%, the pristine
UiO-66 (as-synthesized form) contains 34.0 wt% due to structural defects. Following the
base treatment, strong bases, such as K,COj3 (inorganic) and BnNHj; (organic), exhibited

significant increases in the Zr ratio according to ICP-OES analysis (refer to Table 4).
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Table 4. The ICP-OES of recovered UiO-66 after base treatments.

Base

- K2C03 KHCO3 K2504 BIINHZ DABCO
(Pristine) 0.1 M) 0.1M) 0.1M) (0.5 M) (0.5 M)

Pyridine
(0.5 M)

Zr wt%

34.0 45.2 25.7 30.0 494 31.0

35.6

@ (b)

2.4. Comprehensive Concentration Limits and pKy, Values for UiO-66 MOF

A comprehensive investigation demonstrated that KOAc and pyridine were the bases
with the highest concentration limits for Zr-based UiO-66 MOFs. As an organic base,
pyridine demonstrated remarkable ligand preservation, with more than 80% remaining
intact within the solid-state frameworks. Similarly, the KOAc treatment retained over 60%
of the ligands, as shown in Figure 10. During the DABCO base test, approximately 70% of
the BDC ligands were dissolved from the solid framework into solution. Despite ligand
dissolution, the PXRD patterns were adequately retained, and the morphology of UiO-66
remained intact.
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Figure 10. (a) Concentration limits of UiO-66 MOFs against the basic solution. (b) The correlation of
pKa and concentration for the conservation of the MOF structure.

The relationship between the strength of the base (expressed by the pKj, value) and
concentration was directly linked to the dissolution of the MOF frameworks. High basicity
(i.e., low pKj, and high pK,) proved critical for MOF destruction owing to a strong nucle-
ophilic attack, while high concentrations also played a crucial role in MOF dissolution.
Figure 10b illustrates the correlation between pK, and the concentration of the basic so-
lution. The red color signifies the MOF framework dissolution, whereas the blue portion
denotes the conserved structure of the MOFs. This visual representation underscores the
interplay between the base strength and concentration in determining the fate of MOF
stability under basic conditions.

3. Conclusions

Zr-based MOFs have gained widespread attention and applications owing to their
excellent chemical and physical stability, ease of accessibility, and tunability. However, the
practical deployment of these MOFs in industrial and daily-life scenarios is constrained
by their inherent susceptibility to basic conditions. This limitation is indeed critical in a
plethora of organic syntheses that use basic additives.

This study systematically probed the stability of Zr-based UiO-66 MOFs in various
basic solutions, in which inorganic and organic bases commonly found in chemistry labora-
tories were investigated. The findings revealed that highly basic solutions (pKj}, < 3.3) led to
the complete destruction of UiO-66 MOFs within 1 h at a 0.1 M concentration. Subsequent
examinations focused on bases that have a higher pKj, than 3.3. Among these experiments,
UiO-66 MOFs exhibited overall stability in both the KOAc and pyridine solutions, while
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PXRD and NMR analyses detected some framework destruction and ligand dissolution
during the KHCO3; and DABCO solution treatments. Notably, K3PO4 and DBU exhibited
low concentration limits for the degradation of the UiO-66 MOF.

In conclusion, when designing experiments involving Zr-MOFs under basic conditions,
considering the concentration and pKj, values of the chosen base is essential. In this
context, we believe that Figure 10 can serve as a key guide to practitioners in selecting
bases for UiO-66 MOFs under aqueous conditions. Notably, MOF stability may also be
influenced by metal salts, ligand functionalization, solvents, etc. Therefore, additional
systematic consideration, both from the literature and empirical perspectives, is imperative
for advancing the practical applications of MOFs.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nano14010110/s1, General methods, preparation of UiO-66, procedure of
base treatment, PXRD measurement, acid digestion of MOFs for NMR measurement, N, isotherm
for UiO-66, and appendix-PXRD and 'H NMR data of UiO-66. Ref. [63] is cited in the supplemen-
tary materials.
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Abstract: Analyzing acetone in the exhaled breath as a biomarker has proved to be a non-invasive
method to detect diabetes in humans with good accuracy. In this work, a Bi-gallate MOF doped
into a chitosan (CS) matrix containing an ionic liquid (IL) was fabricated to detect acetone gas
with a low detection limit of 10 ppm at an operating temperature of 60 °C and 5 V operating bias.
The sensor recorded the highest response to acetone in comparison to other test gases, proving its
high selectivity along with long-term stability and repeatability. The sensor also exhibited ultra-
fast response and recovery times of 15 & 0.25 s and 3 + 0.1 s, respectively. Moreover, the sensor
membrane also exhibited flexibility and ease of fabrication, making it ideal to be employed as a
real-time breath analyzer.

Keywords: acetone sensor; breath analyzer; Bi-gallate MOF; chitosan

1. Introduction

As the world advances in technology and industries, this has also caused pollution of
the environment to accelerate. The polluted environment harbors diseases that affect the
pace of human existence. Focusing on one form of pollution, in line with the advancement
in technology, there has been an exponential decline in the quality of the air we breathe.
Low quality of the air has adverse effects on our health and lifestyle. In response to this
scenario, the diagnosis of diseases triggered by this poor air quality at early stages greatly
increases the chances of early treatment and the betterment of the individual’s health.

Amazingly, the human breath incorporates a lot of gases that can divulge information
on the health state, but only if we have a way to decipher the data. Hence, sensors that
can detect and distinguish these gases in real-time offer an inexpensive, non-invasive
approach to gaining diagnostic information on the diseases people may have developed
from inhaling polluted air. The gases that are exhaled by humans mostly contain a mixture
of CO,, Np, HyO, O,, and trace levels of other volatile organic compounds (VOCs) such as
ethane or acetone, to name a few. These gases assist as biomarkers in the detection of many
diseases such as diabetes, lung cancer, etc. [1-5]. Acetone is a product of a biological process
between the human and the invading micro-organisms. It then infuses into the bloodstream
and is transported to the lungs. From here, it becomes a key component in the exhaled
breath [6], enabling us to detect its concentration, based on which we can non-invasively
distinguish numerous diseases. According to the World Health Organization (WHO), the
level of acetone in a healthy human is supposed to be 0.2-1.8 ppm, in contrast to a diabetic
patient, in whom it is between 1.25 and 2.5 ppm [7]. Determining the concentrations in
terms of parts per billion (ppb) has proved to be quite a challenge, but there have been a
few materials [8,9] that have been up for the task.

Researchers have not only been making groundbreaking advances in materials with
the potential for acetone detection, but they have also been using acetone as a cleaning
agent and solvent for their experimentations [10,11]. However, it has been demonstrated
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that prolonged exposure to acetone vapors exceeding 173 ppm can cause long-term health
issues such as central nervous system anesthesia, skin and eye irritation, narcosis, nausea,
headaches, and dizziness [12-16]. It is also flammable and explosive, with lower and upper
explosive limits of 2.6% and 12.8%, respectively [17].

Metal-organic frameworks (MOFs) have been demonstrated to be a key component
in developing devices that can detect hazardous gases evolving due to various processes.
MOFs consist of metal cations lined by organic ligand molecules [18,19]. With properties
like high porosity and tunable surface area diversity in structures, they have various
applications such as gas separation and storage [20], catalysis [21], and energy applications
and as sensing materials [22-25]. However, there is one obstacle for some of them, which is
related to their high electrical resistance. As standalone materials, they would not serve the
purpose of their designs, but when they are combined into an organic-inorganic matrix
with ionic liquids (ILs), they can exhibit changes in their properties that can be recorded
and evaluated.

Sensors based on these materials tend to operate under various principles such as
impedance sensing [26], chemicapacitive sensing [27], chemiresistive sensing, Kelvin
probe [28], capacitive sensing [29], field effect transistors [30,31], optical sensing, fluo-
rescence sensing for the detection of various materials such as volatile gases, hazardous
gases, and explosive compounds [32-34], ion sensing [35], biosensing [36,37], humidity
sensing [38-40], pH sensing [41,42], and temperature sensing [43]. There are rapid photo-
physical, electrical, or mechanical changes in the properties of the material, with various
circumstances that influence the behavior depending on the concentration of the ana-
lyte, active materials, ability to bond, electron accepting—donating ability, and hydrogen
bonding, to name a few [44]. From the aforementioned principles, one of the simplest is
chemiresistive sensing, which measures the change in resistance of the sensing material
when exposed to the target gas. The mechanism of sensing in these materials is attributed
to the transfer of electrons or holes, which results in an interaction between the surface
of the sensing material and the target gas molecules via adsorption or surface reactions.
Other advantages that these chemiresistive sensors have to offer are low cost of fabrication,
easy integration with other electronic components for commercial devices, low operational
costs, and ease of miniaturization [23,45,46]. In addition, the ability to detect trace-level
analytes with efficiency and accuracy enables them to be successfully commercialized.

The change in resistance in these sensing materials is dependent on the type of material.
With the diversity in the MOF and MOEF-based materials, the sensing mechanism can also
be altered. The interaction of the test gas on the surface can either donate an electron to the
material or deprive it of one, thereby causing a change in resistance [47]. The linkers or the
active functional organic groups that are used in the synthesis of these materials serve as
effective adsorption sites that facilitate the transfer of charges within the system. Depending
on the test gas, the reduction or oxidization reaction [48], due to its interaction with the
material, can also be the cause for the change in the resistance of the material. Another
parameter is the change in volume of the MOF on interaction with the gas modulating
the number of electrons that are transferred during the interaction [49]. Depending on the
concentration of the gas, the response of the sensor is recorded. As the synthesis methods of
the materials advance, the MOFs show enhanced conductivities and porosities that increase
the sensitivities multifold.

Bismuth-based materials have been traditionally used for cosmetics and drug deliv-
ery. Wang et al. [50] reported an elaborate study deciphering the structure of the Bi-MOF.
Furthermore, Z. Wang et al. [51] reported a detailed review of the Bi-based MOFs and
their derivatives, outlining that they have been traditionally used in catalysis applica-
tions [21,52,53], electrocatalysis, sensors [54], CO, capture [51], electrochemical energy
storage [20,55], biomedical imaging [56], drug delivery, fluorescence sensing [51], absorp-
tion, and separation [52,57]. Mirica et al. [58], meanwhile, reported the synthesis and
characterization of Bi-based MOFs for the detection of VOC compounds such as acetone,
MeOH, and EtOH. They demonstrated that the material can also detect NO and NHj at
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room temperature. Some of the reported sensors from the literature have been consolidated
in Table 1 for comparison with our work.

Table 1. Sensor performance comparison with literature-reported values.

. Optimum Operating . ..
Sensor/Material Target Gas Temperature (°C) Detection Limit (ppm) Ref.
Bi-gallate MOF/CS/IL membrane Acetone 60 10 This Work

MOF-5/CS/IL membrane H,S RT 1 [59]
220 100 [60]
ZIF-67 Acetone 250 50 [61]
ZIF-67 /ZIF-8 Acetone 275 1 [62]
ZnO/ZIF-CoZn Acetone 250 10 [63]
Hierarchical MOF derived ZnO-Co304 Acetone 450 5 [64]

NH;j; RT 0.29

NO RT 0.15
Bi(HHTP) Acetone RT 41.2 [58]

MeOH RT 278

EtOH RT 185

Our group has demonstrated that chitosan (CS) polymer incorporation with glycerol,
as an IL [65], can detect H,S gas at 15 ppm operating at 80 °C [24]. Conventionally, it has
also been used in combination with MOFs and ZIFs [25,59] to enhance the detection of
H,S at room temperature. To the best of the authors” knowledge, the Bi-gallate MOF has
not been used as an acetone sensor in combination with an organic matrix. Hence, in this
work, we present the possibility of employing the Bi-gallate MOF in combination with
CS/IL matrix as an acetone sensor with a breath analyzer application for the detection of
diabetic patients.

2. Materials and Methods
2.1. Materials

Bismuth (III) nitrate pentahydrate (Bi(NO3)3-5H,0), gallic acid (3,4,5-trihydroxybenzoic
acid), and anhydrous dimethylformamide (DMF) were bought from Sigma-Aldrich, St.
Louis, MO, USA. Chitosan (MW = 50,000-190,000 Da) (>75%) and acetic acid were pur-
chased from Polysciences, Warrington, PA, USA. Glycerol, as an ionic liquid (IL) (99.5%),
was purchased from Quarek Corp company, Denver, CO, USA. All chemicals were used
without further purification.

2.2. Synthesis of Bi-Gallate MOF

Bi-gallate MOF was synthesized following a slightly modified version of a previously
published procedure [50]. In a scintillation vial, gallic acid (17 mg, 2 mmol) was dissolved
in 3 mL of deionized water. Then, drops of 4 M NH4OH were added to the solution until
the pH reached 8.5. In a separate scintillation vial, Bi(NOs3)3-5H,0O (24 mg, 1 mmol) was
dissolved in 1 mL of DMF and then gradually added with continuous stirring to the gallic
acid solution. The vial was sealed and placed in a preheated oven set at 85 °C for a duration
of 24 h. After completion of the reaction, the resulting yellow powder was filtered and
successively washed with distilled water and ethanol. Then, the Bi-gallate compound was
subjected to activation in a vacuum oven at 90 °C for 24 h to remove any trapped solvent
molecules.

2.3. Fabrication of the Bi-Gallate MOF/CS/IL Membrane

The Bi-gallate MOF/CS/IL membrane was fabricated by dissolving 2 wt% (0.4 g) of
the Bi-gallate MOF with 0.4 g of CS and 5 vol% of IL into 20 mL of 3% acetic acid solution.
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The solution was then stirred for 24 h at room temperature and 1400 RPM on a magnetic
stirrer. The prepared solution was then cast on a Petri dish and dried at 70 °C for 18 h
in a drying oven. A flexible and uniform membrane formed, as shown in Figure 1. The
thickness of the membrane was determined to be 0.20 mm using a screw gauge.

A) B)

Figure 1. (A) A1 cm x 1 cm portion of the membrane. (B) Demonstration of high flexibility.

2.4. Characterization

Powder X-ray diffraction (PXRD) was conducted using a Rigaku MiniFlex X-ray
diffractometer (Rigaku, Tokyo, Japan) with a CuK« radiation tube (wavelength = 1.542 A)
operated at 40 kV. PXRD measurements were taken within a 3° to 50° 26 range at a rate
of 2° min~!. Scanning electron microscopy (SEM) was performed using JSM-6010LA,
JEOL, Tokyo, Japan, with an operating voltage of 5 keV. The secondary electron imaging
configuration was used to procure the images with a working distance of 14 mm. The sam-
ples were made conductive with a gold sputtering system. The surface area and porosity
were examined using nitrogen sorption analysis at 77 K. The N; adsorption—desorption
isotherm indicated gas adsorption (cm® g~1) in relation to relative pressure (P/P). Here,
P represents N, equilibrium pressure, and Py represents saturated vapor pressure at 77 K.
Prior to surface measurements, powder samples were placed in a glass tube and subjected
to vacuum at 353 K for 3 h. Thermogravimetric analysis (TGA) was performed using
a TGA-50 Shimadzu analyzer (Shimadzu, Kyoto, Japan) with an aluminum pan sample
holder. FTIR analysis was carried out using a Shimadzu IRAffinity-1S with a scan range
from 400 to 4000 cm ™!,

2.5. Sensor Fabrication and Gas Testing

The sensor prototype was fabricated by sandwiching the active layer between a Cu
plate with dimensions 1.5 cm x 1.5 cm as the bottom electrode and a stainless steel mesh
with a grid size of 250 um x 250 pm serving as the top electrode [59,66]. The layers
were confined using temperature-resistive Kapton tape. The device was connected to the
sensing system with electrical probes which were housed in a Teflon chamber connected
to Bronkhorst mass flow controllers (MFCs). The setup was sealed to avoid leaking of the
test gas and placed inside the fume hood for safety. The humidity of the chamber was
maintained close to 0% throughout the testing sequences. The gas testing programs were
sequenced to expose the sample to test gas in between cycles of synthetic air to exfoliate
any residual test gas molecules.

3. Results and Discussion
3.1. Structural and Morphological Characterization of Bi-Gallate MOF and Bi-MOF/CS/IL
Membrane

The structural analysis of the Bi-gallate MOF and Bi-gallate MOF/CS/IL membranes
was carried out using the XRD patterns obtained. The XRD pattern in Figure 2 confirmed the
structure and phase purity of the synthesized Bi-gallate MOF. By comparing the resulting
diffraction pattern with the simulated pattern derived from single-crystal data as previously
reported [50], it was confirmed that the Bi-gallate we prepared was successfully and
purely synthesized. The Bi-gallate material exhibited an orthorhombic lattice and unit
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cell dimensions of a = 8.80 A, b = 4.66 A, c = 24.09 A. The XRD pattern of the Bi-gallate
MOEF/CS/IL with a broad hump confirmed the incorporation of the Bi-gallate MOF into
the CS matrix, as can be seen in the top pattern in Figure 2. The characteristic peaks
representing the (110), (310), (321), and (421) planes were observed.

A 2 wt% MOF/CS/IL membrane
A A A -

As-synthesized Bi-Gallate MOF

g 28 = Zzg%8 g g = Simulated
) % 8% 53883% 3 E
A A — A—rnhen b P
T T T T T
10 20 30 40 50
2 Theta (Degree)

Figure 2. PXRD pattern of the Bi-gallate MOF and the composite membrane.

The FTIR analysis of Bi-gallate MOF and Bi-gallate MOF/CS/IL membrane confirmed
the interaction within the framework of Bi-gallate and confirmed its presence within the
composite, as shown in Figure 3. The disappearance of the hydroxyl group (-OH) band
confirmed the chelation of bismuth metal with the gallic acid linker. Furthermore, a
band was observed around 1671 cm 1, which is attributed to the presence of (C=0) of a
carboxylate (COO™) group. Analyzing the spectra of the Bi-gallate MOF/CS/IL membrane,
a broad band at 3400 cm~—! was observed in the FTIR spectrum, and is attributed to
the NH and OH stretching vibration, as well as the intermolecular hydrogen bonds of
chitosan. Additionally, the bands at 2900 and 3000 cm~! belong to the symmetric and
asymmetric stretching of the C-H bond of chitosan, respectively. Meanwhile, the C-O
bending and C-O stretching vibrations of chitosan were determined at 1100 and 980 cm !,
respectively. The presence of Bi-gallate MOF within the chitosan membrane was further
confirmed through the sharp bands at 1700 and 1209 cm ™1, which, respectively, belong
to C=0 and C-O stretching of the gallate linker. As can be observed in Figure 3, the band
frequencies that are attributed to the carboxylate group (at 1671 cm ') and the Bi-O group
(at 439 cm ™) remained intact, which also confirms the stability of the MOF framework
within the chitosan membrane.

2 wt% Bi Gallate-MOF/CS/IL membrane
3
= ~ \ C-H
;’ Cc-0 c-0 (2900-3000)
g (980) (1200) _OH
g (3400)
g
w
g
; As-synthesized Bi-Gallate MOF
Bi-O
(493)
C-O stretching Cc=0
1209 ~ (1700)
T T T T
0 1000 2000 3000 4000

Wavenumber(cm™)

Figure 3. FTIR curves of the as-synthesized Bi-gallate MOF powder and the composite membrane.
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The thermal analysis of the as-synthesized Bi-gallate MOF was performed using TGA
under a nitrogen atmosphere (Figure 4). In the temperature range of room temperature to
150 °C, the sample experienced a weight reduction of approximately 10%, corresponding
to the loss of water molecules. This finding aligned with previously reported results [50].
Decomposition of the Bi-gallate commenced in the range of 260-350 °C, and is attributed to
the breakdown of the gallate linker of the MOF structure. From the TGA curves of the Bi-
gallate MOF/CS/IL membrane, we can surmise that the first weight loss observed would
be due to the loss of water molecules from the pores of the framework. The drastic loss in
weight observed between 150 °C and 225 °C indicates the onset of the decomposition of the
gallate linker from the matrix, followed by a gradual loss in weight due to the continued
decomposition of the remaining linkers.

100 ~

= 2wt% Bi-Gallate MOF/CS/IL
=== Bi-Gallate MOF

80

60

Weight Loss (%)

40

20 T T T
0 200 400 600

Temperature [°C]

Figure 4. TGA curves of the Bi-gallate MOF powder and the composite membrane.

The SEM analysis of the Bi-gallate MOF powder, shown in Figure 5A, shows that the
morphology of the as-synthesized powder is comparable to the reported morphologies
of the same MOF [50]. The SEM micrographs of the Bi-gallate MOF/CS/IL membranes
shown in Figure 5B displayed the incorporation of the MOFs into the matrix. The cross-
section of the membrane showed numerous pores, as can be seen in Figure 5C. The EDX
spectra we recorded of the as-synthesized MOF (Figure 5D) and the composite membrane
(Figure 5E) showed the homogeneous distribution of the Bi-gallate MOF particles within
the chitosan matrix.
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Figure 5. (A,D) SEM image and EDX spectra of the as-synthesized Bi-gallate MOF. (B,E) SEM image
and EDX spectra of the Bi-gallate MOF/CS/IL membrane. (C) Cross-section of the membrane.
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The as-synthesized Bi-gallate MOF powder was also subjected to N, adsorption
measurements to evaluate the micro- and macroporosity in the MOF. The recorded loop
shown in Figure 6 follows a type I isotherm with a calculated Brunauer-Emmett-Teller
(BET) surface area of 31.58 m2/g, and shows a maximum pore volume of 0.0135 cm?/g.

100

3
=]
1

Quantity Adsorbed (cm®/g)

0 BET SURFACE AREA = 31.58 m%/g

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P;)

Figure 6. N,-sorption isotherms of as-synthesized Bi-gallate MOF.

3.2. Gas Sensing Performance

The sensor prototype was set up as detailed in our previous reports [59,66]. The CS/IL
matrix was doped with different concentrations of Bi-gallate MOF. The membranes were
subjected to different test gases at 100 ppm to evaluate their response. It was evaluated
that 2 wt% doping of the Bi-gallate MOF into the CS/IL matrix was most sensitive toward
acetone gas at an operating temperature of 60 °C and a bias voltage of 5 V. The response of
the sensor was evaluated using Equation (1):

o) — Rg ~Ra _ AR
S(A))—TXNO—R—axloo (1)
where R, is the resistance of the sensor in synthetic air and Ry is the resistance in the
presence of the test gas.

The sensor was evaluated in terms of sensitivity, which showed a response to 10 ppm
of acetone gas at 60 °C, as plotted in Figure 7. The inset graph shows the sensor’s response
toward different concentrations of acetone gas. The sensor was further analyzed toward
other test gases at 100 ppm and an operating temperature of 60 °C.
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Figure 7. Sensitivity of the Bi-gallate MOF/CS/IL membrane as a function of time and acetone
concentration measured at 60 °C. Inset: Sensitivity for corresponding gas concentration.
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The other aspects of evaluation were repeatability and stability. The tests were per-
formed with exposure to 100 ppm of acetone, with synthetic air flushing in between each
cycle to exfoliate any residual molecules from the previous cycle. The stability response

was calculated as 42.41 + 1.8%, whereas the repeatability of the sensor was calculated as
39.95 £ 1.4% (Figure 8).
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Figure 8. (A) Repeatability of the sensor. (B) Long-term stability of the Bi-gallate MOF/CS/IL
membrane to 100 ppm of acetone gas at 60 °C.

Another aspect of evaluating the sensor’s performance is the response and recovery
times, which can be defined as the time taken from gas exposure for the sensor to reach
90% of its recorded response, and the time taken for the sensor to recover to 10% of its
initial resistance from the shutdown of the gas, respectively. From the results shown in
Figure 9A, the responses recorded were calculated as 15 £ 0.25 s and 3 £ 0.1 s, respectively.

Yet another vital parameter is the selectivity among other test gases. It was recorded that

the sensitivity toward acetone was the highest among other test gases such as Hy, H;S,
CyHy, CO, and CO,, as shown in Figure 9B.
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Figure 9. (A) The calculated response and recovery time of the sensor. (B) Selectivity of the sensor
containing 2 wt% Bi-gallate MOF in comparison to other test gases. (C) Selectivity of the sensor
containing 0.5 wt% Bi-gallate MOF to H,S and acetone gases.

3.3. Gas Sensing Mechanism

The mechanism of the standalone CS-IL membrane was outlined by Hani et al. [24].
The functional groups along the chitosan polymeric matrix (-OH and -NH,) interact with
the highly hydroxylated IL molecules through the formation of a network of H bonding.
In the presence of hydroxy- and carboxy-functionalized Bi-gallate MOF particles in the
matrix, an extended network of H bonding is produced, as shown in Figure 10. Compared

with slightly polar or non-polar gas molecules, H,S and acetone showed adsorption to this

H-bonded network by taking part in the network through H bonding, as well. This was

observed when a low proportion of the Bi-gallate MOF (0.5 wt%) was added, as shown in
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Figure 9C. Upon increasing the proportion of Bi-gallate MOF to 2 wt%, a higher tendency
of acetone to adsorb onto the extensively formed H-bonded network was observed, as
shown in Figure 9B. Compared with H,S molecules with a dipole moment of 0.95 D, the
preferential adsorption of acetone molecules is attributed to its higher polarity (with a
dipole moment of up to 4.19 D). It should be mentioned that the highly polar acetone
molecules interact with the H-bonded network of chitosan containing IL and Bi-gallate
through the attraction of its highly polar C=O group to the H atoms along the other
components of the sensor. Accordingly, an increase in the sensitivity of the composite
sensor membrane was observed when increasing the Bi-gallate component of the sensor.

@ Oxygen
@ Carbon
. Hydrogen

@ Nitrogen

-]

Acetone

@ Bismuth

o Bi-gallate MOF

Glycerol

Chitosan

Figure 10. Sensing mechanism of the Bi-gallate-doped CS-IL membrane.

4. Conclusions

This study demonstrates the potential of fabricating a fast response and ultra-fast
recovery sensor based on Bi-gallate MOF doped into a chitosan matrix containing IL.
The fabricated membrane was investigated for its sensing performance. Previous studies
conducted by our group demonstrated that CS/IL membranes showed potential for sensing
toward Hj,S gas, and doping the matrix with 2 wt% Bi-gallate MOF showed sensitivity
toward acetone vapor alone with a 5 V bias. The detection limit of the prototype is 10 ppm
of acetone at 60 °C, with ultra-fast response and recovery times of 15 £ 0.25sand 3 £ 0.1 s,
respectively. The components of the membrane do not cause any harm to the environment,
hence making the prototype highly eco-friendly. The proposed membrane can be used
as an acetone sensor with ultra-fast response and recovery times, which can be used as a
real-time breath analyzer.
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Abstract: The understanding of amorphous and heterojunction materials has been widely used in
the field of electromagnetic wave absorption due to their unique physical and chemical properties.
However, the effectiveness of individual strategies currently used is still limited. Well-designed
compositions and amorphous structures simplify the effect of different polarization mechanisms on
the absorption of electromagnetic waves. In this work, through the carbonization and controlled
phosphating of one-dimensional Co Metal-Organic Framework (Co-MOF) nanorods, the synthesis of
complex components and amorphous CoPy with phosphorus vacancies is successfully accomplished,
thus adjusting the optimization of electromagnetic parameters. Phosphorus-vacancy-induced defec-
tive polarization loss and enhanced-electronegativity-differences-induced dipole polarization loss
synergistically as a dual-polarization strategy significantly improved the electromagnetic parame-
ters and impedance matching. In conclusion, the electromagnetic parameters of the Co@CoPx@C
composites are indeed significantly regulated, with reflection losses of —55 dB and a bandwidth of
up to 5.5 GHz. These innovative research ideas provide instructive thinking for the development of
amorphous absorbers with vacancies.

Keywords: Co metal-organic framework; amorphous CoPy /carbon composites; phosphorus vacancy;
dipole polarization; defect polarization; electromagnetic wave absorption

1. Introduction

Electromagnetic (EM) wave absorbents possess great application potential in prevent-
ing EM interference and human health damage due to a reliable EM wave attenuation
ability, resulting in the emergence of a large number of new materials and revealing avant-
garde EM wave attenuation mechanisms in recent years [1-5]. Commonly, the attenuation
mechanisms include conduction loss, magnetic loss, and dielectric loss, as well as the
multiple reflection and scattering of EM waves caused by microstructures [6-8]. Dielectric
losses generally rely on various polarization losses to provide strong attenuation EM wave
characteristics, while magnetic losses rely on resonance and eddy current to provide smaller
levels of EM wave attenuation capabilities [9,10]. The magnetic loss capacity is generally
much lower than the dielectric loss, and the significance of it existing is that it can be
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used to improve impedance matching and promote EM wave absorption [11]. Conduction
loss, multiple reflections, and scattering generally only serve to promote the EM wave
absorption [12]. Therefore, the hot research in the field of EM wave absorption focuses
on the regulation of multi-component and complex structures, leading to the facilitation
of the attenuation characteristics of EM waves by using complex and changeable loss
mechanisms [13,14].

To enrich the types of loss mechanisms in absorbents, the composition and structure
regulation of absorbents are commonly used strategies. Naturally, absorbents with superior
electrical conductivity, including graphene, carbon nanotubes, and conductive polymers,
can rely on excellent electrical conductivity and functional groups to contribute to favorable
conductive loss and polarization loss [15-17]. Magnetic materials include magnetic metal
elements, alloys, and ferrite materials, in which magnetic metal elements and alloys gener-
ally only provide magnetic loss, while ferrite materials also provide additional dielectric
loss [18-20]. A large number of studies have proved that in magnetic materials/graphene,
magnetic materials/carbon nanotubes, and magnetic materials/conductive polymers, the
abundant heterojunctions promote enhanced interfacial polarization loss [21]. Of course, in
addition to the above composite materials, oxides/carbon sulfide/carbon, selenide/carbon,
and other composite materials have also become a class of materials that contribute to EM
wave attenuation [22-24]. Therefore, combined with the above analysis, the combination of
different types of materials can achieve the enhancement of EM wave absorption ability.
However, the above-mentioned magnetic composite material has poor corrosion resistance
and a single heterogeneous structure, which leads to a large number of limitations in the
actual use process.

At present, due to their high intrinsic magnetism, relatively higher electrical con-
ductivity, corrosion resistance, and preferable stability, the transition metal phosphide
heterojunctions are widely used in catalysis, batteries, sensors, and other fields, but there is
still less research in the field of EM wave absorption [25-27]. The excellent properties of
heterojunctions are attributed to the following explanations. First, charge transfer at the
complex heterojunction interfaces results in a reallocation of electrons, which improves the
interfacial polarization ability. Second, the complex heterogeneous structure can realize
the regulation of the defect structure and help to improve the polarization of the defects.
Third, the abundant edge activity is also conducive to electron transfer, which enhances the
interfacial polarization loss. For example, Fan et al. [28] prepared CoP /RGO composites
with a reflection loss (RL) value of —52.60 dB at 2.05 mm through the synergistic enhance-
ment of conductive loss and polarization loss. Furthermore, constructing a synergistic
combination of multiple heterojunctions is another strategy to improve the attenuation of
EM waves, as they tend to have better synergistic attenuation. Wang et al. [29] synthesized
3D flower-like CoNi-P/C composites that exhibited an optimal RL value of —65.5 dB
depending on the excellent dielectric loss such as conductive loss and polarization loss.
However, most of the above heterojunctions are crystal-crystalline heterojunctions, and
crystal-amorphous heterojunctions are less studied. Moreover, the further formation of
an amorphous structure is conducive to further increasing the defect loss and internal
electron transfer.

Herein, we successfully synthesized amorphous Co@CoP,@C composites with phos-
phorus vacancies with the controlled phosphating of MOF-derived metal/carbon compos-
ites. After partial phosphating, the impact of cobalt metal radioactivity on living organisms
and the impact on crop growth can be reduced. Depending on the charge transfer at the
interface of the multiple heterojunctions, the interfacial polarization loss is enhanced. The
constructed phosphorus vacancies also promote the formation of more defect polarization.
Additionally, phosphorus-doped porous carbon is also proved to be an important cause of
enhanced polarization loss. Benefitting from the above improvement in polarization loss,
the prepared Co@CoPx@C composites realize the effective attenuation of EM waves with
lower RL characteristics (—55 dB) and a wider absorption bandwidth (5.5 GHz). This work
on the construction of amorphous heterojunctions with abundant phosphorus vacancies
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reveals the mechanism of polarization and defect effects on EM wave absorption character-
istics and provides a new strategy for further designing EM wave absorbents with excellent
loss capacity by depending on their enhanced polarization and defect loss capabilities.

2. Experimental Section
2.1. Materials

Cobalt acetate tetrahydrate (Co(Ac)2-4H,0O, AR, 98.5%), benzene-1, 3, 5-tricarboxylic
acid (H3BTC, 98%), and Selenium sulfide (SeS;, 99%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China.

2.2. Preparation of Co-MOF Nanorods

The Co-MOF nanorods were synthesized with the following methods. First, 4 mmol
Co(Ac);-4H,0 was dissolved in 40 mL deionized water to form a clarified solution. Then,
4 mmol H3;BTC was added into the above solution, and the solution was stirred for 12 h.
Finally, the product was washed with ethanol and deionized water before being dried at
60 °C overnight.

2.3. Preparation of Co@C and Co@CoP,@C Composites

The synthesized Co-MOF nanorods were put in a quartz boat and annealed at 700 °C
for 2 h with a heat rate of 2.0 °C min~! under an argon atmosphere; then, Co@C composite
material was obtained. Further, the Co@CoP,@C composites were obtained by placing
different molar quantities of NaH,PO,-H,O (1, 5, 10) and Co@C at the left and right ends
of a porcelain boat and calcining at 300 °C under the protection of argon for 2 h.

2.4. Characterization

The crystal structures were measured using X-ray diffraction (XRD, D8 Advance, Ger-
many). A field-emission scanning electron microscope (FE-SEM, GeminiSEM 500, Oberkochen,
Germany) and transmission electron microscope (TEM, ThermokFisher, Talos-F200X JEM-
F200, Waltham, MA, USA) were used to confirm the morphology of the composites. The
surface composition of composites was analyzed with X-ray photoelectron spectra (XPS,
KRATOS, AXIS ULtrabld). The Raman (Raman, Renishaw, inVia Qontor) characterization
test demonstrates the graphitization degree of the products. The specific surface area was
obtained based on the Brunauer—-Emmett-Teller (BET) theory (ASAP 2020 device).

3. Results and Discussion

Figure 1a demonstrates the schematic diagram of the generation of Co@CoP,@C com-
posite material after a multi-step reaction. Co-MOF nanorods were prepared with the stir-
ring method at room temperature, as described in the experimental section. Co@CoP,@C
composites can be obtained by first carbonizing the Co-MOF nanorods and then placing
NaH;PO,-H,0 and Co@C in the upstream and downstream of the porcelain boat with
different contents of NaH;PO,-H,O for low-temperature calcination, respectively.

To prove that Co-MOF nanorods were successfully synthesized, the X-ray diffraction
(XRD) pattern is depicted in Figure 1b, demonstrating that the prepared precursors were
Co-MOF nanorods with good crystallinity. Co-MOF nanorods with smooth surfaces were
detected with SEM images, as shown in Figure 1c. The SEM images in Figure 1d verify
that the Co@C composite can maintain the original nanorods’ morphology after calcination
with an apparently coarse surface. On top of that, the phosphating samples remained
rod-like with rougher surfaces (Figure le-g).

Further analysis of the crystal structure of Co@C composites using XRD patterns testi-
fied to the presence of three diffraction peaks at 44.4°, 51.7°, and 76.0°, corresponding to the
(111), (200), and (220) crystal planes of Co, respectively (JCPDS No. 15-0806) (Figure 2a) [30].
The intensity of the diffraction peaks on the (111) crystal plane of Co decreased with the
increase in the degree of phosphatization, and the two crystal planes (200) and (220) almost
disappeared. Herein, attributed to the possibility of the existence of amorphous CoPy, the

159



Nanomaterials 2023, 13, 3025

diffraction peaks related to CoPyx were not clearly found on the diffraction peaks of the
phosphated samples. P doping is an effective method for introducing defects in carbon
substrates. As displayed in Figure 2b, Ip/Ig values reveal that two peaks located at about
1340 and 1590 cm ™! are associated with the D-band and G-band of the carbon, respec-
tively [31,32]. The relative intensity values of I /I in different Co@ CoPy @C composites
are slightly higher than those of Co@C composites, facilitating the provision of reliable
evidence of increased defects in the carbon.
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Figure 1. (a) Schematic of the synthesis of Co@CoPx@C composites; (b) XRD spectra of Co-
MOF nanorods; SEM images of (c¢) Co-MOF, (d) Co@C, (e) Co@CoP,@C-1, (f) Co@CoPx@C-5, and
(g) Co@CoPx@C-10 nanorods.
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Figure 2. (a) XRD spectra, (b) Raman spectra, (c¢) EPR, (d—f) TEM images of the Co@CoP,@C-1,
Co@CoPx@C-5, and Co@CoPx@C-10 composites; (g) HRTEM image of the Co@CoP,@C-10 compos-
ites, (h) HAADF, and (i-k) the EDS mapping images of the Co@CoPx@C-10 composites.
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Corroborating the existence of phosphorus vacancies in Co@CoP,@C composites,
electron paramagnetic resonance (EPR) was reliably used as a direct and effective technique
for recognizing phosphorus vacancies [33]. As detected in the analysis results, the pres-
ence of phosphorous vacancies implies that the vacancy-induced defect polarization loss
will appear (Figure 2c). Transmission electron microscopy (TEM) images of Co@CoP,@C
composites ascertain that with the increasing degree of phosphatization, the appearance of
visible large pore structures on the surface of the nanorods may be caused by the loss of car-
bon during the phosphatization process (Figure 2d—f). The HRTEM image flags up that the
interplanar distance of 0.205 corresponds to the Co nanoparticles (111) plane, proving the
presence of Co particles in Co@CoPx@C-5 composites (Figure 2g) [34]. The high-angle annu-
lar dark-field (HAADF) images and the corresponding energy spectrometer (EDS) mapping
images confirm the presence of the elements C, P, and Co (Figure 2h-k). In contrast, the
particle sizes of different samples can be statistically derived from Figure 2d—f and Figure
S1. The average particle sizes of 5.13, 10.45, 11.77, and 11.9 nm in Co@C, Co@CoP,@C-1,
Co@CoPy@C-5, and Co@CoP,@C-10 composites testify to the markedly increased parti-
cle sizes of the phosphated samples (Figure S2). The pore characteristics of Co@C and
Co@CoPy@C composites were analyzed using nitrogen adsorption-desorption isotherms.

Specific surface area measurement is necessary to determine the structure of the
samples after phosphating as both the particle size and carbon content of the samples
are significantly altered. The adsorption—desorption curves in Figure S3a show that the
Co@C, Co@CoPx@C-1, Co@CoPx@C-5, and Co@CoP,@C-10 composites can be found to
have the same adsorption-desorption curves, all of which are of type IV isotherms showing
numerous mesoporous structures. Based on the calculations, the specific surface areas of
Co@C, Co@CoPy@C-1, Co@CoP,@C-5, and Co@CoP,@C-10 composites are 71.856, 37.693,
54.933, and 131.632 m?/g, with the average pore size distributions of 1.90, 2.02, 2.32, and
6.06 nm (calculated with the BJH method) (Figure S3b). It is deduced that the specific surface
areas of Co@CoPx@C-1 and Co@CoPx@C-5 composites are significantly lower than that
of Co@C composites due to the increase in particle size after partial phosphatization. The
specific surface area of Co@CoP,@C-10 composites is larger than that of Co@C composites,
which comes from the fact that a greater degree of phosphatization can result in the
volatilization of the carbon component.

The transmutation of the element valence and composition for the products were
revealed by X-ray photoelectron spectroscopy (XPS) [35]. As shown in Figure 3(al-d1),
the three distinctive elements C, Co, and accessional P can be detected in the survey
spectrum of the samples. The comparable Cls of Co@C, Co@CoPx@C-1, Co@CoP,@C-5,
and Co@CoP,@C-10 composites speculate the inability of the phosphorylation process to
significantly modify the structure of the carbon, and and C-C/C=C C-O, C=0 (284.8, 285.6,
289.0 eV) peaks exist in the carbon structure for all samples exist in the carbon structure
for all samples (Figure 3(a2-d2)) [36]. The typical XPS peaks of the metallic Co fraction
also decreased significantly with the intensification of the phosphatization process and
are divided into several peaks (CoY 778.0 €V and 794.2 eV; Co?* 781.7 eV and 797.5 eV
satellite peaks 802.5) (Figure 3(a3-d3)), indicating the gradual conversion of metallic Co
to CoP [37]. As for the spectrum of P 2p, the peak at a binding energy of 130.2 eV stems
from the 2P electron of phosphorus in CoP. For Co@CoP,@C-1 composites, the absence of
P-O is attributed to the fact that the less phosphated sample is protected by a carbon layer
(Figure S4a) [38]. As the Co@CoP,@C-5 and Co@CoP,@C-10 composites are exposed to air,
an oxidation reaction occurs on the surface, producing another peak attributed to P-O at
134.1 eV (Figure S4b,c).

Commonly, the complex permittivity (e; = ¢/ — je'') and permeability (u = p' —ju”’)
are closely correlated with the mechanism affecting the attenuation of EM waves [39-41].
Analysis of the differences in the EM parameters of the samples is authoritative in super-
vising the excogitation of absorbents with preeminent electromagnetic wave absorption
properties. Considering the presence of dispersion behavior, the incremental frequency
will induce a decrease in the ¢’ values [42]. Consequently, the curve trend analysis based
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on Figure 4a deduces that the ¢’ values of all samples are expected to drop from 9.57,
14.95, 12.73, and 9.95 to 4.22, 5.83, 6.22, and 4.78 with increasing frequency, where the ¢’
values of Co@CoP@C-1 and Co@CoP,@C-5 composites are relatively larger, connoting
an eminent charge storage capacity. The cause for the decrease in the ¢’ values of the
Co@CoP,@C-1, Co@CoP,@C-5, and Co@CoPx@C-10 composites can be attributed to the
decrease in carbon content and the increase in specific surface area. According to the free
electron theory, the variation in ¢ value is closely related to the electrical conductivity.
As presented in Figure 4b, the difference in the presented curves infers that the ¢’ value
gradually decreases with increasing phosphorylation, which may be due to the decrease
in conductivity. The conductivity test can also prove that the declining conductivity of
the phosphated products is accompanied by the growth of the phosphating degree [43].
Typically, the Debye polarization relaxation model is relied upon to identify polarization
loss and conduction loss. The ¢’-¢ can be expressed as the following equation [44—46]:
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Figure 3. (a1-d1) XPS survey spectrum, (a2—-d2) high-resolution C 1s, (a3—-d3) high-resolution Co 2p
for Co@C, Co@CoPx@C-1, Co@CoP,@C-5, and Co@CoPx@C-10 composites.
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Figure 4. (a) Real part ¢/, (b) imaginary part ¢, (c) conduction loss and (d) polarization loss, (e) Tafel
curves, (f) Nyquist plots of Co@C, Co@CoPx@C-1, Co@CoPx@C-5, and Co@CoPx@C-10 composites.

The Cole—Cole curve obtained by analyzing the relationship between ¢’ and ¢’ is
plotted in Figure S5, where each Debye relaxation process comes from a semicircular. It is
deduced that the presence of multiple semicircular portions in the low-frequency region
and the apparent presence of straight portions in the high-frequency region in Co@C and
Co@CoPx@C-1 composites prove the presence of conduction loss and multiple polarization
loss mechanisms. The presence of only multiple semicirculars in Co@CoPx@C-5 and
Co@CoP,@C-10 composites suggests the predominance of polarization loss.

To further visualize the attenuation degree of conductivity loss and polarization
loss on EM wave absorption, the dissipation capacity generated by polarization loss and
conductivity loss can be calculated separately based on the following formula [47]:

wT o
Toea
14+ w*T gow

()

8” ((U) — SHP +£NC — (5”5 _ 5”00)

The corresponding electromagnetic fitting parameters of the samples are shown in
Table S1. As presented in Figure 4c, the results confirm that the Co@CoPx@C-1 composite
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has the highest conduction loss, while both Co@CoPx@C-5 and Co@CoP,@C-10 composites
have a lower conduction loss than the Co@C composite. Additionally, the polarization
loss capability analysis calculated for the Co@CoPx@C-1 and Co@CoP,@C-5 composites
showed a stronger polarization loss capability (Figure 4d). The Tafel curve in Figure 4e
shows that the overpotential of the Co@CoPx@C-1 composite is much smaller than that
of other composites, which means a superior interfacial electron migration ability and the
strongest interfacial polarization loss ability. Correspondingly, the interfacial polarization
loss capacity relationship of Co@C, Co@CoP,@C-5, and Co@CoPx@C-10 composites is
as follows: Co@CoP,@C-5 > Co@C > Co@CoP,@C-10, and there is little difference in the
interface polarization loss capacity. The Electrochemical Impedance Spectroscopy (EIS)
plot in Figure 4f further demonstrates that the impedance of the phosphorylated composite
increases, which is not favorable for electron transfer. In a comprehensive analysis, the
interfacial polarization loss and conduction loss are not the main polarization loss type
of the Co@CoPx@C-5 composite. Based on the enhancement of the P-0 dipole and the
presence of vacancies, the main polarization loss mechanism originates from the dipole-
evoked dipole polarization loss and vacancy-evoked defect polarization loss.

Given that the cobalt metal content will certainly decrease after phosphorylation,
which will inevitably make for a decrease in the saturation magnetization of the composites,
the magnetic properties of all samples were tested using VSM. As exhibited in Figure 5a, it
is evident that the Co@C, Co@CoP,@C-1, Co@CoPx@C-5, and Co@CoPx@C-10 composites
have saturated magnetization (Ms) values of 105.5, 58.8, 46.1, and 42.1 emu g’l, respectively,
inferring that the magnetic storage capacity gradually decreases. For all samples, magnetic
loss plays an extremely feeble role in the EM wave absorption process. Modulated by
the small real part (') and imaginary part (1) values, the magnetic loss is weak to the
dissipation of the incident EM waves (Figure S6a,b). In view of the association between
the tand. and the tand,, a smaller difference will promote the improvement in impedance
matching. Analysis of the data in Figure Sé6c,d yields a significant decrease in the tand,
values for the Co@CoP,@C-5 and Co@CoP,@C-10 composites, whereas the change in the
tand,, values is insignificant, which indicates that the dielectric loss not only constitutes the
main mechanism for the dissipation of the EM waves but also promotes the improvement
of the impedance matching.

The magnetic loss can be further distinguished from the magnetic loss mechanism by
using Cp, which is calculated as follows [48,49]:

Co=w' () 2! 3)

The Cy curve in Figure 5b can be used to analyze the specific loss type of magnetic
loss. The Cy curve of all composites fluctuates in the low-frequency range, indicating
that natural resonance is dominant in the low-frequency range. In the middle- and high-
frequency range, the Cy curve remains almost unchanged, demonstrating the dominance of
eddy current loss [50]. On account of the research results on the internal mechanisms, the
collaborative efficiency of various loss mechanisms in the absorbents was further analyzed,
consisting of the attenuation constant (x) representing the attenuation capacity and the
impedance matching standing for the reflection capacity of EM waves on the surface of
the absorbents [51]. An explanation of the curve in Figure 5c is that higher attenuation
constants of the Co@CoPx@C-1 and Co@CoPx@C-5 composites demonstrate the synergistic
enhancement effect of various loss mechanisms, such as interfacial polarization loss, defect
polarization loss, dipole loss, and conduction loss.

Nevertheless, considering that improper impedance matching can cause the reflection
of EM waves on the surface of the material, superior attenuation ability does not necessarily
precipitate excellent EM wave absorption performance. Commonly, the improvement in
impedance matching allows EM waves to enter the material as much as possible, rather
than reflecting on the material surface, thereby promoting more EM waves to be attenuated.
The associated impedance matching plot (Figure 5d) represents four different | Z;,/Z |
curves. A critical analysis shows that the Z;, /Z( values of the Co@CoP,@C-1 composite
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are below 1 throughout the entire frequency range, implying that the EM waves are mainly
reflected [52]. Furthermore, by analyzing the Z;, /Z values for the Co@C, Co@CoP,@C-5,
and Co@CoPx@C-10 composites, it can be concluded that the absorption frequency of the
phosphorylated samples significantly shifts the to the left when Z;, /Zy is equal to 1, which
helps to achieve EM wave absorption in low-frequency region.
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Figure 5. (a) Hysteresis loops, (b) Cy curves, (c) attenuation constant (x), (d) impedance matching
| Zin/Zy| curves, (e) EAB comparison plots, (f) 2D RL curves, (g) A1/4 curves, (h) and 3D plots and
(i) 2D surface plots of Co@C, Co@CoPx@C-1, Co@CoPyx@C-5, and Co@CoP,@C-10 composites.

Theoretically, the RL values of the absorbents depend on the permittivity and perme-
ability; the calculated formula is as follows [53,54]:

21
Zin = Zo /?tanh {]c 1/;1,5,]‘11] (4)
r

Zin — 2y

R (dB) = ZOlog‘ 7. T 7 ®)
m

where ¢, and p; represent complex permittivity and complex permeability, Z represents
impedance matching, and RL represents reflection loss. To more visually characterize the
EM wave absorption properties of the samples, the 2D plot, A1/4 curve, 3D plot, EAB
curve, and 2D plane show that the prepared Co@CoP@C-5 composites accomplish effective
attenuation of EM waves with a minimum reflection loss (RL,yin) of —55 dB and an effective
absorption bandwidth (EAB) of 5.5 GHz at a thickness of 2.0 mm, and RL curves also
indulge the A1/4 curve. Data for the comparison samples calculated in Figure S7 manifest
that the RL;, of Co@C, Co@CoPy@C-1, and Co@CoP,@C-10 are —29.86 dB, —14.66 dB,
and —45.38 dB at the thicknesses of 2.5 mm, 2.0 mm, and 3.0 mm, respectively, and the
EAB values are up to 6.16, 5.36, and 4.56 GHz, respectively. It can be straightforwardly
inferred that the Co@CoPx@C-5 composite not only materializes extremely excellent EM
wave absorption performance at a thin thickness but also allows for EM wave attenuation
over a wide range of frequencies.
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The controllable synthesis of anion-rich-vacancy Co@CoP,@C composites due to
different contents of phosphide reveals the dual-polarization loss mechanisms of action
with defective polarization loss and dipole polarization loss dominating the polarization
loss capability. The detailed EM wave loss mechanisms are shown in Figure 6. Firstly, the
one-dimensional porous nanorod structure has a large specific surface area and porosity,
which provides more electron transport channels and facilitates rapid electron hopping and
migration, thus increasing the conduction loss. Secondly, three substances with different
electron hopping behaviors form an abundant heterogeneous interface containing Co/C,
CoPx/C, and Co/CoPx, which is conducive to achieving enhanced interfacial electron
transfer to promote interfacial polarization loss. Thirdly, the phosphorus vacancy defects
in CoPx nanorods lead to enhanced defect polarization, and the presence of P-O bonds
also promotes the enhancement of defect polarization. In addition, the dipoles in carbon,
including C-O/C=0, are the main factors that promote the loss of dipole polarization.
Fifthly, the magnetic properties can also further contribute to magnetic loss.
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Figure 6. Schematic illustration of the mechanisms of EM wave absorption for amorphous
Co@CoPx@C composites.

4. Conclusions

The controllable regulation of polarization loss in dielectric loss is achieved based on
suitable EM parameters. It is demonstrated, relying on extensive reliable characterization,
that the optimization of EM parameters to promote a dual-polarization loss strategy is
conducive to the enhancement of EM wave absorption performance. Of course, the main in-
fluencing factor can be attributed to the fact that CoPyx with defects on the uniformly loaded
porous carbon structure modulates the interfacial and defective polarization, resulting in
a controllable regulation of polarization loss. As a result, the RLyi, of the Co@CoP,@C
composites reaches —55 dB at only 2.0 mm, and the EAB is 5.5 GHz. Herein, with an
eye to the amorphous CoPx with phosphorus vacancies, we reveal that the defect and
interface polarization strategy is beneficial for the regulation of the dielectric constant, thus
expanding the research ideas for the application of EM parameter modulation in the field
of EM wave absorption.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13233025/s1, Figure S1. TEM images of the Co@C composites;
Figure S2. The average particle sizes of Co@C, Co@CoP,@C-1, Co@CoPx@C-5 and Co@CoPx@C-10
composites; Figure S3. (a) Nitrogen adsorption/desorption isotherms and (b) the corresponding
pore size distribution of Co@C, Co@CoP,@C-1, Co@CoPx@C-5 and Co@CoP,@C-10 composites;
Figure S4. high-resolution P 2p of (a) Co@CoPx@C-1, (b) Co@CoPy@C-5 and (c) Co@CoP,@C-10
composites; Figure S5. Cole-Cole curves for the (a) Co@ Co@C, (b) Co@CoPx@C-1, (c) Co@CoPy@C-5
and (d) Co@CoPx@C-5 composites; Table S1. Relevant electromagnetic fitting parameters of the
samples; Figure S6. (a) real parts 1/, (b) imaginary parts of complex permeability, (c) dielectric loss
tangent (tand,) and (d) magnetic loss tangent (tand,,) of Co@C, Co@CoPx@C-1, Co@CoPx@C-5 and
Co@CoP,@C-10 composites; Figure S7. 2D RL curves and 3D plots of (a,b) Co@C, (c,d) Co@CoPx@C-1
and (e,f) Co@CoPx@C-10 composites.
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Abstract: A sulfur-containing metal-organic framework, donated as UiO-66-NSMe, was prepared by
the post-synthetic modification (PSM) of UiO-66-NH, with 2-(Methylthio)benzaldehyde, and the
successful synthesis of PSM was confirmed by X-ray photoelectron spectroscopy (XPS), FT-IR and 'H
NMR studies. According to the characteristics of mercury thiophilic, UiO-66-NSMe could be used as
a luminescent sensor for Hg?* detection with a high selectivity and sensitivity (Ksy = 2.5 x 10* M~1;
LOD = 20 nM), which could be attributed to the coordination between sulfur sites and HgZJr based
on XPS results. In practical applications, UiO-66-NSMe yielded satisfactory recovery rates (ranging
from 96.1% to 99.5%) when it was employed for detecting Hg?* in spiked environmental samples.
Furthermore, UiO-66-NSMe was successfully employed to detect mercury (II) residues with the in
situ rapid nondestructive imaging in simulated fresh agricultural products. Thus, this PSM strategy
could provide good guidance for environmental protection methodologies in the future.

Keywords: metal-organic frameworks (MOFs); fluorescent sensor; post-synthetic modification (PSM);
sulfur-containing; mercury (II)

1. Introduction

Rapid industrialization has released significant amounts of pollutants, including heavy
metal ions, into the environment. Among the most toxic and hazardous contaminants,
mercury is extensively used in batteries, barometers, float valves, thermometers, and other
devices [1]. However, when introduced into natural water environments through microbial
processes, ionic mercury readily converts into neurotoxic methylmercury. Even trace levels
of mercury bioaccumulation can lead to organ and health issues, such as digestive, kidney,
and nervous system disorders [2]. Therefore, the detection of mercury ions in aqueous
solutions is of paramount importance. Numerous techniques have been employed to detect
mercury, including atomic absorption spectrometry (AAS), cold vapor atomic fluorescence
spectroscopy (AFS), mass spectrometry (MS), and liquid chromatography (LC) [3,4]. How-
ever, these methods encounter challenges related to intricate sample preparation and costly
equipment, which restrict their extensive in-field application. Consequently, achieving
prompt response and the highly selective and sensitive detection of Hg?* in water remains
a formidable challenge.

Metal-organic frameworks (MOFs) [5-7] materials have garnered significant attention
in the last two decades due to their high surface area, exceptional stability, adjustable
porosity, customizable chemical functionality, and potential applications, particularly in
gas storage and separation [8,9], heterogeneous catalysis [10,11], chemical sensing [12-15],
proton conduction [16], and drug delivery [17]. Specifically, as fluorescent sensors, MOFs
offer the advantage of precise structural design and control by selecting different metal
ions and organic ligands to meet the needs of various analytes. Simultaneously, they can
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selectively adsorb molecules with specific sizes or properties through the sieving action
of their pores, thereby concentrating the analytes within MOFs. This can enhance the
sensitivity of detecting target molecules. Some fluorescent sensors based on MOFs for
detecting Hg?* have been documented [18-20]. For example, Wen et al. developed two
amino-decorated MOFs for the selective and quantitative detection of Hg?*, attributed to
the chelating interaction between Hg?" and the pendant amino motif of the ligand [21]. Our
group reported the first example of novel dual-emission MOF-implicated ratiometric sensor
for mercury (II) in pure water with an LOD of about 2 nM, attributed to Hg?*-induced
structural collapse [22]. More recently, Wang et al. designed and synthesized several
FRET-based MOFs with different donor/acceptor ratios. The MOF with an optimized
donor/acceptor ratio of 7.0 was employed as an efficient fluorescence turn-on sensor for
Hg (II) ions, demonstrating good sensitivity and selectivity [23].

However, certain challenges, such as the compatibility of the functional groups, limited
linker solubility, and inadequate chemical, or thermal stability in some cases, can hinder
direct synthesis. Moreover, there are several factors that restrict their widespread use,
including their inability to function in pure water, susceptibility to interference from other
metal ions, and the inability to achieve precise metal ion detection specificity. Cohen and
Burrows, among others, have established that the post-synthetic modification (PSM) of
MOFs can yield new active sites as an effective and flexible strategy [24,25]. This approach
enhances selectivity and augments detection sensitivity, offering a promising solution to
the aforementioned problems. As an example, Lang and his colleagues utilized PSM in
a two-dimensional metal-organic framework through photodimerization. The resulting
PSM product displayed the capability to detect A13* ions through a luminescent quenching
mechanism, offering significantly enhanced selectivity and sensitivity [26].

In this study, we focus on the exceptional water stability of UiO-series MOFs, at-
tributed to the robust interaction between zirconium (IV) (Zr**) clusters and carboxylic
ligands [27]. To this end, we synthesized a conventional UiO-66-type MOF (UiO-66-NH>)
utilizing a microwave-assisted method, which yields primary amine groups suitable for
subsequent post-synthetic functionalization. Through the post-synthetic modification of
UiO-66-NH; with 2-(Methylthio)benzaldehyde, a novel sulfur-containing MOF (UiO-66-
NSMe) was created. Notably, when tested in the HEPES buffer, UiO-66-NSMe exhibited
a significantly improved ability to selectively detect Hg?* compared to the original com-
pound. Furthermore, we delve into the mechanistic understanding behind this enhanced
selectivity. The in situ imaging of UiO-66-NSMe for mercury (II) ion detection has also
been developed.

2. Materials and Methods
2.1. Materials

All chemicals used in this study were of reagent-grade quality and were obtained
from commercial sources without the need for additional purification. Specifically, 2-
aminoterephthalic acid (99%) and acetic acid (99.5%) were purchased from the Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). N,N-Dimethylformamide
(DME, 99.5%), methanol (99.5%), Zirconium (IV) chloride (ZrCly, 98%), 2-(Methylthio)benza-
ldehyde (97%), and HEPES (99%) were purchased from Beijing Innochem Science & Tech-
nology Co., Ltd. (Beijing, China). Mercury (II) nitrate hydrate (98%) and the other metal
salts were purchased from Shanghai Fourth Chemical Reagent Company (Shanghai, China).
Stock solution (2 x 1072 M) of the aqueous nitrate salts of K*, Na*, Li*, Cd?*, Zn%*, Min?+,
Fe2*, Cu?*, Ba%*, Sr2*, Ca?*, Mg2+, NiZ*, Co%*, Pb%*, Agt, Fe3*, Cr3*, AP, and Hg2+ were
prepared for further experiments. Deionized water generated from the purification chain
was used for all experiments. Lettuce was purchased at the Zhaishan Farmers’ Market
(No. 8 Chengnan Avenue, Quanshan District, Xuzhou, China).
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2.2. Characterization Methods

The X-ray powder diffraction (XRD) patterns of UiO-66-NH,, UiO-66-NSMe, and
UiO-66-NSMe after Hg?* detection were recorded on a Bruker D8 Advance X-ray powder

diffractometer using Cu-Ka (A = 1.5405 f&) radiation. FT-IR spectra were recorded as
KBr pellets on Bruker Optics TENSOR 27 FT-IR spectrophotometer (Bruker, Billerica, MA,
USA). X-ray photoelectron spectroscopy (XPS) experiments were performed using a PHI
QUANTUM2000 surface analysis instrument. The morphologies of the prepared samples
were recorded by a Field Emission Scanning Electron Microscopy (SEM) by Hitachi (SU8010)
(Tokyo, Japan). Samples were treated via Pt sputtering for 90 s before observation. Nitrogen
sorption isotherms were recorded on an Autosorb-IQ2 instrument at 77 K. 'H NMR spectra
were recorded using Me,Si as an internal standard on a Bruker-400 spectrometer. The Zr**
contents before and after Hg?* detection were measured by Inductively Coupled Plasma
Spectrometer (Perkin Elmer, Waltham, MA, USA). The solution fluorescence spectra were
measured on JASCO FP6500. Both excitation and emission slit widths were 5 nm, and
fluorescence measurements were carried out in a 1 cm quartz cuvette while stirring the
suspension of UiO-66-NH, or UiO-66-NSMe.

2.3. Synthesis of UiO-66-NH;

Following the methodology outlined in the references [28], the synthesis of UiO-
66-NH, was achieved through a microwave-assisted procedure. Initially, a combination
of 2-aminoterephthalic acid (0.75 mmol, 0.135 g) and ZrCly (0.75 mmol, 0.175 g) was
introduced into a solution composed of DMF (20 mL) and acetic acid (2.4 mL). This mixture
was then subjected to microwave reactor and heating at 120 °C for a duration of 1 h.
After cooling to room temperature, the solution underwent centrifugation, resulting in a
precipitate that underwent a thorough washing process using DMF and MeOH, which
was repeated three times, to effectively remove any unreacted ligand /metal. The resulting
gray-colored powder was collected and subsequently air-dried.

2.4. Synthesis of UiO-66-NSMe

A quantity of UiO-66-NH; weighing 100 mg was dispersed within a solution of 2-
(Methylthio)benzaldehyde (1.2 mmol, 0.178 g) in MeOH (50 mL), along with two drops
of acetic acid. The resulting mixture was subjected to stirring at 75 °C for a duration of
24 h. Following the completion of the reaction, the resultant product, UiO-66-NSMe, was
obtained in a colorless form. The obtained products were collected through a filtration
process, subsequently washed with MeOH, and finally air-dried.

2.5. Digestion and 'H NMR on UiO-66-NSMe

Approximately 10 mg of UiO-66-NSMe materials was desiccated under vacuum at
100 °C for 8 h. Subsequently, it were subjected to digestion by d®-DMSO (500 nL) and 48%
HF (30 pL) via sonication for 1 h until a clear solution was achieved. The resulting solution
was then subjected to 'H NMR analysis.

2.6. Detection of Hg>*

In the typical procedure, 1 mg of finely ground UiO-66-NSMe sample was carefully
dispersed in 3 mL of HEPES buffer with a pH of 7.4. Following a 5 min sonication period
to ensure thorough mixing, the initial fluorescence spectra of UiO-66-NSMe were recorded.
Subsequently, the fluorescence spectra of UiO-66-NSMe were measured upon the addition
of Hg?" ions, using an excitation wavelength of 360 nm. To assess the selectivity of UiO-66-
NSMe for Hg?*, similar experiments were conducted with various other metal ions, each
undergoing a comparable sensing procedure in the solution.

In the analysis of Hg?* in spiked samples, we employed lake water, tap water, and
rainwater devoid of Hg?* as representative sample matrices. Spiked lake water, tap water,
and rainwater were subjected to direct detection immediately following spiking. To simu-

172



Nanomaterials 2023, 13, 2784

late the direct detection of Hg?* residue on the surfaces of garden produce, we sprayed
lettuce samples with solutions containing varying concentrations of Hg?*. After a 2 min
interval, a UiO-66-NSMe water suspension was applied to the smeared surfaces, followed
by another 2 min wait period. Subsequently, we observed the samples under UV light. To
prepare the fluorescent test paper, a standard light-yellow wood-colored filter paper was
cut into a square measuring 2 cm in both length and width. Subsequently, the filter paper
was immersed in a UiO-66-NSMe solution and allowed to air-dry naturally.

2.7. Typical Procedure for Cyanosilylation of Aldehydes

Into a 3 mL CH,Cl, mixture containing 1.2 mmol of Trimethylsilyl cyanide ((CH3)3SiCN,
TMSCN) and 0.5 mmol of aromatic aldehyde, UiO-66-NSMe or UiO-66-NSMeD>Hg?* (5 mg)
was introduced. The resulting mixture was stirred at room temperature for a duration of
3 h. The progression of the reaction was monitored via thin-layer chromatography (TLC),
and conversions were quantified through 'H-NMR analysis.

3. Results
3.1. Characterization of PSM Product UiO-66-NSMe

A reaction involving ZrCly and 2-aminoterephthalic acid in DMF utilizing microwave
synthesis yielded UiO-66-NH,. The resulting material exhibited powder X-ray diffraction
(PXRD) patterns that were notably congruent with those previously reported for the UiO-
66 topology (Figure 1a). Additionally, scanning electron microscopy (SEM) observations
displayed a consistently uniform octahedral morphology (Figure 1b), aligning with the
findings in the existing literature [29,30], all confirming the successful fabrication of UiO-66-
NH,. Subsequently, sulfur-containing functional groups were covalently incorporated into
the framework by exploiting Schiff base reactions between amino groups and aldehyde
groups within the framework structure.

(@)

UiO-66-NSMe DHg2+ after 5th catalysis cycle
Ui0-66-NSMe after Hg?* detection

’ as-synthesized UiO-66-NSMe
as-synthesized UiO-66-NH,

l simulated UiO-66-NH,

5 10 15 20 25 30 35 40
2 Theta / Degree

Figure 1. (a) Powder X-ray diffraction (XRD) profiles for the simulated (black) and as-synthesized
UiO-66-NH; (red), as-synthesized UiO-66-NSMe (blue), UiO-66-NSMe after Hg2+ detection (ma-
genta), and UiO-66-NSMeDHg2+ after the fifth catalysis cycle (olive). (b) SEM imaging of UiO-66-
NH;. (¢) SEM imaging of UiO-66-NSMe. (d) SEM imaging of UiO-66-NSMe after Hg?* detection.

By conducting a reflux reaction involving UiO-66-NH; and 2-(Methylthio)benzaldehyde
with glacial acetic acid as the catalyst, UiO-66-NSMe was obtained. The synthesized
material underwent filtration, washing, and drying steps. The PXRD patterns demonstrated
that the structural integrity of UiO-66-NMSe remained unchanged during the process of
post-synthetic modification (Figure 1a). Simultaneously, the morphology of the samples
was examined using SEM. As depicted in Figure 1c, the images of UiO-66-NSMe exhibited
a uniformly dispersed octahedral structure. These observations are in line with the PXRD
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analysis, indicating that the PSM process applied to UiO-66-NH, did not exert a discernible
influence on its microstructure.

The successful synthesis of UiO-66-NSMe was subjected to a comprehensive analy-
sis. A comparison of the FI-IR spectra of UiO-66-NSMe with UiO-66-NH,, depicted in
Figure 2a, revealed new peaks at approximately 29722924 cm . These peaks correspond
to the characteristic C-H stretching vibrations of the methyl group in UiO-66-NSMe. Im-
portantly, a new peak appeared at 1618 cm !, which is indicative of the characteristic C=N
stretching vibrations specific to UiO-66-NSMe. Simultaneously, the peak at 1334 cm ™!,
which was attributed to the C-N stretching vibration of UiO-66-NH, nearly disappeared.
The alterations in the FT-IR spectra collectively demonstrated that the structure of UiO-66-
NSMe is characterized by the absence of free amino groups, replaced by the creation of
new C=N groups via the Schiff base reaction. In addition, methyl groups associated with
-SMe are unambiguously identified within the structure of UiO-66-NSMe.

(@) _ (b)

-CH,
2972-2024
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——Ui0-66-NH,
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Figure 2. (a) FT-IR spectra of UiO-66-NH; and UiO-66-NSMe. (b) 1H NMR spectra of UiO-66-NSMe
digested in DMSO-dg/HF.

Another solid evidence supporting the formation of Schiff base reaction products is
derived from 'H NMR studies. In DMSO-ds/HF, UiO-66-NSMe displayed a resonance
signal at 10.37 ppm, corresponding to the -CH=N- proton, together with a methyl proton
signal at 3.92 ppm. The integration area between these signals is consistent with the
anticipated product, affirming the success of the PSM process (Figure 2b). A modification
rate of up to 87% was determined by calculating the ratio of aromatic region at PSM
products (Figure 2b, red star) to the proton signal of 2-aminoterephthalic acid (Figure 2b,
blue cross) in 'H NMR after the digestion of UiO-66-NSMe. Furthermore, the XPS full
spectra of UiO-66-NSMe (Figure 4) unveiled a new peak at 163.07 eV in the S 2p region,
providing further confirmation of successful PSM and the resultant formation of UiO-66-
NSMe. At the same time, the elemental composition obtained by XPS for UiO-66-NSMe
indicated that PSM extent is calculated as 84%, which is quite close to the TH NMR result
(Table S1).

N, sorption isotherms were subsequently measured at 77 K on the as-synthesized UiO-
66-NH; and UiO-66-NSMe samples. It was observed that the surface area had decreased
from 963 m?2 g_1 to 425 m2 g_l, further confirming the successful formation of PSM
products (Figure 3). Nonetheless, UiO-66-NSMe still maintains its pores, ensuring the
ingress and egress of guest molecules or ions. All these data collectively highlight the
successful covalent post-synthetic modification of UiO-66-NHj, in which a Schiff base
reaction was effectively established between the amino group within the MOF and the
aldehyde group, all while maintaining the structural integrity.
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Figure 3. N, sorption isotherms for compounds UiO-66-NH; (a) and UiO-66-NSMe (b) at 77 K. The
adsorption and desorption branches are shown with black square and red circle, respectively.

3.2. Luminescent Detection of Metal Ions in HEPES Buffer Based on UiO-66-NSMe

Considering the presence of sulfur atoms within the UiO-66-NSMe framework, we
have delved into its metal-ion-sensing capabilities, particularly its exploitation of the thio-
philic nature of mercury ions [31-33]. Under excitation at 360 nm, the UiO-66-NSMe
suspension in HEPES buffer exhibited a pronounced fluorescence emission peak at approx-
imately 450 nm (Figure 4a). Luminescence titrations involving Hg?* were then conducted
with the UiO-66-NSMe suspension to assess its capacity for detecting mercury (II) ions.
Notably, rapid and substantial fluorescence quenching was observed upon the addition
of Hg?* solution to the UiO-66-NSMe suspension, reaching concentrations up to 0.56 mM
(Figure 4a). This quenching effect can be quantified using the Stern—Volmer equation,
Ip/I=1 + Ksy[M], where I denotes the luminescence intensity after Hg2+ addition, Iy is the
initial luminescence intensity of UiO-66-NSMe, [M] represents the molar concentration of
the introduced Hg?*, and Kgy signifies the Stern—Volmer constant. Through calculation
based on the experimental data in Figure 3a, a Ky, value of 2.5 x 10* M~! was determined
(Figure 4b). Following the 35 IUPAC criteria, the limit of detection for Hg?* is approxi-
mately 20 nM. Therefore, UiO-66-NSMe proves to be a proficient material for detecting
mercury (II) ions, with its heightened sensitivity for Hg?* attributed to the affinity-driven
interaction between Hg?* and the sulfur atoms present.

To assess the selectivity of UiO-66-NSMe towards Hg?", its luminescence responses
were examined upon the introduction of various other metal ions, including Cr3*, A3+,
K*, Co?*, Sr¥*, Cd?*, Na*, Mg2+, BaZt, Pb%*, Ni%*, Cu%*, Zn?*, Ag*, CaZ*, Fe**, Li*, and
Mn?* (Figures 4c and S1). The fluorescence spectra of UiO-66-NSMe exhibited minimal
changes in the presence of K, Co?, Mg2+, BaZ*, Pb%*, Ni%*, AI**, Lit, Cd?*, and Zn?*.
Slight fluorescence enhancement was observed with Sr2*, Mn?*, and Na*. In UiO-66-NSMe,
the fluorescence quenching induced by Cr¥*, Ca?*, Ag?*, Cu**, and Fe>" was only 40% of
their highest quenching efficiency. In sharp contrast, the addition of Hg?* ions (0.56 mM)
led to a fluorescence quenching exceeding 93%. Comparatively, the introduction of Hg?*
ions into the original UiO-66-NH; suspension resulted in only a 33% fluorescence quench.
Meanwhile, the anti-interference capability of UiO-66-NSMe for Hg?* detection was further
explored by competing experiments (Figure 4c, green bars). The experimental result reveals
that the coexistence of interferers had no obvious interference on the Hg?* detection. This
distinction highlights the remarkable selectivity of UiO-66-NSMe for Hg?*. The framework
modification through PSM, leading to the introduction of sulfur (S) moieties, emerges as an
effective approach to enhance the detection of mercury (II) ions.
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Figure 4. (a) Luminescence spectra of UiO-66-NSMe upon incremental addition of Hg?* up to
0.56 mM in HEPES buffer, with excitation at 360 nm. (b) Stern-Volmer plot of UiO-66-NSMe
quenched by Hg?*. (c) The red bars stand for the luminescence intensities of UiO-66-NSMe when the
selected metal ions (1.12 mM) are present. The green ones stand for the change of the emission when

continuing to add 0.56 mM Hg2+ (The black bar represents the fluorescence intensity of UiO-66-NHj,
upon adding 0.56 mM of Hg?").

To further validate the detection mechanism of Hg?* on UiO-66-NSMe, the PXRD
patterns of the UiO-66-NSMe samples following Hg?" detection matched well with the
original pattern (Figure 1a). This alignment demonstrates that the primary framework
structure remained unchanged. Moreover, inductively coupled plasma (ICP) measurements
revealed minimal Zr** content present in the filtrate (Table S2), effectively excluding the
possibilities of compound dissolution and the exchange of Hg?* and Zr** within the lattice,
which could lead to the drastic luminescence quenching observed. These findings are
additionally supported by the sustained SEM morphology even after detecting Hg?* ions
(Figure 1d). Collectively, these results reinforce the notion that the significant luminescence
quenching in response to Hg?* is not attributed to structural changes or dissolution but
rather is due to specific interaction between Hg?* and UiO-66-NSMe.

Furthermore, the X-ray photoelectron spectroscopy (XPS) spectra of UiO-66-NSMe
were measured both before and after Hg?* detection. After Hg?* detection, a new peak
corresponding to Hg 4f at a binding energy of approximately 100.91 eV emerged in the full
spectrum of UiO-66-NSMe. This unequivocally confirms the adsorption of Hg?* within the
channels of UiO-66-NSMe (Figure 5). Intriguingly, a shift from 163.07 eV to 164.04 eV in
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the binding energy of the S 2p peak was observed before and after Hg?* detection. Such a
shift implies an augmented electron density around the sulfur (S) atoms, likely stemming
from the coordination interaction between Hg2+ and S atoms within UiO-66-NSMe. Thus,
combined with the structure of UiO-66-NSMe, it is possible that Hg?" ions are chelating
coordinated by the S and N sites in UiO-66-NSMe.

O 1s S2p 164.04; |

Cis
N 1s
o}
—— UiO-66-NSMe

—— UiO-66-NSMe after Hg2+ detection
T T T T T T T T T T T
500 400 300 200 100 0
Binding Energy (eV)

Figure 5. XPS spectra of UiO-66-NSMe before and after Hg?* detection.

As the UiO-66-NSMe detection of Hg?* relies on the coordination between mercury
and sulfur sites, the material can be recycled after detecting Hg?*. This newly coordinated
Hg?* material, donated as UiO-66-NSMeDHg?*, possesses additional metal centers com-
pared to the original material, thereby enhancing its Lewis acidic properties. In its role
as a catalyst, UiO-66-NSMeDHg?* demonstrates improved catalytic activity for Lewis
acid-catalyzed cyanosilane reactions. To illustrate this enhancement, we conducted a
model reaction using benzaldehyde and (CH3)3SiCN at room temperature in CH,Cl, for
3 h. With UiO-66-NSMeDHg?* (5 mg) as catalysts, the expected product, 2-phenyl-2-
((trimethylsilyl)oxy)acetonitrile, was obtained in >99% yield. In contrast, when UiO-66-
NSMe was used as the catalyst, it yielded a 58% 2-phenyl-2-((trimethylsilyl)oxy)acetonitrile
with no observed byproducts. This substantial difference can be attributed to the enhanced
Lewis acid properties conferred by UiO-66-NSMeD>Hg?*.

Importantly, UiO-66-NSMeDHg?* could be readily recovered from the catalytic system
through centrifugation and subsequently reused in fresh conditions. Remarkably, this cata-
lyst exhibited no significant decrease in efficiency; the yield for 2-phenyl-2-((trimethylsilyl)o-
xy)acetonitrile was 97% for the second run, 98% for the third run, 96% for the fourth run,
and 97% for the fifth run. The stability of UiO-66-NSMeD>Hg?" was confirmed by XRD
after the fifth catalysis cycle (Figure 1a). This exceptional catalytic cycling performance
further underscores the robust interaction between UiO-66-NSMe and mercury (II) ions,
reinforcing the previous findings of coordination between mercury (II) ions and sulfur
sites.

With these impressive catalytic results in hand, we extended our investigation to
explore the generality and scope of the current protocol across a variety of aromatic
aldehydes in conjunction with (CH3)3SiCN. As presented in Table 1 (Figures S2-57), when
utilizing UiO-66-NSMeDHg?* as the catalyst, the yields for 4-methoxybenzaldehyde, 4-
nitrobenzaldehyde, and 4-chlorobenzaldehyde reached 96%, 95%, and 93%, respectively.
These yields were almost twice as high as when UiO-66-NSMe was used as the catalyst.
However, as the size of the substrates increased, catalytic efficiency exhibited a substantial
decrease. For instance, 1-naphthaldehyde yielded only 51%, while the larger 3,5-di-tert-
butylbenzaldehyde resulted in a mere 15% yield when UiO-66-NSMeD>Hg?* served as the
catalyst. These outcomes underscore that Hg?*-modified UiO-66-NSMe performs well not
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only in the cyanosilylation of aromatic aldehydes but also displays promising size-selective
behavior. This presents a bright prospect for the design of more active catalyst materials
and offers an effective means for the reutilization of test materials.

Table 1. Results of the cyanosilylation reaction catalyzed by UiO-66-NSMe and UiO—66-NSMeDHg2+.

Yields (%)
UiO-66-NSMe DHg?* UiO-66-NSMe

1 @vo 99 58
O/
2 mo/ 9% 55
O/
3 /\Q 95 52
NO,
O/
4 /\©\ 93 54
Cl

Entry Substrates

Reaction conditions: aromatic aldehydes (0.50 mmol), catalyst (5 mg), (CH3)3SiCN (1.2 mmol), CH,Cl, (3 mL) are
added to the cuvette. The cuvette is stirred at room temperature for 3 h.

3.3. In Situ Imaging Detection of Hg?* in Real Water, Vegetables, and Test Paper

To evaluate the reliability for practical Hg?* detection by using the prepared material
in real water samples, we employed a “turn-off” fluorescent sensor based on UiO-66-NSMe.
Given that Hg?* ions were not naturally present in rainwater, lake water (Yunlong Lake,
Yunlong district, Xuzhou, China), or tap water (No. 1 Beijing South Road, Tongshan district,
Xuzhou, China), we conducted recovery experiments using spiked samples. The added
amounts of Hg2+ were set at 10 uM, 20 uM, and 30 uM, respectively. The fluorescence-based
method for detecting Hg?*, relying on UiO-66-NSMe in real water samples, as indicated
in Table 2 (Figures S8 and S9), yielded recovery rates ranging from 96.1% to 99.5%. These
outstanding detection results demonstrate that our designed UiO-66-NSMe possesses the
capability of reliable detection for Hg?* in real-world samples.

Table 2. Spike and recovery test of Hg?* by using UiO-66-NSMe in real water samples.

Samples Spiked (uM) Found (pM) Recovery (%)
10 9.65 96.5
Rainwater 20 19.52 97.6
30 29.34 97.8
10 9.95 99.5
Lake water 20 19.78 98.9
30 28.83 96.1
10 9.84 98.4
Tap water 20 19.64 98.2
30 29.12 97.1

Given UiO-66-NSMe’s remarkable ability to rapidly and efficiently detect Hg?*, we
conducted further investigations to assess its potential for on-site detection. UiO-66-
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NSMe was employed to simulate the detection of mercury (II) residue on the surface
of garden produce through direct imaging technology. Because vegetables are sensitive
agricultural products that require a lot of water to irrigate, exogenous mercury (II) ions
can enter them. Since Hg2+ ions were not naturally present on the lettuce we obtained,
we simulated mercury (II) contamination by applying varying concentrations of Hg?*
solution to their surfaces. Subsequently, luminescence was observed under UV light at
365 nm following the addition of the UiO-66-NSMe suspension. As illustrated in Figure 5, a
significant reduction in UiO-66-NSMe luminescence on the surface of lettuce was observed,
progressively diminishing until complete quenching as the Hg?* concentration increased
from 0.04 mM to 0.56 mM (Figure 6). Collectively, these results strongly indicate that UiO-
66-NSMe holds great promise for the rapid and on-site detection of mercury (II) residues in
real samples through direct imaging techniques.

Figure 6. Noticeable differences in fluorescence became evident when UiO-66-NSMe suspension
(0.33 g/L) was introduced to the surface of the lettuce under ultraviolet light, and the change in
fluorescence was observed within 30 s. Lettuce was subjected to spraying with solutions of varying
concentrations: 0 (a), 0.04 (b), 0.18 (c), 0.35 (d), and 0.56 (¢) mM Hg2*, simulating mercury (II) residue.

To facilitate simple and portable detection, we developed a fluorescence test paper
for the rapid assessment of Hg?* in aqueous solutions. This test paper was created by
immersing a light-yellow wood-colored Whatman filter paper measuring 2.0 x 2.0 cm?
into a dispersion of ground UiO-66-NSMe in water and subsequently allowing it to dry
at room temperature. For the detection of minuscule quantities of Hg?* ions, 1 puL of
aqueous solutions containing varying concentrations of Hg?* ions was placed onto the
UiO-66-NSMe test papers. As depicted in Figure 7, when exposed to UV light at 365 nm,
the test papers exhibited varying colors of different intensities that were discernible to
the naked eye, corresponding to the concentration levels of Hg?" ions. The minimum
detectable amount of Hg?* ions was calculated to be at the remarkably low level of 13.7 ng.
All these practice experimental findings underscore the advantages of UiO-66-NSMe as an
efficient, sensitive, and selective sensor for ng+ ions.

Figure 7. Photographs depicting the fluorescence quenching of UiO-66-NSMe on test strips for the
visual detection of small amounts of Hg2+ under 365 nm UV light: (a) test strip; Hg2+ of different
concentrations (b) 0.04 mM, (c) 0.18 mM, (d) 0.35 mM, (e) 0.56 mM.
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4. Conclusions

In conclusion, we have successfully synthesized a novel framework with the -SCHj3
functional group, designated as UiO-66-NSMe, through post-synthetic modification (PSM).
The effective conversion was verified by FT-IR, XPS, and 'H NMR analyses, yielding a
PSM rate of up to 87%. Luminescence-based studies of metal ion detection demonstrated
that UiO-66-NSMe displays exceptional selectivity and sensitivity towards Hg?* in HEPES
buffer. Additionally, the comprehensive detection mechanism was attributed to the pres-
ence of a coordination interaction between Hg?" and S atoms within UiO-66-NSMe. The
MOF sensor was also utilized for the detection of Hg?* in tap water, rainwater, and river
water spiked with the contaminant. Additionally, it was employed to detect mercury (II)
residues with in situ rapid nondestructive imaging in simulated fresh agricultural products.
Moreover, a straightforward and portable test paper enabled the visual detection of Hg?*
ions at the nanogram level by the naked eye. We believe that this study holds promise for
advancing environmental detection methodology in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13202784 /s1, Table S1: XPS elemental compositions (atomic
%); Figure S1: The fluorescence spectra of UiO-66-NSMe in HEPES buffer upon the addition of
0.56 mM of various metal ions; Figures S2 to S7: 'H NMR characterization of catalytic products by
as-synthesized UiO-66-NSMeD>Hg?*; Table S2: The ICP result on the filtrate of UiO-66-NSMe after
Hg?* detection; Figure S8: The relative fluorescence intensity of UiO-66-NSMe with varying Hg?*
concentrations; Figure S9: Spike test of Hg?* by using UiO-66-NSMe in real water samples.
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Abstract: The severity of the volatile organic compounds (VOCs) issue calls for effective detection
and management of VOC materials. Metal-organic frameworks (MOFs) are organic-inorganic hybrid
crystals with promising prospects in luminescent sensing for VOC detection and identification.
However, MOFs have limitations, including weak response signals and poor sensitivity towards
VOCs, limiting their application to specific types of VOC gases. To address the issue of limited
recognition and single luminosity for specific VOCs, we have introduced fluorescent guest molecules
into MOFs as reference emission centers to enhance sensitivity. This composite material combines the
gas adsorption ability of MOFs to effectively adsorb VOCs. We utilized (MIL-125/NH,-MIL-125) as
the parent material for adsorbing fluorescent molecules and selected suitable solid fluorescent probes
(FGFL-Bq) through fluorescence enhancement using thioflavin T and MIL-125. FGFL-B; exhibited
a heightened fluorescence response to various VOCs through charge transfer between fluorescent
guest molecules and ligands. The fluorescence enhancement effect of FGFL-B; on tetrahydrofuran
(THF) was particularly pronounced, accompanied by a color change from yellow to yellowish green
in the presence of CCly. FGFL-B; demonstrated excellent adsorption properties for THF and CCly,
with saturated adsorption capacities of 655.4 mg g_1 and 811.2 mg g_l, respectively. Furthermore,
FGFL-B, displayed strong luminescence stability and reusability, making it an excellent sensing
candidate. This study addresses the limitations of MOFs in VOC detection, opening avenues for

industrial and environmental applications.

Keywords: metal organic frameworks; porous fluorescent probe; VOCs

1. Introduction

Environmental pollution has become a pressing global issue with the release of hazardous
chemical pollutants into the atmosphere through industrial emissions, steam leakage, and
fossil fuel combustion [1,2]. Among these pollutants, volatile organic compounds (VOCs)
pose a significant threat to human health [3]. There is an urgent need to develop VOC
detection sensors with high sensitivity capable of detecting a variety of gases. The selection
of sensor materials plays a crucial role in achieving efficient VOC detection [4]. Metal-
organic frameworks (MOFs) are highly effective porous materials for the removal of harmful
gases [5-7]. They offer numerous advantages over traditional materials such as zeolite-type
materials [8], mesoporous silica [9], resins [10], and activated carbons with additives [11,12].
Unlike zeolite-related inorganic hybrid materials that require a template for formation, MOFs
rely primarily on a solvent as the main templating molecule [13,14]. To ensure efficient
capture of harmful gases through interaction with MOFs, it is crucial to employ MOFs with
appropriate pore size and shape [15]. MOFs are functional materials known for their tailorable
porosity, making them attractive candidates for VOC capture and sensing [16].
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MOFs are a class of crystalline micro-mesoporous hybrid materials with diverse poten-
tial applications [17-20]. They possess designable structures, adjustable chemical functions,
a low-density skeleton, an ultra-high specific surface area, and functional permanent pore
space [21-23]. Due to their porous structure and broad luminescence behavior, MOFs are
commonly used as gas adsorbents and luminescent sensors [24-27]. These MOF sensors
exhibit rapid response, high sensitivity, and non-invasive operation [28-30]. Lumines-
cent MOF sensors often utilize lanthanide elements as metal centers or specific organic
ligands [31-34]. The selection of materials for such sensors still has limitations [35]. The
disadvantage of MOFs is that excitation and emission energy transfer primarily occur
within a single component, making fluorescence advantageous only for specific volatile
organic compounds (VOCs) that closely interact with the luminescent groups [35-37].

Introducing luminescent groups in MOFs as reference emission centers is a simple
and effective strategy to enhance the luminescence sensitivity of MOF sensors, allowing for
widespread applications. Yao et al. used a porous supramolecular framework to adsorb
guest dye molecules, creating solid materials with high fluorescence. This provides a
simple, low-cost, and efficient way to create luminescent solid materials [38]. Similarly,
Tian created solid luminous materials by adsorbing guest dye molecules into a symmetrical
urea-based polypore supramolecular assembly of tetramethyl calabinus [6] for the detection
of VOCs [39]. By adopting this method, luminescent groups can be introduced into MOFs
as reference emission centers, effectively addressing the issue of limited luminescence
and specific VOC recognition in traditional MOFs. Furthermore, taking advantage of the
excellent gas adsorption performance of MOFs, there is potential to utilize them as parent
materials for simultaneous VOC detection and adsorption. MIL-125, a popular Ti-based
MOF, stands out due to its high thermal stability, solid framework, large specific surface
area, and two types of pore cages (effective reachable diameters of 12.55 A and 6.13 A,
respectively, are octahedral and tetrahedral cages, connected by triangular windows of
5-7 A). These properties make MIL-125 an exceptional material for gas adsorption [40].
In 2014, Kim et al. reported the adsorption and catalytic properties of MIL-125 and NH,-
MIL-125 [41]. Recently, Kim et al. found that the formaldehyde adsorption ability of
NH,-MIL-125 was significantly better than that of other MOF materials [42]. However,
MIL-125 and NH,-MIL-125 have not been widely utilized for VOC detection. Our objective
is to employ MIL-125 and NH,-MIL-125 as parent materials for developing fluorescent
materials capable of detecting and adsorbing VOCs.

The fluorescence probe FGFL-B; (composed of MIL-125 and thioflavin T dye molecules)
showed the strongest fluorescence enhancement effect on tetrahydrofuran (THF), and it
exhibited distinct fluorescence discoloration when specifically recognizing CCly. This
method not only has a simple material fabrication step and strong operability but also
expands the application range of MIL-125 and other MOF materials as fluorescent probes.
The study aimed to address practical challenges in VOC detection and treatment, offering
potential applications in industrial and living environments.

2. Experimental
2.1. Materials

All reagent-grade chemicals were used without further purification: NH,-terephthalate
acid (H,ATA, RG, Adamas-beta, Titan, Shanghai, China), terephthalate acid (H,BDC,
RG, Adamas-beta, Titan, Shanghai, China), tetrabutyl titanate (TBT, AR, Greagent, Titan,
Shanghai, China), anhydrous methanol (AR, Greagent, Titan, Shanghai, China), N, N-
dimethylformamide (DMEF, AR, Greagent, Titan, Shanghai, China), dansyl chloride (Leyan,
Shanghai, China), pyren-l-amine (bidepharm, Shanghai, China), 8-hydroxyquinoline
(Adamas-beta, Titan, Shanghai, China), umbelliferone (Adamas-beta, Titan, Shanghai,
China), thioflavin T (ThT, bidepharm, Shanghai, China) benzene (C¢Hg, AR, General-
Reagent, Titan, Shanghai, China), toluene (C¢H5CHs, AR, General-Reagent, Titan, Shang-
hai, China), dichloromethane (CH,Cl,, AR, General-Reagent, Titan, Shanghai, China),
carbon tetrachloride (CCly, AR, General-Reagent, Titan, Shanghai, China), formaldehyde
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(HCHO, AR, General-Reagent, Titan, Shanghai, China), and tetrahydrofuran (C4HgO, THE,
Safe Dry, Adamas-beta, Titan, Shanghai, China).

2.2. Methods
2.2.1. Precursor Synthesis

The MIL-125 and NH,-MIL-125 were prepared by a solvothermal method, which was
modified from a previous report [43].

Terephthalate acid (H,BDC, 3 mmol) was completely dissolved in N, N-dimethylformamide
(DME 9 mL), and anhydrous methanol (3 mL). Then, 0.75 mmol of tetrabutyl titanate (TBT) was
added to the solution under an N atmosphere to form a suspension. After vigorous stirring for
30 min, the suspension was reacted in a 50 mL Teflon-sealed autoclave at 423 K for 24 h. Finally,
the material was cooled down to room temperature. The white MIL-125 powders were obtained
after being washed with DMF and anhydrous methanol, dried at 333 K, and then vacuum
dried at 423 K for 3 h (In order to remove water and DMF). Yellow NH,-MIL-125 powders
were prepared in the same way, except that H,BDC was replaced with NHj-terephthalate
acid (H,ATA).

2.2.2. Porous Fluorescence Probe Synthesis

15 mg of each of the five dyes (thioflavin T (ThT), 8-hydroxyquinoline, dansyl chloride,
pyren-1l-amine, umbelliferone) were placed in five small bottles containing 20 mL acetonitrile.
Ultrasonic treatment was carried out for 15 min to form a uniformly dispersed dye solution.
Then 50 mg of NH,-MIL-125/MIL-125 was added to this uniformly dispersed dye solution
and let stand for 3.5 h. After centrifugation, the lower layer was precipitated and dried at
333 K for 12 h to obtain (FGFL-A;_5 and FGFL-B;_5) materials. In this study, MIL-125/NH,-
MIL-125 was used as the parent material to adsorb five fluorescent dye molecules (thioflavin
T, 8-hydroxyquinoline, dansyl chloride, pyrene-1 amine, and cymflorone), labeled as 1, 2,
3,4, and 5 in the paper. Different composites were prepared, with the complex formed by
MIL-125 named FGFL-B;_5 and the composites formed by NHy-MIL-125 named FGFL-A_s.
By calculating the mass of dye before and after adsorption, the amounts of fluorophores 1-5
in 50 mg MIL-125 were 6.7 mg, 4.8 mg, 1.4 mg, 1.1 mg, and 5.4 mg, respectively, and 5.3 mg,
29 mg, 1 mg, 0.9 mg, and 2.3 mg in 50 mg of NH,-MIL-125, respectively.

2.3. Adsorption and Fluorescence Response of FGFL-A1_5/FGFL-B1_5 for VOCs

A glass bottle (10 mL) containing 50 mg of FGFL-A;_5/FGFL-B;_5 was placed into
the sealable glass container (100 mL) and vacuumed with a vacuum pump until the
weight of the FGFL-A_5/FGFL-B;_5 remained the same. Then, another glass bottle (10 mL)
containing a small amount of volatile organic compounds (CgHg, CcH5CH3, THE, CCly,
C,Clp, HCHO) was placed in the vacuum-sealed glass container and sealed for 3.5 h.
After the adsorption of different VOCs, the fluorescence of FGFL-A_5/FGFL-By_5 was
detected successively. The weight variation was measured, and corresponding solid-state
fluorescence spectra were determined at intervals of approximately 20-240 min over several
hours in order to obtain the vapor adsorption profile.

2.4. Measurement of Fluorescence Spectra of Solid FGFL-A;_5/FGFL-B1_s5
Fluorescence spectra of solid FGFL-A_5/FGFL-B;_5 before and after adsorbing VOCs

were recorded at room temperature by using a fluorescence spectrometer (F-320 PL, Guang-
dong Technology, Guangzhou, China), respectively.

2.5. Characterization

A powder X-ray diffractometer (PXRD, Bruker D8 Advance) was used to characterize
the crystal structure of the synthesized catalysts by Cu K« radiation operated at 40 kV and
40 mA. Patterns were collected using a scan speed of 2 s/step and a step size of 0.02° at a 20
range from 5° to 50°. The morphologies and microstructures of the prepared materials were
observed using a scanning electron microscope (SEM, Gemini SEM300, ZEISS, Germany).
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The Brunauer—-Emmett-Teller (BET) surface areas of the samples were measured using
a nitrogen adsorption instrument (Micromeritics ASAP 2460 analyzer, Beishide, Beijing,
China) at liquid-nitrogen temperature. The IR experiments were carried out on a Nicolet
380 FT-IR spectrometer. The IR spectra of pure samples were collected without diluting
with KBr. Photoluminescence (PL) spectra were recorded using a Guangdong Technology
F-320 PL spectrophotometer with an excitation wavelength of 385 nm. All the liquid-state
'H NMR spectra in this work were obtained on a Bruker 400 MHz spectrometer in dimethyl
sulfoxide solution. Ultraviolet-visible (UV-vis) diffuse reflectance spectra (DRS) of the
prepared samples were recorded using a UV-vis spectrometer (UV-2600, Shimadzu, Kyoto,
Japan) with a background of BaSOj.

3. Results and Discussion
3.1. Structure and Property of FGFL-Aq_5/FGFL-B1_5

We successfully synthesized MIL-125 and NH,-MIL-125 by the solvothermal method [40].
The powder X-ray diffraction (PXRD) patterns are shown in Figure 1. The main diffraction
peaks of NHp-MIL-125 (Figure 1a) and MIL-125 (Figure 1b) were consistent with the simulated
spectra, indicating that both MIL-125 and NH,-MIL-125 have been successfully prepared [40].
Different fluorescent probe materials were prepared by introducing dye molecules into MIL-
125/NHj»-MIL-125 by the impregnation method. The PXRD pattern of NH,-MIL-125/MIL-
125 (FGFL-A1_5/FGFL-B1_5) remained unchanged after the adsorption of fluorescent dye
molecules, indicating that the crystal structure of NH»-MIL-125/MIL-125 was not affected by
the adsorption process.

|
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Figure 1. PXRD patterns of (a) NH,-MIL-125, FGFL-A1_s5, and (b) MIL-125, FGFL-B;_5 (Thioflavin T,
8-hydroxyquinoline, dansyl chloride, pyrene-1 amine, and umbelliferone were referred to as 1, 2, 3, 4
and 5).
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To investigate the impact of dye molecules on the morphology of NH,-MIL-125/MIL-
125, we examined both the pristine materials and composites using a Scanning Electron
Microscope (SEM). Figure 2 shows that MIL-125 and FGFL-B;_5 exhibit similar disc-like
shapes with a diameter of approximately 300 nm and a thickness of around 100 nm.
Similarly, the morphology and size of NH,-MIL-125 and FGFL-A1_s, as shown in Figure S1,
remained unchanged. The surface morphology and structure, as observed from the PXRD
and SEM patterns, also did not show significant alterations, and no dye was detected.

Nitrogen sorption experiments demonstrated the highly porous nature of NH,-MIL-125
and MIL-125, characterized by a type I isotherm typical of micro-porous solids (Figure 3), which
exhibited a BET surface area of 1031.60 m? g ! and 1252.45 m? g~ !, and a micro-pore volume of
0.4806 cm® g~ ! and 0.6015 cm® g1, respectively (Figure S2, Table S1). Compared to NHp-MIL-
125/MIL-125, the specific BET surface area and micro-pore volume of FGFL-A_5/FGFL-B;_5
were significantly reduced, indicating successful adsorption of fluorescent dye molecules onto
NH,-MIL-125/MIL-125 (Table S1). Notably, the thioflavin T (ThT) composite exhibited the
minimum BET surface area and micro-pore volume. In the case of FGFL-A;, formed using NHj-
MIL-125 as a template, the BET surface area decreased from 1031.60 m? g ! to 27145 m? g~ !,
and the micropore volume decreased from 0.4806 cm® g1 to 0.1000 cm® g~!. The BET surface
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area of MIL-125 composite (FGFL-B;) decreased from 1252.25 m? g~ ! t0 356.05 m? g~ !, and the
micro-pore volume decreased from 0.6015 cm® g1 to 0.1615 cm® g~!. Therefore, NH,-MIL-
125/MIL-125 exhibited the highest ThT adsorption capacity.

MIL-125"

Figure 2. (a—f) SEM images of MIL-125, FGFL-B;, FGFL-B,, FGFL-B3, FGFL-B;, and FGFL-Bs,

respectively.
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Figure 3. N; adsorption-desorption isotherms of (a) NH,-MIL-125, FGFL-A1_5, (b) MIL-125, FGFL-B1_s.
3.2. Fluorescence of FGFL-A1_5/FGFL-B1_5

The fluorescence spectra of FGFL-A1_5/FGFL-B1_5 were tested to identify the optimal
fluorescent probe materials. The results revealed that ThT exhibited a strong fluorescence
enhancement effect when adsorbed onto NH,-MIL-125/MIL-125 (Figures 4, S3 and S10),
while other dye molecules showed minimal fluorescence response. Therefore, ThT was
deemed the most suitable fluorescent guest molecule for NHp-MIL-125/MIL-125. Addition-
ally, FGFL-B; demonstrated significantly better fluorescence enhancement than FGFL-A;
(Figure 4b). The electrophotographs captured under sunlight and UV (365 nm) illumination
(Figure 54) demonstrated that FGFL-By, a fluorescent material formed after ThT adsorption
by MIL-125, emitted vibrant yellow light under UV (365 nm) illumination.
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Figure 4. (a) Fluorescence spectra of MIL-125 and FGFL-B;_s, (b) Fluorescence spectra of FGFL-A;

and FGFL-B;.

To analyze whether ThT undergoes simple physical adsorption or chemical coupling
with MIL-125/NH,-MIL-125, we conducted IR spectroscopy on ThT, NH,-MIL-125/MIL-
125, and FGFL-A1_5/FGFL-B;_5. As shown in Figure 5, the carboxyl group characteristic
peak of NH,-MIL-125/MIL-125 showed at 3.140-3.204 (1og1380-1og1600 cm ') [40]. An
evident larger wavenumber shift at 3.23 (log1700 cm 1) was observed in the infrared
spectra of FGFL-A1_5 /FGFL-B;_s, indicating the adsorption and coupling of ThT molecules
with NH,-MIL-125/MIL-125. The larger wavenumber shift was more pronounced in the
FGFL-B; infrared spectra. Figure S5 displays the Raman spectra of NH,-MIL-125/MIL-125,
ThT, and FGFL-A;/FGFL-B,, with FGFL-A;/FGFL-B; revealing peaks from both NH,-
MIL-125/MIL-125 and the fluorescent dye ThT. Additionally, Figure S6a,b illustrates the
liquid nuclear magnetic hydrogen spectra of ThT, MIL-125, and FGFL-B;. The peak at
8.14 ppm of ThT belongs to the H peak on the benzene ring on the benzylamine ring; the
H peak (8.06 ppm) on the benzene ring of the organic ligand terephthalic acid of MIL-125
was significantly offset in FGFL-B;, indicating that ThT forms H-:--O conjugations with
MIL-125 [44]. The ThT molecule consists of a benzylamine ring and a phenyl sulfide ring.
When the benzylamine ring and phenyl sulfide ring rotate freely around the C-C bond
in the natural state, the ThT fluorescence signal is weak. Once this rotation is limited
by some structures, the ThT fluorescence is enhanced [45-47]. When ThT fluorescent
guest molecules were introduced into NH,-MIL-125/MIL-125 as light sources and coupled
with them via H---O interaction, the restriction of intramolecular rotation (RIR) of ThT
fluorescence was caused to some extent. Charge transfer from fluorescent guest molecules
to organic ligands was formed, resulting in a strong fluorescence response [48-50]. In order
to confirm this phenomenon, we tested the solid UV-vis absorption spectra of ThT, MIL-125,
and FGFL-By, respectively. As can be seen from Figure S7a, the absorption peak of FGFL-B;
formed by the combination of ThT and MIL-125 had a significant red shift compared with
MIL-125. As a chromophore, ThT is prone to electron transition. The FGFL-B; material
formed by the combination of MIL-125 and ThT had a significant red shift relative to the
absorption wavelength of MIL-125 and a significant blue shift relative to the absorption
wavelength of ThT, which corresponded to the above phenomenon [51,52]. The band gaps
of ThT, MIL-125, and FGFL-B; can be calculated from the solid UV-vis absorption spectra
using the Kubelka—Munk function [53]. It can be seen from Figure S7b that by combining
with ThT, the band gap of MIL-125 was reduced from 3.4 eV to 2.4 eV.

3.3. Fluorescence Sensors and Storage Performance of VOCs over FGFL-B1

Environmental pollution is a pressing global issue caused by the discharge of harmful
chemical pollutants into the atmosphere. Volatile organic compounds (benzene, toluene,
tetrahydrofuran, carbon tetrachloride, dichloromethane, methylene chloride, formaldehyde)
are the main cause of environmental air pollution and pose risks to human health [54-56]. For
instance, THF exhibits stimulatory and anesthetic effects. Inhalation causes upper respiratory
irritation, nausea, dizziness, headache, and central nervous system depression [57,58]. CCly
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and its decomposition products can be absorbed through the respiratory tract, and skin contact
can result in rapid absorption. CCly is particularly damaging to peripheral nerves, especially
the liver [59]. Therefore, the development of fluorescent probes and porous materials for the
detection and adsorption of VOC gases is crucial to addressing this issue.

(@) (b)

T%
T%

—— NH,-MIL-125 — MIL-125
—— FGFL-B, — FGFL-B,
36 34 32 30 _ 28 26 36 34 32 30 _ 28 26
Wavenumber (cm™) Wavenumber (cm™')

Figure 5. (a) IR spectra of ThT, NH,-MIL-125, and FGFL-A;, (b) IR spectra of ThT, MIL-125,
and FGFL-B;.

In this paper, fluorescent molecules were selected through fluorescence spectra test-
ing to determine the most suitable candidates. FGFL-A; and FGFL-B; were chosen as
fluorescent probes for investigating the detection and adsorption properties of six com-
mon volatile organic compounds (VOCs): dichloromethane (CH,Cl,), carbon tetrachlo-
ride (CCly), tetrahydrofuran (THF), formaldehyde (HCHO), benzene (C¢Hg), and toluene
(CeH5CH3). As shown in Figure 6a,b, FGFL-B;, and FGFL-A; demonstrated varying de-
grees of fluorescence response towards the VOCs. However, the fluorescence enhancement
effect of FGFL-A; was very low, which was negligible compared with that of FGFL-B;
(Figure 6¢,d). Therefore, FGFL-B; is considered the most suitable fluorescent probe material.
After FGFL-B; and FGFL-B; adsorbed with different VOCs were formed into a suspension
in acetonitrile solvent, different fluorescence responses could be clearly observed under
UV light (Figure 6e). Notably, FGFL-B; showed the most significant fluorescence enhance-
ment effect towards THF gas, with fluorescence intensity 36 times higher than FGFL-B;
(Figure 6b). Additionally, the adsorption of CCly gas induced a noticeable red shift in FGFL-
B, (Figure 6b). This red shift resulted in a distinct transformation in fluorescence color from
yellow to yellowish green (After the adsorption of CCly, the maximum emission peak of
FGFL-B; undergoes a red shift from 530 nm to 560 nm, while it remained unchanged at
530 nm after the adsorption of other VOCs). To demonstrate the color transformation more
effectively, test strips of FGFL-B; were fabricated, which visibly turned yellowish green
upon adsorption of CCly (Figure 6f). This test strip method offers the potential for faster
and easier detection of simulated factory or indoor gas leaks.

FGFL-B; was formed by the recombination of ThT (4 A) within the MIL-125 channel [60,61].
Upon the entry of VOC gas into the FGFL-B; channel, collisions with ThT molecules generate
an effect [62]. The interaction between ThT and MIL-125 restricts the rotation of the benzene
ring, thereby limiting non-radiative energy consumption pathways and reinforcing radiative
transitions. As a result, fluorescence is substantially enhanced [63-65]. To illustrate this effect,
we present the example of THF adsorption (Figure S8). Following the adsorption of THF, the
fluorescence intensity of FGFL-B; was significantly enhanced, accompanied by a change in
the full width at half maximum (FWHM) from 73.63 nm to 85.04 nm [66]. Electronegative
molecules induce a pronounced red shift in the spectra of the material. CCly, known for its strong
electronegativity, triggers intramolecular charge transfer of ThT, resulting in a red shift effect
and fluorescence color transformation [67,68]. Therefore, FGFL-B; can selectively recognize
CCly. These findings demonstrate that the incorporation of fluorescent guest molecules (ThT) as
luminescent clusters significantly improves the fluorescence detection performance of materials
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and overcomes the limitations of conventional MOFs, which only exhibit a fluorescence response
to specific gases (Figure 7).

1800

(b) —=— FGFL-B,
1600 e cal,
1400 - —— CH,Cl,

—1200 - ——CgHe

— C7H8

—<+— HCHO

0 T T T T =
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)
96
10 1(c) 8.9 1800 4 (d) 1631
9 1 1600 4
8 1 1400 4
74 6.4 6.1 1200 1109
6 4
1000 4
35 = 745 771
3 i < 800 4 634
600
34 23 376
1.8 400 -
2 |
"] 2 l “ 0
s : 3 ] ) ) ) o ’ @ 3 & & & ¥ &
& & S & D & ; ) S @ < S
) K S N $ §; 'S < ) N
& S & Ry g S 3 & o S O
& IS s § N X & 9 S
& & RS -‘e 'S
@ & ¢ &
o $ \J

S cl 0
Cl €l cl —
(O (UMeve =8 3 =o

Figure 6. A general survey of the fluorescence spectra of (a) FGFL-A; and (b) FGFL-B; loaded with the
six selected VOCs. Relative fluorescence intensities of (c¢) FGFL-A; and (d) FGFL-B; in response to the
six selected VOCs. (e) Photos under UV (365 nm) of FGFL-B; and FGFL-B; loaded with six selected
VOCs. (f) Photos under UV (365 nm) of FGFL-B; (left) and FGFL-B; loaded with CCly (right).
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Figure 7. Schematic diagram of FGFL-B; adsorption detection of VOCs.

The titrated fluorescence spectra of FGFL-B; were analyzed in detail to monitor the
real-time adsorption of THF and CCly (Figure 8a,b). The fluorescence intensity of solid
FGFL-B; at 530 nm and 560 nm increased with the increase in the adsorption time of
THF and CCly. As shown in Figure 8ef, it took approximately 2 h for FGFL-B; to reach
its maximum fluorescence intensity with THF and CCly, while only about 20 min were
needed to shift the peak position to 560 nm. Although the fluorescence intensity and
peak position of FGFL-B; remained unchanged, the absorption rates of THF and CCly
continued to increase within 3 h (Figure 8c,d). Comparing Figure 8c—f, it can be observed
that the adsorption amount and time of THF and CCly required to achieve the maximum
equilibrium value of FGFL-B; fluorescence intensity are much lower than those required
by saturated adsorption. The size of ThT (4 A) is large, and the barrier entering porous
MIL-125 is much larger than that of VOCs molecules. Therefore, the amount of ThT that
can interact with MIL-125 is significantly lower than that of VOC molecules. Therefore, the
time required for fluorescence to reach maximum equilibrium and the amount of gas is
far less than the time of saturation adsorption and gas volume. By comparing the mass of
FGFL-B; before and after the saturated adsorption of THF and CCly, we calculated that
the adsorption properties of FGFL-B; for THF and CCly were 655 mg g~ ! and 812 mg g~ !,
respectively (Table S2). The adsorption performance of other VOC gases is shown in
Table S1. Additionally, the Al curves representing the adsorption capacity of THF and CCly
on FGFL-B; (Figure 8g,h) were plotted using the adsorption-time curve data (Figure 8c,d)
and intensity (Al) versus time curve data (Figure 8e,f) obtained from the interpolation
method. The detection limits (DL) [39] of FGFL-B; for THF and CCl, were determined to
be 1.41 x 10~* mol g~ ! and 4.66 x 107> mol g~ !, respectively.

The detection of VOCs by FGFL-B; is based on a fluorescence reaction triggered by
the interaction of gases after entering the material. VOCs can be detached from FGFL-B,,
allowing the material to be recycled [39]. To validate this, we conducted adsorption and
desorption experiments using THF and CCly as examples. Lifetime tests demonstrated
that the adsorption and desorption of THF and CCly on FGFL-B; were not only reversible
but also highly stable. Numerous adsorption and desorption experiments consistently
indicated that the detection properties of FGFL-B; for THF and CCly, such as fluorescence
intensity, remained unchanged (Figure S9¢c,d). Furthermore, a comparison of the PXRD
patterns of FGFL-B; before and after the adsorption and desorption of THF and CCly
revealed no significant changes, suggesting that the adsorption or desorption of THF
and CCly had minimal impact on FGFL-B; (Figure S9a,b). These results provided strong
evidence for the excellent stability of FGFL-B;.
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Figure 8. The titrated fluorescence spectra of FGFL-B; loaded (a) THF and (b) CCly. Adsorption
profile of the loading of (¢) THF and (d) CCly in FGFL-B; upon increasing the adsorption time.
Change in the fluorescence intensity of FGFL-B; by loading (e) THF and (f) CCl4 upon increasing the
adsorption time. Plot of Al versus the amount of (g) THF and (h) CCl, adsorbed by solid FGFL-B;.
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4. Conclusions

We investigated the fluorescence enhancement effect of FGFL-B;, a composite of the
ThT dye molecules and MIL-125 H---O conjugation, on VOCs by introducing various flu-
orescent dye molecules into MIL-125 and NH,-MIL-125 synthesized via the solvothermal
method. The presence of steric hindrance in ThT molecules both hampers and enhances their
intramolecular rotation, resulting in a remarkable fluorescence enhancement effect on THF.
The fluorescence intensity increases by a factor of 36 upon THF adsorption. Moreover, due to
the strong electronegativity of CCly, FGFL-B; exhibits selective recognition of CCly, leading
to a distinct yellow-to-yellowish-green fluorescence color change. Remarkably, FGFL-B,
demonstrates excellent adsorption capacities for THF and CCly, with values of 655.4 mg g~ !
and 811.2 mg g1, respectively. As a result, the prepared porous fluorescence probe material,
FGFL-B4, holds great potential for detecting and adsorbing mixed gases in both industrial and
domestic environments. This method opens up new possibilities for fluorescence detection of
adsorption properties in Ti-based MOF materials and other MOF materials.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nano13192732/s1, Figure S1. (a—f) SEM images of NH,-MIL-125, FGFL-A;,
FGFL-A;, FGFL-A3, FGFL-A,; and FGFL-A5, respectively; Figure S2. The corresponding BJH pore size
distribution of the as-prepared samples of (a) NH,-MIL-125, FGFL-A;, FGFL-A,, FGFL-A3, FGFL-A4
and FGFL-Aj5 (b) MIL-125, FGFL-B;, FGFL-B,, FGFL-Bs, FGFL-B4 and FGFL-Bs. Table S1: BET surface
area and T-Plot micro-pore volume of NH,-MIL-125, FGFL-A;_5, MIL-125, and FGFL-B,_5; Figure S3.
Fluorescence spectra of (a) FGFL-A1, (b) FGFL-A;, (c) FGFL-A3, (d) FGFL-A4 and (e) FGFL-As; Figure S4.
Electronic photos of ThT, MIL-125, and FGFL-B; (a—) under sunlight and (d—f) under UV (365 nm);
Figure S5. Raman spectra of (a) ThT, NHp-MIL-125, and FGFL-A, (b) ThT, MIL-125, and FGFL-By;
Figure S6. (a) The liquid-state TH NMR spectra in dimethyl sulfoxide of ThT, FGFL-B;, and MIL-125;
(b) The liquid-state 'H NMR spectra in dimethyl sulfoxide of ThT, FGFL-B;, MIL-125 (7.87-8.25 ppm);
(c) The solid-state 'H NMR spectra of MIL-125, FGFL-B; and ThT; Figure S7. (a) The UV-vis absorption
spectra of ThT, MIL-125, and FGFL-By; (b) The plot of (ahv)l/ 2 versus hv of ThT, MIL-125, and FGFL-By;
Figure S8. The fluorescence spectra of FGFL-B; and FGFL-B; loaded with THF. Table S2: Adsorption
properties of FGFL-B for the six selected VOCs; Figure S9. After FGFL-B; adsorbed VOCs, the VOCs
were removed by vacuum drying at 333 K. PXRD patterns and fluorescence intensity were measured
before and after the cycle stability experiment. The numbers 1, 2, 3, 4, 5, and 6 represent the number
of adsorption and desorption cycles. A general survey of the PXRD patterns of (a) FGFL-B; before
and after loading with CCly, and (b) FGFL-B; before and after loading with THF. A general survey of
the fluorescence spectra of (c) FGFL-B; before and after loading with CCly, (d) FGFL-B; before and
after loading with THF; Figure S10. Fluorescence spectra of (a) FGFL-By, (b) FGFL-B,, (c) FGFL-B3,
(d) FGFL-By, and (e) FGFL-Bs.

Author Contributions: Conceptualization, W.C.; methodology, Q.W.; writing—original draft prepa-
ration, Q.W. and F.T.; writing—review and editing, W.C., ].W. and B.L.; supervision, W.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
12104286), Program for Professor of Special Appointment in Shanghai (QD2019005).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pawelec, B.; Navarro, R.M.; Campos-Martin, ].M.; Fierro, ].L.G. Retracted Article: Towards near Zero-Sulfur Liquid Fuels: A
Perspective Review. Catal. Sci. Technol. 2011, 1, 23-42. [CrossRef]

2. Colvile, RN.; Hutchinson, E.J.; Mindell, ].S.; Warren, R.E. The Transport Sector as a Source of Air Pollution. Atmos. Environ. 2001,
35,1537-1565. [CrossRef]

3. Guo, Y;; Wen, M,; Li, G.; An, T. Recent Advances in VOC Elimination by Catalytic Oxidation Technology onto Various Nanoparti-
cles Catalysts: A Critical Review. Appl. Catal. B 2021, 281, 119447. [CrossRef]

192



Nanomaterials 2023, 13, 2732

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zheng, ].-P; Ou, S.; Zhao, M.; Wu, C.-D. A Highly Sensitive Luminescent Dye@MOF Composite for Probing Different Volatile
Organic Compounds. ChemPlusChem 2016, 81, 758-763. [CrossRef]

Hamon, L.; Serre, C.; Devic, T.; Loiseau, T.; Millange, E,; Férey, G.; Weireld, G.D. Comparative Study of Hydrogen Sulfide Adsorp-
tion in the MIL-53(Al, Cr, Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr) Metal —Organic Frameworks at Room Temperature. J.
Am. Chem. Soc. 2009, 131, 8775-8777. [CrossRef] [PubMed]

Shi, J.; Zhao, Z.; Xia, Q.; Li, Y,; Li, Z. Adsorption and Diffusion of Ethyl Acetate on the Chromium-Based Metal-Organic
Framework MIL-101. J. Chem. Eng. Data 2011, 56, 3419-3425. [CrossRef]

Zhao, Z.; Li, X,; Li, Z. Adsorption Equilibrium and Kinetics of P-Xylene on Chromium-Based Metal Organic Framework MIL-101.
Chem. Eng. J. 2011, 173, 150-157. [CrossRef]

Pires, J.; Carvalho, A.; de Carvalho, M.B. Adsorption of Volatile Organic Compounds in Y Zeolites and Pillared Clays. Microporous
Mesoporous Mater. 2001, 43, 277-287. [CrossRef]

Chu, Y.-H.; Kim, H.-].; Song, K.-Y.; Shul, Y.-G.; Jung, K.-T.; Lee, K.; Han, M.-H. Preparation of Mesoporous Silica Fiber Matrix for
VOC Removal. Catal. Today 2002, 74, 249-256. [CrossRef]

Liu, P; Long, C.; Li, Q.; Qian, H.; Li, A.; Zhang, Q. Adsorption of Trichloroethylene and Benzene Vapors onto Hypercrosslinked
Polymeric Resin. . Hazard. Mater. 2009, 166, 46-51. [CrossRef]

Ma, X.; Yang, L.; Wu, H. Removal of Volatile Organic Compounds from the Coal-Fired Flue Gas by Adsorption on Activated
Carbon. J. Clean. Prod. 2021, 302, 126925. [CrossRef]

Lee, K.J.; Miyawaki, ].; Shiratori, N.; Yoon, S.-H.; Jang, ]. Toward an Effective Adsorbent for Polar Pollutants: Formaldehyde
Adsorption by Activated Carbon. J. Hazard. Mater. 2013, 260, 82-88. [CrossRef] [PubMed]

Lin, Y.; Massa, W.; Dehnen, S. “Zeoball” [Sn3sGepsSeq321%*: A Molecular Anion with Zeolite-Related Composition and Spherical
Shape. J. Am. Chem. Soc. 2012, 134, 4497-4500. [CrossRef]

Férey, G. Hybrid Porous Solids: Past, Present, Future. Chem. Soc. Rev. 2008, 37, 191-214. [CrossRef] [PubMed]

Xiao, B.; Wheatley, PS.; Zhao, X.; Fletcher, A.J.; Fox, S.; Rossi, A.G.; Megson, LL.; Bordiga, S.; Regli, L.; Thomas, K.M.; et al.
High-Capacity Hydrogen and Nitric Oxide Adsorption and Storage in a Metal —Organic Framework. J. Am. Chem. Soc. 2007, 129,
1203-1209. [CrossRef]

Shen, Y.; Tissot, A.; Serre, C. Recent Progress on MOF-Based Optical Sensors for VOC Sensing. Chem. Sci. 2022, 13, 13978-14007.
[CrossRef]

Zhou, H.-C,; Kitagawa, S. (Eds.) Metal-Organic Frameworks (MOFs). Chem. Soc. Rev. 2014, 43, 5415-5418. [CrossRef]

Long, J.R.; Yaghi, O.M. The Pervasive Chemistry of Metal-Organic Frameworks. Chem. Soc. Rev. 2009, 38, 1213-1214. [CrossRef]
Zhou, H.-C.; Long, ].R.; Yaghi, O.M. Introduction to Metal-Organic Frameworks. Chem. Rev. 2012, 112, 673-674. [CrossRef]

Lee, J.; Farha, O.K,; Roberts, J.; Scheidt, K.A.; Nguyen, S.T.; Hupp, ].T. Metal-Organic Framework Materials as Catalysts. Chem.
Soc. Rev. 2009, 38, 1450-1459. [CrossRef]

Tannert, N.; Sun, Y.,; Hasttirk, E.; Niefing, S.; Janiak, C. A Series of New Urea-MOFs Obtained via Post-Synthetic Modification of
NH,-MIL-101(Cr): SOy, CO; and H,O Sorption. Z. Fiir Anorg. Und Allg. Chem. 2021, 647, 1124-1130. [CrossRef]

Suh, M.P; Park, H.J.; Prasad, T.K.; Lim, D.-W. Hydrogen Storage in Metal-Organic Frameworks. Chem. Rev. 2012, 112, 782-835.
[CrossRef]

Ingleson, M.].; Barrio, ].P; Bacsa, J.; Dickinson, C.; Park, H.; Rosseinsky, M.]. Generation of a Solid Brensted Acid Site in a Chiral
Framework. Chem. Commun. 2008, 11, 1287-1289. [CrossRef] [PubMed ]

Kitagawa, S.; Kitaura, R.; Noro, S. Functional Porous Coordination Polymers. Angew. Chem. Int. Ed. Engl. 2004, 43, 2334-2375.
[CrossRef] [PubMed]

Mueller, U.; Schubert, M.; Teich, E; Puetter, H.; Schierle-Arndt, K.; Pastré, ]. Metal-Organic Frameworks-Prospective Industrial
Applications. |. Mater. Chem. 2006, 16, 626—636. [CrossRef]

Wang, M.; Guo, L.; Cao, D. Amino-Functionalized Luminescent Metal-Organic Framework Test Paper for Rapid and Selective
Sensing of SO, Gas and Its Derivatives by Luminescence Turn-On Effect. Anal. Chem. 2018, 90, 3608-3614. [CrossRef]

Gan, L.; Andres-Garcia, E.; Minguez Espallargas, G.; Planas, ].G. Adsorptive Separation of CO, by a Hydrophobic Carborane-
Based Metal-Organic Framework under Humid Conditions. ACS Appl. Mater. Interfaces 2023, 15, 5309-5316. [CrossRef]

Li, Y.-A.; Zhao, C.-W.; Zhu, N.-X,; Liu, Q.-K.; Chen, G.-].; Liu, J.-B.; Zhao, X.-D.; Ma, J.-P.; Zhang, S.; Dong, Y.-B. Nanoscale
UiO-MOF-Based Luminescent Sensors for Highly Selective Detection of Cysteine and Glutathione and Their Application in
Bioimaging. Chem. Commun. 2015, 51, 17672-17675. [CrossRef]

Ke, F; Yuan, Y.-P; Qiu, L.-G; Shen, Y.-H.; Xie, A.-].; Zhu, J.-E; Tian, X.-Y.; Zhang, L.-D. Facile Fabrication of Magnetic Metal-
Organic Framework Nanocomposites for Potential Targeted Drug Delivery. ]. Mater. Chem. 2011, 21, 3843-3848. [CrossRef]

Hu, Z.; Deibert, B.J.; Li, J]. Luminescent Metal-Organic Frameworks for Chemical Sensing and Explosive Detection. Chem. Soc.
Rev. 2014, 43, 5815-5840. [CrossRef]

Song, L.; Du, S.-W,; Lin, J.-D.; Zhou, H; Li, T. A 3D Metal-Organic Framework with Rare 3-Fold Interpenetrating Dia-g Nets
Based on Silver(I) and Novel Tetradentate Imidazolate Ligand: Synthesis, Structure, and Possible Ferroelectric Property. Cryst.
Growth Des. 2007, 7, 2268-2271. [CrossRef]

Du, J.-L.; Hu, T.-L,; Li, J.-R.; Zhang, S.-M.; Bu, X.-H. Metal Coordination Architectures of 2,3-Bis(Triazol-1-YImethyl)Quinoxaline:
Effect of Metal Ion and Counterion on Complex Structures. Eur. |. Inorg. Chem. 2008, 2008, 1059-1066. [CrossRef]

193



Nanomaterials 2023, 13, 2732

33. Wu, M.-M.; Wang, ].-Y,; Sun, R.; Zhao, C.; Zhao, ].-P,; Che, G.-B.; Liu, E-C. The Design of Dual-Emissive Composite Material
[Zny(HL)3]*@MOF-5 as Self-Calibrating Luminescent Sensors of Al** Ions and Monoethanolamine. Iniorg. Chem. 2017, 56, 9555-9562.
[CrossRef]

34. Geranmayeh, S.; Mohammadnejad, M.; Abbasi, A. Ln Based Metal-Organic Framework for Fluorescence “Turn Off-On” Sensing
of Hg2+. J. Fluoresc. 2023, 33, 1017-1026. [CrossRef] [PubMed]

35. Allendorf, M.D.; Bauer, C.A.; Bhakta, R.K.; Houk, R.J.T. Luminescent Metal-Organic Frameworks. Chem. Soc. Rev. 2009, 38,
1330-1352. [CrossRef] [PubMed]

36. Dong, M.-J.; Zhao, M.; Ou, S.; Zou, C.; Wu, C.-D. A Luminescent Dye@MOF Platform: Emission Fingerprint Relationships of
Volatile Organic Molecules. Angew. Chem. Int. Ed. 2014, 53, 1575-1579. [CrossRef]

37. An, ].; Shade, C.M.; Chengelis-Czegan, D.A.; Petoud, S.; Rosi, N.L. Zinc-Adeninate Metal-Organic Framework for Aqueous
Encapsulation and Sensitization of Near-Infrared and Visible Emitting Lanthanide Cations. J. Am. Chem. Soc. 2011, 133, 1220-1223.
[CrossRef]

38. Yao, Y.-Q.; Zhang, Y.-].; Zhang, Y.-Q.; Tao, Z.; Ni, X.-L.; Wei, G. Multiple Efficient Fluorescence Emission from Cucurbit[10]Uril-
[Cd4Cly4]8~-Based Pillared Diamond Porous Supramolecular Frameworks. ACS Appl. Mater. Interfaces 2017, 9, 40760-40765.
[CrossRef]

39. Tian, EY.; Cheng, R.X,; Zhang, Y.Q.; Tao, Z.; Zhu, Q.]. Specific Recognition of Methanol Using a Symmetric Tetramethylcucurbit[6]Uril-
Based Porous Supramolecular Assembly Incorporating Adsorbed Dyes. Aust. J. Chem. 2020, 73, 1065. [CrossRef]

40. Dan-Hardi, M.; Serre, C.; Frot, T.; Rozes, L.; Maurin, G.; Sanchez, C.; Férey, G. A New Photoactive Crystalline Highly Porous
Titanium(IV) Dicarboxylate. J. Am. Chem. Soc. 2009, 131, 10857-10859. [CrossRef]

41. Kim, S.-N.; Kim, J.; Kim, H.-Y.; Cho, H.-Y.; Ahn, W.-S. Adsorption/Catalytic Properties of MIL-125 and NH,-MIL-125. Catal.
Today 2013, 204, 85-93. [CrossRef]

42. Kim, B.; Lee, Y.-R.; Kim, H.-Y;; Ahn, W.-S. Adsorption of Volatile Organic Compounds over MIL-125-NH,. Polyhedron 2018, 154,
343-349. [CrossRef]

43. Fu, Y; Sun, D.; Chen, Y,; Huang, R.; Ding, Z.; Fu, X,; Li, Z. An Amine-Functionalized Titanium Meta-Organic Framework
Photocatalyst with Visible-Light-Induced Activity for CO, Reduction. Angew. Chem. Int. Ed. 2012, 51, 3364-3367. [CrossRef]
[PubMed]

44. Cui, Y,; Yue, Y;; Qian, G.; Chen, B. Luminescent Functional Metal-Organic Frameworks. Chem. Rev. 2012, 112, 1126-1162.
[CrossRef]

45. Sjekloc¢a, L.; Ferré-D’Amaré, A.R. Binding between G Quadruplexes at the Homodimer Interface of the Corn RNA Aptamer
Strongly Activates Thioflavin T Fluorescence. Cell Chem. Biol. 2019, 26, 1159-1168.e4. [CrossRef]

46. Mohanty, J.; Choudhury, S.D.; Pal, H.; Bhasikuttan, A.C. Early Detection of Insulin Fibrillation: A Fluorescence Lifetime Assay to
Probe the Pre-Fibrillar Regime. Chem. Commun. 2012, 48, 2403-2405. [CrossRef]

47. Nielsen, L.; Khurana, R.; Coats, A.; Frokjaer, S.; Brange, J.; Vyas, S.; Uversky, V.N.; Fink, A.L. Effect of Environmental Factors on
the Kinetics of Insulin Fibril Formation: Elucidation of the Molecular Mechanism. Biochemistry 2001, 40, 6036—6046. [CrossRef]

48. Mei, J,; Leung, N.L.C,; Kwok, RTK,; Lam, JW.Y,; Tang, B.Z. Aggregation-Induced Emission: Together We Shine, United We Soar!
Chem. Rev. 2015, 115, 11718-11940. [CrossRef]

49. Liu,J; Meng, Q.; Zhang, X.; Lu, X.; He, P; Jiang, L.; Dong, H.; Hu, W. Aggregation-Induced Emission Enhancement Based on
11,11,12,12,-Tetracyano-9,10-Anthraquinodimethane. Chem. Commun. 2013, 49, 1199-1201. [CrossRef]

50. He,].; Xu, B,; Chen, E; Xia, H.; Li, K.; Ye, L.; Tian, W. Aggregation-Induced Emission in the Crystals of 9,10-Distyrylanthracene
Derivatives: The Essential Role of Restricted Intramolecular Torsion. J. Phys. Chem. C 2009, 113, 9892-9899. [CrossRef]

51. Krebs, EC.; Spanggaard, H. An Exceptional Red Shift of Emission Maxima upon Fluorine Substitution. J. Org. Chem. 2002, 67,
7185-7192. [CrossRef] [PubMed]

52.  Choudhury, S.D.; Mohanty, J.; Pal, H.; Bhasikuttan, A.C. Cooperative Metal Ion Binding to a Cucurbit[7]Uril—Thioflavin T
Complex: Demonstration of a Stimulus-Responsive Fluorescent Supramolecular Capsule. J. Am. Chem. Soc. 2010, 132, 1395-1401.
[CrossRef] [PubMed]

53.  Solis, R.R.; Gomez-Avilés, A.; Belver, C.; Rodriguez, ].J.; Bedia, ]. Microwave-Assisted Synthesis of NH,-MIL-125(Ti) for the Solar
Photocatalytic Degradation of Aqueous Emerging Pollutants in Batch and Continuous Tests. J. Environ. Chem. Eng. 2021, 9, 106230.
[CrossRef]

54. Vandenbroucke, A.M.; Morent, R.; De Geyter, N.; Leys, C. Non-Thermal Plasmas for Non-Catalytic and Catalytic VOC Abatement.
J. Hazard. Mater. 2011, 195, 30-54. [CrossRef]

55. Guieysse, B.; Hort, C.; Platel, V.; Munoz, R.; Ondarts, M.; Revah, S. Biological Treatment of Indoor Air for VOC Removal: Potential
and Challenges. Biotechnol. Adv. 2008, 26, 398-410. [CrossRef] [PubMed]

56. Manos, M.].; Malliakas, C.D.; Kanatzidis, M.G. Heavy-Metal-Ion Capture, Ion-Exchange, and Exceptional Acid Stability of the
Open-Framework Chalcogenide (NHy)4Ini5Sepg. Chem. Eur. ]. 2007, 13, 51-58. [CrossRef]

57.  Moody, D.E. The Effect of Tetrahydrofuran on Biological Systems: Does a Hepatotoxic Potential Exist. Drug Chem. Toxicol. 1991,
14, 319-342. [CrossRef]

58. Draper, A.J.; Madan, A.; Parkinson, A. Inhibition of Coumarin 7-Hydroxylase Activity in Human Liver Microsomes. Arch.
Biochem. Biophys. 1997, 341, 47-61. [CrossRef]

194



Nanomaterials 2023, 13, 2732

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Fan, H.; Tu, T.; Zhang, X,; Yang, Q.; Liu, G.; Zhang, T.; Bao, Y.; Lu, Y.; Dong, Z.; Dong, J.; et al. Sinomenine Attenuates
Alcohol-Induced Acute Liver Injury via Inhibiting Oxidative Stress, Inflammation and Apoptosis in Mice. Food Chem. Toxicol.
2022, 159, 112759. [CrossRef]

Biancalana, M.; Koide, S. Molecular Mechanism of Thioflavin-T Binding to Amyloid Fibrils. Biochim. Et Biophys. Acta (BBA)
Proteins Proteom. 2010, 1804, 1405-1412. [CrossRef]

Harel, M.; Sonoda, L.K; Silman, I.; Sussman, J.L.; Rosenberry, T.L. Crystal Structure of Thioflavin T Bound to the Peripheral
Site of Torpedo Californica Acetylcholinesterase Reveals How Thioflavin T Acts as a Sensitive Fluorescent Reporter of Ligand
Binding to the Acylation Site. J. Am. Chem. Soc. 2008, 130, 7856-7861. [CrossRef] [PubMed]

Takashima, Y.; Martinez, V.M.; Furukawa, S.; Kondo, M.; Shimomura, S.; Uehara, H.; Nakahama, M.; Sugimoto, K.; Kitagawa, S.
Molecular Decoding Using Luminescence from an Entangled Porous Framework. Nat. Commun. 2011, 2, 168. [CrossRef]

Fang, M.-M.; Yang, J.; Li, Z. Recent Advances in Purely Organic Room Temperature Phosphorescence Polymer. Chin. J. Polym. Sci.
2019, 37, 383-393. [CrossRef]

Wang, Y.,; Yang, ].; Tian, Y.; Fang, M.; Liao, Q.; Wang, L.; Hu, W,; Tang, B.Z.; Li, Z. Persistent Organic Room Temperature
Phosphorescence: What Is the Role of Molecular Dimers? Chem. Sci. 2020, 11, 833-838. [CrossRef]

Xie, Y.; Li, Z. The Development of Mechanoluminescence from Organic Compounds: Breakthrough and Deep Insight. Mater.
Chem. Front. 2020, 4, 317-331. [CrossRef]

Liu, Y.; Xiao, X.; Ran, Y.; Bin, Z.; You, J. Molecular Design of Thermally Activated Delayed Fluorescent Emitters for Narrowband
Orange-Red OLEDs Boosted by a Cyano-Functionalization Strategy. Chem. Sci. 2021, 12, 9408-9412. [CrossRef] [PubMed]
Chakraborty, S.; Bhattacharjee, D.; Hussain, S.A. Formation of Nanoscale Aggregates of a Coumarin Derivative in Langmuir-
Blodgett Film. Appl. Phys. A 2013, 111, 1037-1043. [CrossRef]

Yang, J.; Huang, J.; Li, Q.; Li, Z. Blue AlEgens: Approaches to Control the Intramolecular Conjugation and the Optimized
Performance of OLED Devices. J. Mater. Chem. C 2016, 4, 2663-2684. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

195



@ nanomaterials WW\D\PH
P

Article

Synthesis of Aluminum-Based Metal-Organic Framework
(MOF)-Derived Carbon Nanomaterials and Their Water
Adsorption Isotherm

Dasom Jeong 12, Seong Cheon Kim 13, Taeseop An !, Dongho Lee #, Haejin Hwang 2, Siyoung Q. Choi 3°
and Jeasung Park -

1 Green and Sustainable Materials R&D Department, Korea Institute of Industrial Technology (KITECH),

Cheonan 31056, Republic of Korea; jdasom0130@kitech.re.kr (D.].); grey@kitech.re kr (5.C.K.);

ats2660@kitech.re.kr (T.A.)

Department of Materials Science and Engineering, INHA University, Incheon 22212, Republic of Korea;

hjhwang@inha.ac.kr

Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of Science and

Technology (KAIST), Daejeon 34141, Republic of Korea; sqchoi@kaist.ac.kr

4 Process R&D Center, Hanwha Solutions R&D Institute, Daejeon 34128, Republic of Korea; dhlee@hanwha.com

5 KAIST Institute for the Nanocentury, Korea Advanced Institute of Science and Technology (KAIST),
Daejeon 34141, Republic of Korea

*  Correspondence: jpark@kitech.re.kr

Abstract: The characteristics of water vapor adsorption depend on the structure, porosity, and
functional groups of the material. Metal-organic framework (MOF)-derived carbon (MDC) is a novel
material that exhibits a high specific area and tunable pore sizes by exploiting the stable structure and
porosity of pure MOF materials. Herein, two types of aluminum-based MOFs were used as precursors
to synthesize hydrophobic microporous C-MDC and micro-mesoporous A-MDC via carbonization
and activation depending on the type of ligands in the precursors. C-MDC and A-MDC have different
pore characteristics and exhibit distinct water adsorption properties. C-MDC with hydrophobic
properties and micropores exhibited negligible water adsorption (108.54 mgg ') at relatively low
pressures (P/Py~0.3) but showed a rapid increase in water adsorption ability (475.7 mgg~!) at
relative pressures of about 0.6. A comparison with the isotherm model indicated that the results were
consistent with the theories, which include site filling at low relative pressure and pore filling at high
relative pressure. In particular, the Do-Do model specialized for type 5 showed excellent agreement.

Keywords: metal-organic framework (MOF); MOF-derived carbon (MDC); CAU-10-H; aluminum-
fumarate; water adsorption; isotherm model

1. Introduction

Porous materials have received considerable attention in various fields, including in
the environmental and energy sectors, owing to their potential for addressing a range of
environmental issues [1]. In particular, porous materials with excellent physical water ad-
sorption capabilities and high chemical stability have attracted attention for applications in
adsorption cooling, desalination, and desiccant air-cooling systems [2—4]. The performance
of an adsorbent is determined by its ability to adsorb water at different pressure ranges,
depending on the specific application requirements [5].

Metal-organic frameworks (MOFs) are a class of potential materials used as adsorbents.
They are porous coordination polymers composed of inorganic metal ions or metal clusters
and organic ligands linked together to form three-dimensional crystalline frameworks.
MOFs exhibit high chemical stability owing to high surface area and well-ordered structure
and have advantageous properties, such as tunable porosity and modified functional
groups [6-8]. Materials used as adsorbents must have an appropriate pressure range to
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suit the intended application. Various studies have reported the modification of functional
groups in MOFs for adjusting the relative pressure range by exploiting their hydrophobic
or hydrophilic properties [9,10]. However, controlling the relative pressure range has
limitations because the range is not very wide, and it can adversely affect the water
adsorption capacity [11].

MOFs can be transformed into more stable nanomaterials such as carbon materials,
metal oxides, and hybrid materials, as required. MOF-derived materials can be manufac-
tured without additional templates. Moreover, the size and volume of their pores can be
freely controlled, and hence, they can be used for doping and hybridization [12-14]. Owing
to these characteristics, MOF-derived materials have received considerable attention and
have been widely studied in the fields of electrochemical energy storage and conversion
devices, including supercapacitors, batteries, and fuel cells [15,16]. Among them, MOF-
derived carbon (MDC) is a novel carbon material that utilizes the stable structure and
porosity of pure MOFs and exhibits a high specific surface area and tunable porosity [17].
The properties of the MDC depend on the structure of the precursor material, the MOF. In
addition, various structures can be formed using different heat treatments and activation
conditions, although the underlying reasons for this structure-forming phenomenon are not
yet fully understood. Hence, MDCs have garnered considerable attention in the fields of
electrochemistry and energy, where excellent electrical conductivity and porous carbon are
necessary [15,18,19]. While various studies have investigated the water adsorption proper-
ties of biomass-derived activated carbon, there is a lack of research on the water adsorption
properties of MDCs [20-23]. The properties and composition of biomass-derived activated
carbon can vary due to natural environmental factors, making it difficult to control the pore
size. However, MDCs can be manufactured with consistent properties and compositions,
and thus have a competitive advantage for commercial use.

According to the International Union of Pure and Applied Chemistry (IUPAC), there
are seven types of isotherm water vapor adsorption curves [24]. Types 1, 2, 4, and 6 rep-
resent the water adsorption properties of hydrophilic materials that exhibit adsorption at
relatively low pressures. In contrast, types 3, 5, and 7 represent the water adsorption proper-
ties of hydrophobic materials that do not exhibit water adsorption at low relative pressures
and show adsorption characteristics as the relative pressure increases [25]. The adsorption
mechanism also varies depending on pore size. Carbon materials with micropores exhibit
a sharp increase in water adsorption in the relative pressure range of 0.6, whereas carbon
materials with mesopores demonstrate high water adsorption characteristics at a relative
pressure of ~0.8, and materials with macropores show high water adsorption properties at
relative pressures above 0.9 [26,27].

CAU-10-H is a MOF composed of aluminum clusters and isophthalic acid organic
ligands. CAU-10-H exhibits excellent chemical and water stability. Because of the low cost
of aluminum salts and isophthalate ligands, it is an excellent material for commercial use.
CAU-10-H comprises helical chains of -cis corner-sharing AlOg octahedra interconnected
by isophthalate ions, forming a three-dimensional structure with one-dimensional channels
of spherical shape measuring 4.0 x 7.0 A [9,28-30].

Aluminum-fumarate (Al-fu) is a MOF composed of aluminum clusters and fumaric
acid organic ligands. The manufacturing costs of Al-fu are low because aluminum is
used as the metal cluster, similar to that in CAU-10-H. Al-fu exhibits high chemical
and water stability and excellent water adsorption capabilities. Al-fu comprises helical
chains of -trans corner sharing AlOg octahedra interconnected by fumarate ions, forming a
three-dimensional structure with one-dimensional channels of spherical shape measuring
5.7 x 6.0 A [31,32].

Large-scale synthesis of the two aluminum-based MOFs (CAU-10-H and Al-fu) is
feasible owing to the low cost of ligands and metal salts, along with an eco-friendly synthe-
sis process using water as the solvent. Hence, they have a high potential for commercial
development [S.1, S.2].
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In this study, we synthesized MDCs via carbonization and activation using two
aluminum-based MOFs as pure materials. The synthesized MDCs exhibited different struc-
tures and pore characteristics owing to the differences in the structure and elements of the
precursor MOFs. Differences in pore distribution led to distinct water adsorption properties
governed by the water adsorption mechanism. We analyze the pore structure, physical
and chemical properties, and their correlation with the water adsorption mechanism and
demonstrate the potential of MDCs as water adsorbents.

2. Materials and Methods
2.1. Materials

The reagents used for the synthesis were aluminum sulfate 14-18 H,O (51.0-57.5%,
SAMCHUN, Pyeongtaek-si, Republic of Korea), sodium aluminate (38.0-42.0% Na,O,
51.0-55.0% Al,O3, JUNSEI, Tokyo, Japan), isophthalic acid (99.0%, SAMCHUN, Seoul,
Republic of Korea), sodium hydroxide (98.0%, SAMCHUN, Republic of Korea), fumaric
acid (99.0%, SAMCHUN, Republic of Korea), urea (99.0%, SAMCHUN, Republic of Korea),
ethanol (94.0%, DUKSAN, Seoul, Republic of Korea), and deionized water.

2.2. Synthesis of CAU-10-H

CAU-10-H was synthesized via a procedure described in the literature with water as
the solvent [33]. The CAU-10-H was formed via the coordination bonding of aluminum
clusters and organic ligands, with sodium hydroxide acting as a modulator.

Sol. 1: 3.6 g (0.090 mol) of sodium hydroxide was added to 90 mL of deionized water in
a 200 mL beaker and dissolved for 1 h. Subsequently, 7.476 g (0.045 mol) of isophthalic acid
was added to the solution and dissolved at 35 °C for 3 h. Sol. 2: in another 100 mL beaker,
11.263 g (0.017 mol) of aluminum sulfate was dissolved in 33.75 mL of deionized water.
Sol. 3: in another 100 mL beaker, 0.922 g (0.011 mol) of sodium aluminate was dissolved
in 22.5 mL of deionized water. Solution 1 and 7.5 mL ethanol were mixed in a three-neck
flask and stirred for 10 min. Thereafter, solutions 2 and 3 were added simultaneously, and
the mixture was refluxed in an oil bath of 160 °C for 20 h. The synthesized solution was
washed twice with deionized water and ethanol, filtered using a paper filter, and dried in a
vacuum oven at 80 °C overnight to obtain CAU-10-H.

2.3. Synthesis of Aluminum Fumarate MOF

Al-fu was synthesized via a reflux reaction. Al-fu was formed via the coordination
bonding of aluminum clusters and the organic ligand, fumaric acid, with urea acting as
a modulator.

Next, 78.64 g (0.125 mol) of aluminum sulfate and 22.48 g (0.375 mol) of urea were
added to 400 mL of deionized water in a 600 mL of beaker and stirred until fully dissolved.
Next, 28.96 g (0.250 mol) of fumaric acid was added to the solution and stirred for 30 min at
25 °C. The mixture was then refluxed in an oil bath of 80 °C for 24 h, followed by refluxing
at 110 °C for another 24 h. The resulting solution was washed three times with deionized
water, filtered using a paper filter, and dried in a vacuum oven at 80 °C overnight to
obtain Al-fu.

2.4. Synthesis of MDCs

The CAU-10-H and Al-fu synthesized herein were used as precursors for synthesiz-
ing MDCs. C-14PF-50 (HANTECH, Ulsan, Republic of Korea) semi-tube furnace with a
tube size of 50 x 46 x 250 mm was used for carbonization, and nitrogen gas (99.999%)
was supplied at a flow rate of 200 cc/min. Sodium hydroxide (98.0%, SAMCHUN, Re-
public of Korea) was used as the wet etching solution for the carbonized CAU-10-H and
carbonized Al-fu.

To synthesize CAU-10-H MDC, 1 g of CAU-10-H in a ceramic boat was placed in the
tube furnace. The furnace is heated at a rate of 5 °C per minute until it reaches 900 °C,
and then the sample was carbonized at 900 °C for 3 h under a nitrogen atmosphere. The
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carbonized sample was cooled to room temperature and was poured into 100 mL of 8 M
sodium hydroxide solution and activated by stirring for 1 h at 95 °C. The activated sample
was washed thoroughly with deionized water, filtered using a paper filter, and dried
overnight in a vacuum oven at 80 °C to obtain CAU-10-H MDC.

Al-fu MDC was synthesized via carbonization of Al-fu at 800 °C for 3 h and activation
by stirring for 1 h at 90 °C in 10 M sodium hydroxide solution. The other synthesis
conditions were identical to those used for the synthesis of CAU-10-H MDC.

Hereafter, the CAU-10-H MDC is referred to as C-MDC, and the Al-fu MDC is referred
to as A-MDC.

2.5. Material Characterization

The crystal structures of the MOFs and MDCs were examined via X-ray diffraction
(XRD) analysis with Cu-Ka radiation, current of 30 mA, and voltage of 40 kV using a
LabX XRD-6100 (Shimadzu, Kyoto, Japan); the scan mode was continuous with 26 in the
range 3-80° and the measurement speed was 10°/min. The elemental composition and
chemical bonding states of the sample surfaces were investigated via X-ray photoelectron
spectroscopy (XPS) using a K-Alpha instrument (Thermo Fisher Scientific, Waltham, MA,
USA) with an Al X-ray source (1486.7 eV). The microstructure and distribution of com-
ponents in the MOFs and MDCs were analyzed via FE-SEM and EDS using JSM-6701F
(JEOL, Tokyo, Japan). The carbon, nitrogen, hydrogen, and oxygen contents of the MOFs
and MDCs were examined via elemental analysis (EA) using a FlashSmart™ Elemental
Analyzer (Thermo Fisher Sciencific, Waltham, MA, USA). Each sample was measured
three times and the average value was used for quantitative calculations. The presence of
functional groups on the MDC sample surfaces was investigated by measuring the infrared
absorption via FTIR analysis. A Nicolet 6700 (Thermo Fisher Scientific, Waltham, MA,
USA) was used for the FTIR analysis, and measurements were performed in the attenuated
total reflectance measurement mode in the range of 4000-660 cm~ L. The pore size, volume,
and distribution of the MOFs and MDCs were determined via nitrogen gas adsorption
(77 K) analysis using a BELSORP MAX (MicrotracBEL, Osaka, Japan). Before the analysis,
all samples were pretreated under vacuum conditions at 180 °C for 8 h. TEM and EDS
analyses were conducted using a Tecnai G2 G30 S-Twin (FEI, Naples, Italy). Raman spec-
troscopy was conducted at a wavelength of 532 nm using a LabRAM Revolution (HORIBA,
Kyoto, Japan).

2.6. Water Vapor Adsorption Evaluation and Isotherm Model

The water adsorption capacities of the MOFs and MDCs were investigated via water
adsorption analyses using MicrotracBEL BELSORP MAX (MicrotracBEL, Osaka, Japan)
under isothermal conditions at 298 K and 308 K. The adsorption and desorption ranges
were set at relative pressures (P/Py) of 0-0.990 and 0.300-0.990, respectively. For pressure
measurement, 5 sensors with a range of 133 kPa (1000 Torr) and 2 sensors with a range of
1.33 kPa (10 Torr) were used, each having an error range of 0.15% and 0.5%, respectively.

Two theoretical models were used to validate the water sorption properties of the
MDCs obtained from the water adsorption analyses and further expand their practical ap-
plication range. The first model used was the Henry-Sips model, expressed as follows: [34]

1/n
_ sk p) 1 g) dn(Ksp/po) 1
q /5H<p0 +( ‘B)1+(Ksp/p0)l/n o)
K= Koexp<_RA;I> 2)
ﬁ:exp(—a’fo),HZA—O—]B, (©)]
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where g is the equilibrium adsorption capacity, g,; is maximum adsorption capacity, p is
the equilibrium pressure (in kPa), pg is the saturation pressure (in kPa), Ky is the Henry
constant, K; is the Sips constant, and 7 is the degree of surface nonhomogeneity.

The second model is the Do—-Do model, expressed by the following equation [35,36]:

Kex{1— (1+ p)xP 4 pxPt1}
(1- x){l + (Kf - 1>x — fongrl}

Ky x* )
1+ Ky x®’

0=f +(1-f) B> a. (4)

The R? values for the two modeling curves were calculated as follows.

2
Z;'n:l (qmeus,i - %ul,i)

R*=1- L )
szzl (Qmeas,i - qmms)
_ 1
T meas = %21':1 meas,i (6)

where m is the number of measured isotherms.
The isosteric enthalpy of adsorption (AH,;s) was calculated using the following

equation [37]:
AH,,. — RT? olnP _ R dlnP @
oT ot
qﬂ

where g% denotes the adsorption capacity at a given temperature, and the enthalpy of
adsorption at that point is calculated.

Repeated water adsorption and desorption analyses were conducted using a DVS
Intrinsic (Surface Measurement Systems, Wembley, UK) to test the water stability of the
MDCs. Prior to the analysis, the samples were dried with Ny gas (99.999%) at a flow rate
of 200 cc/min for 300 min until the dm/dt value reached 0.001. The cutoff condition for
each step was set at dm/dt = 0.005, and the relative humidity range was set at 10-90%. The
water adsorption and desorption cycle tests were repeated 100 times.

3. Results and Discussion

Figure 1 depicts a schematic of the synthesis of MDC, which was derived from a
precursor using MOF as a template via carbonization and activation. MDC maintains its
morphology without significant changes even after heat treatment, which is essential for
utilizing the porous properties of MOF.

Figure 2 shows the XRD patterns of CAU-10-H (which was used as a precursor) and
C-MDC (which was synthesized via carbonization and activation). As shown in Figure 2,
(a) sharp peaks were observed at 2 theta angles of 8.2°,9.2°, 11.6°, 12.3°, 15°, 16.4°, 17°,
17.5°,18.4°,18.5°,18.9°, and 22.3°, which correspond to the (200), (101), (220), (211), (301),
(400), (231), (330), (240), and (202) planes of CAU-10-H [38]. As shown in Figure 2b, the
sharp peaks of CAU-10-H were not observed after carbonization and the noise of the
peaks increased, whereas broad peaks at approximately 22° and 43° were observed. The
broad peak at 22° corresponds to an amorphous carbon structure, whereas the broad peak
near 43° corresponds to a graphitic structure (JCPDS No. 41-1487). These results suggest
that the bond between the aluminum clusters and organic ligands in the precursor was
broken during carbonization, leading to the dispersion of pure aluminum metal inside the
structure and the formation of an unstable amorphous carbon structure. The increase in the
noise of the peak is attributed to the impurities generated during carbonization covering
the surface. The intensity of the broad peak at 22°, corresponding to amorphous carbon,
and the broad peak near 43°, corresponding to the graphitic structure, were higher, and the
noise of the peaks was reduced after activation via wet etching. These results are attributed
to the removal of impurities that remained on the surface during activation.
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As shown in Figure 2c, sharp peaks were observed at 2 theta angles of 10.4°, 15°,
21°, 32°, and 43°, which correspond to the (011), (002), (022), (033), and (212) planes of
Al-fu [39]. As shown in Figure 2d, similar to that in the C-MDC XRD pattern, diffraction
peaks corresponding to the original crystal structure of MOF were not observed due to
the decomposition of the aluminum clusters and organic ligands of the precursor during
heat treatment, and an unstable amorphous carbon structure was formed. After activation
via wet etching, impurities were removed, and broad peaks were observed at 22° and 43°.
Unlike CAU-10-H, which has a benzene ring bond in its ligands, Al-fu has a different ligand
structure. Hence, the (002) plane corresponding to the amorphous carbon structure was
more distinct than the (101) plane corresponding to the graphitic structure. These results
indicate that the structure of the MDC produced through heat treatment and etching can
vary depending on the type of ligand.

Table 1 and Figure 3 present the results of the XPS analysis of the surface elements
and chemical bonding of CAU-10-H and its derivatives produced via carbonization and
activation. Figure 3b shows the carbon bonding state, wherein the peaks at 284.88 and
286.08 eV, respectively, indicate the presence of sp? and sp® carbon, in the ligands [40]. The
peak at 288.68 eV indicates the bond between carbon and oxygen in the framework. The
carbonization led to a partial cleavage of the sp? carbon bonds and a relative increase in the
proportion of sp® carbon. The proportion of sp® carbon was higher than that of the precursor
even after the removal of impurities during activation. Figure 3c shows the oxygen bonding
states, wherein the peak at 532.18 eV represents the carbon-oxygen bonding. The new
peak at 530.38 eV corresponds to aluminum oxide formed during carbonization [41,42].
Aluminum oxide can block the surface and pores, potentially hindering the full utilization
of pore characteristics. However, all impurities were removed after the activation process,
as confirmed by the absence of an aluminum oxide peak in Figure 3c. As a result, it was
confirmed that the formation of a carbonaceous structure on the surface of the C-MDC,
wherein the proportion of carbon was 90.35 (Table 1, Figure 3a).

Table 1. Elemental composition of CAU-10-H and its derivatives analyzed via XPS.

Samples (at. %/XPS) Cls O1s Al2p Total
CAU-10-H (CAU) 72.75 23.49 3.77 100
Carbonized CAU 69.23 20.2 10.55 100

Activated CAU (C-MDC) 90.35 9.65 0 100

Table 2 and Figure 4 present the results of XPS analysis of the surface elements and
chemical bonding of Al-fu and its derivatives produced via carbonization and activation.
The peaks at 284.08 eV and 285.18 eV, shown in Figure 4b, correspond to sp? and sp® carbon,
respectively, as the ligands consist of both single and double carbon bonds [43]. The peak
at 288.68 eV indicates the bond between carbon and oxygen in the framework. However,
compared to CAU-10-H, the carbonization of Al-fu resulted in a significant reduction in
sp? carbon bonding, leading to a remarkable increase in the proportion of sp> carbon.
Furthermore, even after the removal of impurities during activation, the proportion of sp3
carbon remained higher than that in the precursor. These differences in recombination
suggest that the structure of A-MDC may be more flexible than that of C-MDC, which may
affect the pore characteristics. As shown in Figure 4c, the peak at 532.08 eV corresponds to
the bond between carbon and oxygen. The new peak at 531.08 eV indicates the formation of
aluminum oxide during carbonization [44,45]. All these impurities were removed during
activation, as evidenced by the absence of the aluminum oxide peak in Figure 4d. As a
result, it was confirmed that the formation of a carbonaceous structure on the surface of the
A-MDC, wherein the proportion of carbon was 89.32% (Table 2, Figure 4a). Based on these
results, it is anticipated that the activation process will secure maximum pore volume by
removing impurities such as aluminum metals. Additionally, increasing carbon purity is
expected to enhance water adsorption capability.
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Table 2. Elemental composition of Al-fu and its derivatives analyzed via XPS.

70

68

Samples (at. %/XPS)

Cls

O1s Al2p Total
Al-fu (AF) 58.98 33.59 7.44 100
Carbonized AF 46.88 33.45 19.68 100
Activated AF (A-MDC) 89.32 10.68 0 100

Figure 5 shows the FE-SEM images of CAU-10-H, Al-fu, and their derivatives. As
shown in Figure 5a, CAU-10-H exhibits a cubic morphology with an average particle size of
3 um. As shown in Figure 5b,c, no significant morphological changes were observed after
carbonization and activation. The morphology of the MDC obtained from the precursor
MOF remained largely intact, demonstrating that the inherent porosity of the MOF structure
was preserved.

The Al-fu synthesis method used herein was different from previously reported meth-
ods. Hence, significant differences were observed between the morphologies of Al-fu
synthesized in this study and those reported in the literature. As shown in Figure 5d,
rectangular particles with a size of 1.5 x 2.5 um aggregated to form a flower-like shape,
which is attributed to the controlled nucleation and nucleation growth rate in our synthesis
method. Resting for 24 h before the reaction at a temperature lower than the reaction tem-
perature makes nucleation growth delay and allows sufficient nucleation. The temperature
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was subsequently increased to initiate nucleation growth after sufficient nucleation. Thus,
Al-fu with a uniform particle size was synthesized. As shown in Figure 5e, the particles
that constituted the flower-like shape separated into individual entities after carbonization;
however, the change in morphology was not significant. In addition, the morphology of
the precursor did not change after activation (Figure 5f). However, compared to C-MDC,
cracks were observed in the morphology of A-MDC after carbonization and activation.
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absence of any peaks (d).

The elemental compositions of CAU-10-H and its derivatives, obtained via EA and
EDS, are presented in Table 3. Structural changes during MDC synthesis were predicted
using the EA analysis results. The proportion of C, N, H, and O in carbonized CAU was
23.81 wt.% lower than that in CAU-10-H. This is expected because the cleavage of MOF
bonds results in an increase in the proportion of aluminum. In addition, the proportion of
carbon increases significantly owing to the removal of aluminum during activation. The
results of EDS analysis similarly indicate that the proportions of aluminum and oxygen
increase after carbonization. This suggests that the broken oxygen bonds combine with
aluminum to form aluminum oxide, which is expected to be freely dispersed on the surface.
Aluminum oxides are removed upon activation, and the EDS results indicate a higher
proportion of carbon, which is consistent with the EA results. Both EA and EDS can be used
for quantitative analysis of elements; however, EDS can only analyze the elements present
on the surface, and hence, there may be some differences in the obtained proportions.
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The elemental compositions of Al-fu and its derivatives are shown in Table 4. The
results are consistent with the results of the analyses of CAU-10-H and its derivatives. The
EA results confirmed that the increased aluminum generated during carbonization was
largely removed via activation, resulting in a higher carbon ratio in the final product. EDS
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analysis indicated that A-MDC was primarily composed of carbon, with aluminum and
oxygen present on the surface. The aluminum and oxygen on the surface formed aluminum
oxide during carbonization, which was removed during activation. These results suggest
that carbon is the primary constituent element of A-MDC.

Table 3. Elemental composition of CAU-10-H and its derivatives analyzed via EA and EDS.

Samples (wt.%/EA) C (0] N H Total
CAU-10-H (CAU) 45.44 (£0.01) 27.31 (£0.18) 0 2.66 (£0.03) 75.41
Carbonized CAU 41.66 (£0.09) 6.17 (£0.23) 0 0.83 (£0.06) 48.67

Activated CAU (C-MDC) 91.57 (£0.08) 3.88 (£0.08) 0 0.65 (£0) 96.10

Samples (wt.%/EDS) C (0] N Al Total
CAU-10-H (CAU) 66.61 30.12 0 3.27 100
Carbonized CAU 56.89 32.79 0 10.32 100
Activated CAU (C-MDC) 86.48 13.52 0 0 100

Table 4. Elemental composition of Al-fu and its derivatives analyzed via EA and EDS.

Samples (wt.%/EA) C (0] N H Total
Al-fu (AF) 29.90 (£0.05) 44.07 (£0.74) 0 1.96 (£0.09) 75.93
Carbonized AF 25.91 (£0.02) 7.74 (£0.30) 0 0.92 (£0.07) 34.34
Activated AF (A-MDC) 90.30 (£0.13) 5.17 (£0.29) 0.17 (£0.00) 1.07 (£0.00) 96.72
Samples (wt.%/EDS) C (0] N Al Total
Al-fu (AF) 29.84 52.32 0 17.84 100
Carbonized AF 37.80 40.10 0 22.10 100
Activated AF (A-MDC) 88.27 11.73 0 0 100

Fourier-transform infrared (FT-IR) analysis was conducted to identify the organic
ligands of the MOF and the functional groups on the surface of the materials. The results
for CAU-10-H, C-MDC, Al-fu, and A-MDC are shown in Figure 6. As shown in Figure 6a,
various peaks were observed for CAU-10-H. The peak at 3621 cm~! corresponds to p-
OH vibrations of the aluminum oxide (AlOg) clusters and water, whereas the peaks at
1558 cm~! and 1403 cm ™! correspond to the asymmetric and symmetric vibrations of the
coordination carboxylate groups, respectively [10,46]. In contrast, no peaks were observed
for C-MDC, which indicates the formation of a hydrophobic carbon material without any
functional groups on the surface.

Various peaks were also observed for Al-fu (Figure 6b). The peak at 3706 cm ™! corre-
sponds to the p-OH vibrations of the aluminum oxide (AlOg) clusters and water, whereas
the peaks at 1596 cm~! and 1423 cm~! correspond to the asymmetric and symmetric
stretching of carboxylic groups, respectively. The peak at 987 cm~! corresponds to O-H
bending [47—49]. Similar to that in C-MDC, the absence of peaks in the FTIR results of
A-MDC after chemical treatment suggests the presence of a hydrophobic carbon material.

The structural defects and crystallinity of the carbon materials were determined from
Raman spectroscopy results. The D band (1320 cm™!) corresponds to structural defects
or amorphous carbon, whereas the G band (1590 cm~!) corresponds to graphitic ordered
carbon. The ratio Ip/Ig, which represents the intensity of the D band normalized to that
of the G band, indicates the presence of structural defects in carbon. A higher Ip /I ratio
suggests a higher level of structural imperfections [50-52]. The Ip /I ratio of A-MDC is
higher than that of C-MDC. This implies that the structural changes in C-MDC are minimal,
even after thermal and chemical treatments, whereas the structural changes in A-MDC are
expected to be considerable. These structural defects may influence the pore structure of
the carbon materials, suggesting that A-MDC may have larger pores than C-MDC.
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Figure 6. FT-IR results of CAU-10-H and C-MDC (a); FT-IR results of Al-fu and A-MDC; (b), Raman
spectroscopy of C-MDC and A-MDC (c).

The TEM images and results of EDS mapping revealed that both synthesized C-MDC
and A-MDC predominantly consisted of carbon, which is consistent with the particle size
observed in SEM analysis (Figure 7a,c). The SAED patterns, which are in good agreement
with the XRD results, further confirm the presence of amorphous carbon in both the MDC
materials (Figure 7b,d).

Figure 8a—c show the results of the isothermal nitrogen adsorption and desorption
analyses for CAU-10-H, Al-fu, and its derivatives. The specific surface areas, pore sizes,
and pore volumes of CAU-10-H and its derivatives are summarized in Table 5. As shown
in Figure 8a, both CAU-10-H and C-MDC exhibit adsorption characteristics at relative
pressures below 0.05, indicating microporous characteristics. The nitrogen adsorption ca-
pacity decreased during carbonization because pure aluminum metal and other impurities
produced by the decomposition of aluminum clusters and organic ligand linkers during
carbonization occupy pores of the structure, thereby blocking the pores. In contrast, the
nitrogen adsorption capacity increased significantly after activation because the metallic
and impurity components that blocked the pores were removed by the alkaline NaOH
solution. Compared to the precursor, C-MDC exhibited a considerably higher nitrogen
adsorption capacity, which is primarily attributed to the additional surface area resulting
from the removal of aluminum clusters. This hypothesis can be further supported by the
Horvath-Kawazoe (HK) plot in Figure 8b. The pore size of CAU-10-H, as confirmed by the
HK plot, was 1.708 nm, whereas that of C-MDC was 2.043 nm. Figure 8c shows the overall
pore size distribution obtained from NLDFT calculations. The results further confirm the
increase in pore size and volume after activation. Consequently, the specific surface area

207



Nanomaterials 2023, 13, 2351

of C-MDC (1653.2 m?g~!) was approximately 2.5 times higher than that of the precursor
(677.77 m2g~1).

Carbon Carbon

f——————i 500 nm I —————— 500 nm

Bl

Figure 7. Results of TEM analysis. TEM images of C-MDC (a,b) and A-MDC (c,d). The insets show
the EDS mapping and SAED pattern.

Table 5. BET surface area, pore size, and pore volume of CAU-10-H and its derivatives.

Sger [m?g—1] Viotal [em3g~1] Dave [nm]
CAU-10-H (CAU) 677.77 0.2894 1.7078
Carbonized CAU 241.51 0.1234 2.0430
Activated CAU (C-MDC) 1653.2 0.7291 1.7640

The specific surface areas, pore sizes, and pore volumes of Al-fu, and its deriva-
tives are summarized in Table 6. Similar to that observed for C-MDC, aluminum oxides
produced during carbonization blocked the pores, leading to a decrease in overall pore
characteristics (Figure 8d). However, in contrast to C-MDC, A-MDC exhibited a hysteresis
loop and nitrogen adsorption characteristics at relative pressures of 0.5 or higher. The
hysteresis loop is more evident once the impurities were removed via activation. This
demonstrates mesoporous characteristics that were not observed in Al-fu, as indicated
by the Barrett-Joyner—-Halenda (BJH) plot shown in Figure 8e. The BJH plot shows that,
compared to the precursor, the number of mesopores (4, 8 nm) increased considerably
after carbonization and activation. Figure 8f shows the pore sizes and volumes obtained
from NLDEFT calculations. In A-MDC, the number of mesopores and micropores has sig-
nificantly increased. Consequently, the BET (Brunauer, Emmett, and Teller) surface area
(1736.6 m?g~1) of A-MDC produced through carbonization and activation was approxi-
mately 1.5 times higher than that of the precursor (1103.1 m?g~1).
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Figure 8. N, adsorption and desorption isotherm at 77 K. Isotherm adsorption and desorption curve
(a); HK Plot (b); NLDEFT calculation (c) of CAU-10-H and its derivatives, isotherm adsorption and
desorption curve (d); BJH Plot (e); NLDFT calculation (f) of Al-fu and its derivatives.
Table 6. BET surface area, pore size, and pore volume of Al-fu and its derivatives.
SBET [ng*I] Viotal [cm3g*1] Daye [nm]
Al-fu (AF) 1103.1 0.4664 1.6911
Carbonized AF 365.37 0.4328 4.7385
Activated AF (A-MDC) 1736.6 1.8394 4.2366
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The pore structures of the synthesized MDCs were significantly different despite the
identical aluminum metal clusters of the CAU-10-H and Al-fu precursors. This difference
can be attributed to the organic ligands of MOFs. Isophthalic acid, employed in the
synthesis of CAU-10-H, is an organic ligand with a benzene ring. In contrast, fumaric
acid, utilized in the synthesis of Al-fu, is an organic ligand with carbon double bonds but
without a benzene ring. Hence, CAU-10-H retains its structural integrity even after heat
treatment because the benzene rings are resistant to thermal degradation. In contrast, Al-fu,
which comprises ligands with carbon double bonds, is susceptible to structural changes
after heat treatment because carbon double bonds are susceptible to thermal cleavage. This
difference is closely related to the cracking observed on the surface of A-MDC but not on
the surface of C-MDC in the FE-SEM images.

CAU-10-H and Al-fu MOF have been extensively studied as water adsorbents owing to
their excellent stability and adsorption capacity for water. The water adsorption mechanism
of carbonaceous materials is well known, and the water adsorption characteristics of MOFs
and carbon materials are closely related to their pore structures and functional groups on the
surface. CAU-10-H exhibited steeply increasing adsorption properties at relative pressures
between 0.1 and 0.2 and no hysteresis loops in the adsorption and desorption curves.
This suggests that the water adsorption mechanism of CAU-10-H is primarily influenced
by its pore characteristics. However, the water adsorption properties of C-MDC were
completely different. C-MDC exhibited continuous water adsorption at relative pressures
below 0.3, with a remarkable increase in water adsorption around relative pressures of
0.4-0.6 (Figure 9a). The increase in water adsorption at relative pressures greater than
0.8 was not significant. This trend closely resembles the trends observed for type 5 carbon.
Water adsorption by type 5 carbon occurs via (i) the adsorption of water molecules on
functional groups on the carbon surface and the growth of clusters at low relative pressures
(P/Py > 0.3). This is due to the fact that as more water is adsorbed, individual water
molecules begin to interact with each other by hydrogen boing, leading to the formation
and growth of clusters. And (ii) the adsorption of water in micropore pores around relative
pressures P/Py < 0.8 [26]. In particular, there are differences in the adsorption range based
on the size of micropores, and the synthesized C-MDC has pore sizes ranging from 1.1
nm to 2 nm. Therefore, it exhibits a rapid adsorption ability at relative pressures of 0.6
and above. Carbon materials with micropores smaller than 1.1 nm start adsorbing water
at relative pressures below 0.6, but the quantity is not significant (Figure 9¢c). On the
other hand, C-MDC with micropores larger than 1.1 nm demonstrates a higher adsorption
capacity [27]. Hence, a limited number of functional groups might be present on the
surface of C-MDC. These results can be predicted because most functional groups on the
surface were removed by wet etching The hypothesis on the microporous characteristics
was substantiated by analyzing the pore properties of C-MDC that were obtained from the
nitrogen adsorption isotherm analyses.

Al-fu shows a steeply increasing water adsorption behavior in the relative pressure
range of 0.2-0.3, similar to the behavior observed in CAU-10-H MOF, indicating that the
water adsorption mechanism is governed primarily by pore characteristics. In contrast, the
water adsorption of A-MDC is relatively low at relative pressures lower than 0.3, begins to
increase at a relative pressure of 0.6, and increases significantly at relative pressures higher
than 0.8 (Figure 9b). This behavior resembles the behavior observed for type 3 carbon.
Type 3 carbon denotes hydrophobic carbon which exhibits (i) minimal water adsorption
in the relative pressure range of P/ Py < 0.3 owing to the scarcity of functional groups on
the surface; (ii) water adsorption in the micropores of the material in the relative pressure
range of 0.6-0.8; and (iii) water adsorption in the mesopores at relative pressures P/Pg > 0.8.
Moreover, the adsorption and desorption processes exhibit a hysteresis loop, which is a
typical feature of mesoporous carbon materials and is attributed to capillary phenomena.
Hence, it can be inferred that A-MDC possesses both micropores and mesopores, rendering
it a hydrophobic carbon material, which agrees well with its previously described attributes.
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Figure 9. Water vapor adsorption and desorption isotherm curve at 298 K. CAU-10-H, C-MDC (a), Al-fu,
A-MDC (b), compared with various carbon materials which have different sizes of pores (c) [27].

Although the total amount of water adsorption is much higher in A-MDC than in C-
MDC, the relative pressure range of adsorption is crucial for commercially used adsorbents.
This is because the energy required for adsorption at different relative pressures varies
considerably, which is important from an economic perspective. Therefore, C-MDC may
be a better adsorbent candidate than A-MDC. Furthermore, C-MDC exhibits high water
adsorption characteristics in the relative pressure range of 0.45-0.65, which is the desired
range for indoor dehumidification adsorbents. Therefore, in this study, C-MDC was selected
as the candidate water adsorbent. Additional water adsorption modeling simulations were
conducted, and the adsorption enthalpy was calculated.

Comparing experimental and analytical data with existing theories increases the
reliability of the data and is crucial for broader applications. Moreover, relying solely on a
single standardized model to compare and predict the properties of a newly synthesized
material may lead to significant errors. Therefore, two models related to the characteristics
of pores and functional groups, which are important features of the synthesized samples,
have been applied in this study.

The first model, known as the Henry-Sips model, is a hybrid adsorption model that
combines the theories of two water adsorption mechanisms. The model equation includes
parameters representing Henry’s law, which describes physical site adsorption from a
thermodynamic perspective, and the Sips parameter, which represents adsorption by filling
only the micropores. The parameters of the Henry—Sips model are presented in Table 7, and
the analysis and modeling results at 298 K and 308 K are depicted in Figure 10a. Among the
parameters, the value of K is larger than the values of 3 and Kyy. This is because the values
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of 3 and Ky are determined by Henry’s law, which represents adsorption by functional
group sites. However, the value of K is determined by the Sips law, which represents
adsorption due to the filling of micropores. The Henry-Sips model exhibits a good fit, with
R? values of 0.9929 and 0.9921 at 298 K and 308 K, respectively.

Table 7. The Henry—Sips model fitting parameters.

Henry-Sips B Kn qm Ks A
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Figure 10. Equilibrium adsorption isotherm curves of water vapor on C-MDC. Symbols and lines
represent experimental data and predicted isotherms data by Henry-Sips model (a) and Do-Do
model (b), respectively.

The second model, known as the Do-Do model, demonstrates excellent compatibility
of water adsorption for type 5 carbons, which are hydrophobic microporous carbon ma-
terials. Similar to the Henry-Sips model, the Do-Do model suggests that the initial site
adsorption occurs on the functional groups, followed by a sharp increase in adsorption at
high pressure through capillary condensation. The parameters of the Do-Do model are
listed in Table 8, and the analysis and modeling results at 298 K and 308 K are compared in
Figure 10b. In the Do-Do model, f and K represent the adsorption at the sites, while K, «,
and (3 represent the pore adsorption. Hence, the values of f and K¢ are small enough to be
ignored, whereas the values of K, «, and f3 related to pore adsorption are relatively large.
This observation adequately explains the water adsorption characteristics of hydrophobic
C-MDC. The Do-Do model exhibits excellent compatibility, with R? values of 0.9989 and
0.9990 at 298 K and 308 K, respectively. Therefore, it can be concluded that the C-MDC
synthesized in this study possesses properties that closely resemble those of hydrophobic
microporous materials.

Table 8. The Do-Do model fitting parameters.

4.0 4.5

5.0

Do-Do

f Kf Kp [0 4

298 K
308 K

0.0383 0.0063 0.1058 0.6914
0.0388 29530 x 1072 0.0556 1.0466

10.769
9.6265

The heat of adsorption is a crucial factor in process design. The isosteric adsorption
enthalpy of C-MDC was calculated based on the water adsorption data at 298 K and 308 K
using the Clausius-Clapeyron equation, and the results are shown in Figure 11a. The initial
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adsorption enthalpy was —43.81 kJ /mol and did not change considerably with an increase
in adsorption. Typically, values in the range of —80 to —400 kJ/mol indicate chemical
adsorption, whereas values greater than —80 kJ/mol suggest physical adsorption [53].
Hence, it can be inferred that the water adsorption by C-MDC is predominantly physical,
which supports the previously described mechanism wherein water adsorption is primarily
attributed to physical adsorption.
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Figure 11. Isosteric adsorption enthalpy (a) and the adsorption and desorption cycle test to assess
the stability of adsorption on C-MDC (b).

Water stability is an important factor for adsorbents. The water stability of C-MDC
was analyzed via dynamic vapor sorption analysis by measuring the water sorption and
desorption cycles in the P/ Py range from 10-90 (Figure 11b). The changes in weight during
the first and 100th cycles were 51.14% and 50.04%, respectively (Table 9). It was confirmed
that 97.84% of the initial water sorption was maintained over 100 cycles, and the difference
between the kinetics during the initial and subsequent cycles was not significant. This
confirms the stability and consistency of the water sorption and desorption capacities of
C-MDC. These results are considered valuable because water stability is a crucial factor for
potential commercial applications of C-MDC.

Table 9. Changes in water adsorption and desorption after cycle test for C-MDC.

Change in Mass (%) Target
5 5 C-MDC
Desorption Sorption PIPy (%)
2.66 2.38 10.0
5352 5352 90.0 Cyclel
3.37 3.07 10.0
53.11 53.11 90.0 Cycle 100

4. Conclusions

In this study, a comprehensive investigation was conducted to examine the pore
characteristics of MDCs synthesized via carbonization and activation. The influence of var-
ious ligands used in the construction of aluminum-based organic/inorganic nanoporous
materials (MOFs) was investigated. CAU-10-H, synthesized with isophthalic acid lig-
ands containing benzene rings, maintains its structure without significant changes even
after thermal treatment because of the preservation of its bonds. The removal of the
aluminum clusters creates additional space, allowing for the expansion of the size and
volume of the micropores. In contrast, Al-fu prepared using fumaric acid ligands contain-
ing double bonds exhibits structural changes during thermal treatment. The relatively
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weak carbon bonds break and reform, leading to the formation of mesopores which are
absent in the MOF precursor. This results in a significant increase in pore volume and
specific surface area. Based on these results, the microporous C-MDC was evaluated as
a water adsorbent and isothermal water adsorption modeling was explored for extended
usage. With its high water adsorption capacity in the relative pressure range of 45-65%,
C-MDC demonstrates the potential for utilization as an indoor humidity control desic-
cant. In addition, the simulation results of the Do—-Do model, specifically optimized for
type 5 adsorption, showed excellent compatibility. The large-scale synthesis of MDC based
on MOFs proposed in this study has the potential to guide the applications of MDC as
water adsorbents.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/nano13162351/s1, S.1. Large-scale synthesis of aluminum fumarate MOF
(Al-fu). S.2. Large-scale synthesis of A-MDCs; Figure S1: 100 L reflux reactor used for large-scale
synthesis of Al-fu; Figure S2: HRTF-180/60 (HANTECH, Korea) rotary furnace used for large-scale
carbonization of Al-fu; Figure S3: Characteristics of large-scale synthesized Al-fu MOF. XRD pattern
(a), FE-SEM image (b), nitrogen adsorption isotherm curve at 77 K (c), and NLDFT calculation (d);
Figure S4: Characteristics of carbonized AF and activated AF (A-MDC) (50 g of Al-fu MOF placed in
the rotary furnace). XRD pattern (a) and FE-SEM image (b) of carbonized AF, XRD pattern (c) and
FE-SEM image (d) of activated AF (A-MDC); Figure S5: Nitrogen adsorption isotherm of activated
AF (A-MDC) (50 g of Al-fu MOF placed in the rotary furnace). Isotherm curve at 77 K (a), NLDFT
calculation (b), and BJH plot (c); Figure S6: Characteristics of carbonized AF and activated AF
(A-MDC) (300 g of Al-fu MOF placed in the rotary furnace). XRD pattern (a) and FE-SEM image
(b) of carbonized AF, XRD pattern (c) and FE-SEM image (d) of activated AF (A-MDC); Figure S7:
Nitrogen adsorption isotherm of activated AF (A-MDC) (300 g of Al-fu MOF placed in the rotary
furnace). Isotherm curve at 77 K (a), NLDFT calculation (b), and BJH plot (c); Figure S8: Nitrogen
adsorption isotherm of activated AF (A-MDC) (600 g of Al-fu MOF placed in the rotary furnace).
Isotherm curve at 77 K (a), NLDFT calculation (b), and BJH plot (c); Table S1: BET surface area, total
pore volume, and average pore size of large-scale synthesized Al-fu, and its derivatives; Figure S9:
The structure of CAU-10-H; Figure S10: The structure of Al-fu MOF.
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Abstract: Telomerase is constitutively overexpressed in the majority of human cancers and telomerase
inhibition provides a promising broad-spectrum anticancer therapeutic strategy. BIBR 1532 is a well-
known synthetic telomerase inhibitor that blocks the enzymatic activity of hTERT, the catalytic
subunit of telomerase. However, water insolubility of BIBR 1532 leads to low cellular uptake and
inadequate delivery and thus, limits its anti-tumor effects. Zeolitic imidazolate framework-8 (ZIF-8)
is considered as an attractive drug delivery vehicle for improved transport, release and anti-tumor
effects of BIBR 1532. Herein, ZIF-8 and BIBR 1532@ZIF-8 were synthesized, respectively, and the
physicochemical characterizations confirmed the successful encapsulation of BIBR 1532 in ZIF-8
coupled with an improved stability of BIBR 1532. ZIF-8 could alter the permeability of lysosomal
membrane probably by the imidazole ring-dependent protonation. Moreover, ZIF-8 encapsulation
facilitated the cellular uptake and release of BIBR 1532 with more accumulation in the nucleus. BIBR
1532 encapsulation with ZIF-8 triggered a more obvious growth inhibition of cancer cells as compared
with free BIBR 1532. A more potent inhibition on hTERT mRNA expression, aggravated G0/G1
arrest accompanied with an increased cellular senescence were detected in BIBR 1532@ZIF-8-treated
cancer cells. Our work has provided preliminary information on improving the transport, release
and efficacy of water-insoluble small molecule drugs by using ZIF-8 as a delivery vehicle.

Keywords: ZIF-8; drug loading; transport; protonation effect; telomerase inhibitor

1. Introduction

Telomerase, a reverse transcriptase ribonucleoprotein complex, plays an important
role in maintaining the telomere length in cells with high replicative potentials. Since its
discovery in 1985 [1], telomerase has become an attractive target for new and more effective
anticancer therapies due to its high associations with tumor development [2,3]. Cancer cells
could acquire the self-proliferative capability via telomerase activation-dependent telomere
length maintenance mechanisms. Considering that telomerase is constitutively overex-
pressed in the vast majority of human cancers [4-7], targeting the telomere/telomerase
machinery offers a promising broad-spectrum anticancer therapeutic strategy by promoting
telomere shortening, senescence and apoptosis. Human telomerase reverse transcriptase
(hTERT) [8], the catalytic subunit of telomerase, plays a major role in telomerase acti-
vation in human cancers. Therefore, hTERT is considered a key target for telomerase
inhibition-based cancer treatment [9].
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Much work has been done on targeting telomerase to cure cancer, but unfortunately,
no sufficiently potent and highly selective telomerase inhibitor has been available in clinic
yet [10]. First, it takes a long time for telomerase inhibitors to shorten telomeres. Especially
in tumors with long telomeres or long doubling times, the efficacy is always delayed [11-13].
Second, telomerase-mediated telomere elongation is not the only mechanism involved
in tumorigenesis. In a small number of human tumors, telomerase shortening caused
by long-term and low-dose treatment with telomerase inhibitors can be compensated by
activation of alternative lengthening of telomere (ALT) [14-16]. It is clear that time and
dose are important factors influencing the efficacy of telomerase inhibitors. BIBR 1532 is a
well-known non-nucleosidic, non-peptidic telomerase inhibitor. It can bind to a conserved
hydrophobic pocket (FVYL motif) of hTERT and inhibits enzymatic activity [17]. Accu-
mulating evidence has shown the inhibition of BIBR 1532 on tumor cells via progressive
telomere shortening and the consequent inhibition on cell proliferation [18-20]. However,
BIBR 1532 is poorly soluble in water, which greatly reduces its uptake and utilization by
cells. Moreover, growth inhibition is usually insignificant by short-term treatment with low
concentration of BIBR 1532 [21], a common drawback of telomerase inhibitors.

Several studies have attempted to improve the bioeffects of BIBR 1532 by modify-
ing its structure or combining it with other drugs or therapies. In one study, structural
optimization based on BIBR 1532 was performed for an improved efficacy of telomerase in-
hibitors. A series of new compounds with different structural characteristics were designed,
synthesized and screened. The compounds which used cyanide to replace methyl and
simultaneously retained amide moieties were reported to have an improved telomerase
inhibitory activity and moderate cytotoxicity as compared with BIBR 1532 [22]. Besides,
several studies have adopted a combination of BIBR 1532 and other chemotherapeutics
or therapies for a synergistic anti-tumor effect. For instance, the combination of BIBR
1532 and paclitaxel was reported to increase telomere dysfunction and inhibit cancer cells,
enabling the observation of therapeutic outcome in a shorten time interval [23]. A similar
study on the combinational application of BIBR 1532 and emodin demonstrated that, based
on emodin-induced temporary telomere dysfunction by stabilizing the G4 structure at
the protruding segment of the telomere end, the combined use of BIBR 1532 induced a
permanent telomere dysfunction [24]. Another study found that low concentrations of
BIBR 1532 were not toxic to lung cancer cells but could enhance ionizing radiation-induced
apoptosis and cellular senescence [18]. However, little information is available concerning
the drawbacks of low cellular uptake, inadequate delivery and limited bioeffects arising
from the water insolubility of BIBR 1532 itself. Therefore, a proper drug delivery system is
considered for improved transport, release and anti-tumor effects of BIBR 1532.

Metal-organic frameworks (MOFs) with three-dimensional pore structures are gener-
ally composed of metal ions (such as transition metals and lanthanide metals) and organic
ligands (such as carboxylates, phosphonates, imidazole and phenols) [25]. To date, many
attractive physicochemical characteristics as drug delivery tools have been identified for
MOFs, including the ultra-high surface area, tunable porosity, diversified chemical func-
tionalization, high loading capacity, good biocompatibility and the controllable release of
the cargos [26-30].

Both traditional and emerging MOFs showed potentials for drug delivery and bio-
orientation. The formation of a MOF layer by biomimetic mineralization on the surface of
biological macromolecules can improve the stability of biological macromolecules, which
is an important application of MOF in the field of biotechnology. Liang et al. demonstrated
the ability to biomimetically mineralize several MOF materials, including ZIF-8, HKUST-1,
Eu/Tb-BDC and MIL-88A. The results also showed that ZIF-8 has a good protective effect
against the enzymatic activity of HRP, (PQQ)GDH and urease [31]. An emerging MOEF,
chiral MOF [32-34], can also be used as a drug carrier, enabling better biocompatibility,
bioavailability and biodegradability of chiral drugs [35]. A study focused on and high-
lighted the necessity for MOF-based nanoplatforms in tumor treatment, summarizing the
effects of MOF-based radiotherapy, chemotherapy, chemo-dynamic therapy, photothermal
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therapy, photodynamic therapy, starvation therapy and immunotherapy, and combination
therapy against tumors [36]. MOF also have shown great potentials in clinical transla-
tion. In a study based on MOF combined with photothermal therapy and H, therapy for
the treatment of rheumatoid arthritis, Pt-MOF@Au@QDs/PDA had high biosafety and
could maximize the treatment of rheumatoid arthritis, with great potential for clinical
translation [37].

Zeolitic imidazolate framework-8 (ZIF-8), a member of the MOF family, consists of
zinc metal properly coordinated with imidazole ligands. It exhibits as a cage-like three-
dimensional network with a unique porosity similar to the zeolite. Thus, it possesses
the dual ideal properties of zeolites and MOFs, such as tunable structure, monodisperse
micropores, ultra-high surface area and structural flexibility [38]. More importantly, sub-
stantial data have demonstrated ZIF-8 as a promising drug delivery vehicle owning to its
protonation effect induced by the contained imidazole ring. In the lysosomes, the imidazole
ring is readily protonated in the acidic environment and causes the swelling of lysosomes,
which increases the lysosomal membrane permeability and ultimately helps the lysosomal
escape of the cargos. Actually, there have been many studies on the use of ZIF-8 as drug de-
livery vehicles. Scientists have encapsulated the genome editing machinery CRISPR/Cas9
with ZIF-8 and found that much more internalized CRISPR/Cas9 was released from lyso-
somes into cytoplasm and escaped from the lysosomal degradation when using ZIF-8 as a
nanovehicle. This was found to be protonation-dependent lysosome escape [39]. In Hou's
work, encapsulating glucose oxidase with ZIF-8 could greatly improve the sensitivity and
catalytic activity of glucose oxidase towards glucose with an enhanced stability [40]. Ding’s
group encapsulated cytochrome C with ZIF-8 and showed that ZIF-8 encapsulation could
protect cytochrome C from lysosomal proteolysis and ensure its safe delivery to cancer
cells in an integral and active form [41]. Moreover, naked nucleic acids (DNA or RNA)
are generally too large to penetrate into the cell membrane and are easily degraded by
serum nucleases. In the study of Li’s group, plasmid DNA was successfully encapsulated
in ZIF-8. ZIF-8 encapsulation greatly improved cellular uptake of plasmid DNA, increased
the transfection efficiency and thus, achieved a more successful gene expression [42]. A
recent study synthesized ZIF-8 on ZnO surface and the obtained ZnO@ZIF-8 structure
enabled a high drug-loading efficacy of ciprofloxacin within the pore network of ZIF-8 and
thus, achieved a controlled release and high antimicrobial efficiency of ciprofloxacin [43].
Ju et al. used ZIF-8 as a drug vector to deliver miR-491-5p into cancer cells and the results
demonstrated that the ZIF-8 nanovector could stably release miR-491-5p for a long period
and greatly improved the efficiency of miR-491-5p in inhibiting tumor growth [44]. All
these reports have pointed out that ZIF-8 has great potential as a drug delivery vehicle.

Considering the water insolubility of the telomerase inhibitor BIBR 1532, the functional
advantages of ZIF-8 as well as the lack of studies on addressing insignificant bioeffects of
BIBR 1532, our study was the first to encapsulate BIBR 1532 with ZIF-8 and explore the
effects of ZIF-8 as a drug delivery vehicle (Scheme 1). Our present work demonstrated
that the synthesized ZIF-8 facilitated the transport and release of BIBR 1532 within cells by
altering the permeability of the lysosomal membrane. With ZIF-8 encapsulation, more BIBR
1532 accumulated in the nucleus and triggered a much more obvious growth inhibition of
tumor cells as compared with free BIBR 1532.
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Scheme 1. Preparation, transfer and bioeffects of BIBR 1532@ZIF-8. (a) Encapsulating BIBR 1532 with
ZIF-8 to form BIBR 1532@ZIF-8. RT means room temperature. (b) Transport, release and bioeffects of
BIBR 1532@ZIE-8.

2. Materials and Methods
2.1. Chemicals and Materials

Zinc nitrate hexahydrate (Zn(NOj3), 6H,0) was purchased from Sigma-Aldrich. 2-
methylimidazole was purchased from Macklin. Trypsin-EDTA was obtained from MAC-
GENE. PBS buffer and DMEM (high glucose) were purchased from Hyclone. BIBR
1532 was obtained from Aladdin and the structure of BIBR 1532 was shown in Figure
S1. Fluorescein, free acid (green fluorescence signal) was purchased from Coolaber. 6-
aminofluorescein (6-AF, green fluorescence signal), N-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were obtained from Yuanye Biolog-
ical. Hoechst 33,342 and Lyso-Tracker Red were purchased from Beyotime Biotechnology.
Recombinant anti-lysosomal associated membrane protein 1 (LAMP1) antibody, recombi-
nant anti-cathepsin B antibody and recombinant anti-GAPDH antibody were purchased
from Abcam. Anti-rabbit IgG, HRP-conjugated antibody was purchased from Cell Signaling
Technology. A549 cell line was obtained from American Type Culture Collection (ATCC).

2.2. Synthesis of Nanoparticles

ZIF-8 was synthesized according to a reported procedure with some modifications [45].
A measure of 0.2925 g of Zn(NO3); -6H,O was dissolved in 3 mL of deionized water, and
then 5.675 g of 2-methylimidazole was dissolved in another 20 mL of deionized water.
The zinc nitrate solution was added to 2-methylimidazole solution with vigorous stirring.
After stirring for 6 h, the product was collected and centrifuged at 15,000 x g for 15 min.
Finally, the as-synthesized nanoparticles were washed alternately with different ratios
of anhydrous methanol/deionized water mixture (1:3 and 3:1) for 5 times. The product
was then dried in a lyophilizer overnight to obtain ZIF-8 powder. All operations were
performed at room temperature.

The loading of BIBR 1532 was achieved by synthesis of BIBR 1532@ZIF-8. Briefly,
0.011 g of Zn(NO3),- 6H,0O was dissolved in 0.113 mL of deionized water, then 0.86 mg
of BIBR 1532 was dissolved in zinc solution; the mixed solution of zinc and BIBR 1532
was added to 0.752 mL of deionized water containing 0.213 g of 2-methylimidazole with
vigorous stirring. After stirring for 6 h, the product was collected and washed. The product
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was then dried in a lyophilizer overnight to obtain the powder and stored at —80 °C. All
operations were performed at room temperature.

To explore the transfer and localization of ZIF-8 in A549 cells, we labeled ZIF-8 with
fluorescein (fluorescein@ZIF-8) according to a reported procedure with some modifica-
tions [46]. Briefly, 3.3 mg of fluorescein was dissolved in 0.3 mL of methanol and then
mixed with 3 mL of deionized water containing 0.2925 g of Zn(NOs), -6H,0. 5.675 g of
2-methylimidazole was dissolved in a further 20 mL of deionized water. The mixed solution
of zinc nitrate and fluorescein was added to 2-methylimidazole solution with vigorous
stirring. After stirring for 6 h, the product was collected and washed for several times. The
product was then dried in a lyophilizer overnight to obtain fluorescein@ZIF-8 powder and
stored at —20 °C. All operations were performed at room temperature.

The localization and accumulation of BIBR 1532 was observed by labeling BIBR 1532
with 6-AF (6-AF@BIBR 1532). BIBR 1532 was labeled with 6-AF according to a reported
procedure with some modifications [47]. A 3.31 mg measure of BIBR 1532 was dissolved in
3 mL of absolute ethanol and 12 mL of deionized water, and then 5 mg of 6-AF was added
while stirring. After stirring for 10 min, 10 mg EDS and 5.75 mg NHS were added to activate
the carboxyl group of BIBR 1532. Stirring was continued for 6 h at room temperature. The
reaction solution was then collected and washed several times. The product was then dried
in a lyophilizer overnight to obtain the 6-AF@BIBR 1532 powder and stored at —80 °C. The
whole experiment was performed in the dark.

The localization and accumulation of BIBR 1532@ZIF-8 was observed by synthesizing
6-AF@BIBR 1532@ZIF-8. A 0.011 g measure of Zn(NO3),. 6H,O was dissolved in 0.113 mL
of deionized water, then 250 pL of 6-AF@BIBR 1532 obtained in the previous step was
dissolved in the zinc solution. While stirring vigorously, the above mixed solution was
added to 0.752 mL of deionized water containing 0.213 g of 2-methylimidazole. After
stirring for 6 h, the product was collected, centrifuged at 15,000 x g for 15 min and washed
several times. The product was then dried in a lyophilizer overnight to obtain the powder
and stored at —80 °C. The whole experiment was performed in the dark.

2.3. Characterization

The size and morphology of nanoparticles were observed by scanning electron mi-
croscope (SEM, s-4800, HITACHI, Tokyo, Japan) and transmission electron microscope
(TEM, JEM2100Plus, JEOL, Tokyo, Japan). The size distribution and zeta potential of
the nanoparticles were analyzed using dynamic light scattering (DLS, NanoBrook Omni,
Holtsville, NY, USA). Powder X-ray diffraction (XRD) of the samples was recorded using a
D8 Advance X-ray diffractometer (Bruker, Karlsruhe, Germany) at a voltage of 40 kV in the
range of 20 = 15-90° and a current of 40 mA. The formation of nanoparticles in the powder
form was determined using a Fourier transform infrared (FT-IR) spectrometer (Thermo
Scientific, Waltham, MA, USA) coupled with a Nicolet iN10 MX spectrograph. Thermal
Gravimetric Analysis (TGA) was performed on TGA-Q50 (TA Instruments, New Castle,
DE, USA). In total, 10 mg of samples were placed in an alumina crucible and heated in
a continuous flow of nitrogen gas at a ramp rate of 10 °C/min from 0 °C up to 800 °C.
The intracellular Zn content was determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Thermo Fisher Scientific, Pittsburg, PA, USA) to reflect
the cellular uptake of ZIF-8.

2.4. BIBR 1532 Loading

6-AF@BIBR 1532 was dispersed in deionized water to get a stock concentration of
800 pg/mL and then diluted in a gradient to 400, 200, 100, 50, 25 and 12.5 pg/mL. The
fluorescence intensity value of each well was measured using a microplate reader (Thermo
Scientific, Waltham, MA, USA) with water as a blank control. The data were analyzed to
obtain the standard curve equation: Y = 42066X + 17429, R? = 0.9997 (Figure S2).
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The fluorescence intensity value of the supernatant after centrifugation of 6-AF@BIBR
1532@ZIF-8 dispersion was measured and then substituted into the equation, giving a
concentration of 0.269 mg/mL.

Drug loading was calculated using the following formula: Drug Loading =

0.0675 0269 » (01128 + 0752) _ 69%, It means that each 100 mg of BIBR 1532@ZIF-8 contains
6 mg of BIBR 1532.

In this formula, 0.6675 mg was the weight of 6-AF@BIBR 1532 added for 6-AF@BIBR
1532@ZIF-8 synthesis. The concentration of 6-AF@BIBR 1532 in the supernatant after
centrifugation of 6-AF@BIBR 1532@ZIF-8 dispersion was 0.269 mg/mL. The total volume of
the synthetic 6-AF@BIBR 1532@ZIF-8 solvent was 0.8648 mL. The weight of the 6-AF@BIBR
1532@ZIF-8 product was 7.333 mg.

In the following study, we designed the incubation concentrations of BIBR 1532 and
BIBR 1532@ZIF-8 at an equivalent concentration of BIBR 1532. We selected the concen-
trations of 10, 50, 100 ug/mL for BIBR 1532@ZIF-8, and the equivalent concentrations for
BIBR 1532 were 0.6, 3, 6 pg/mL, respectively, with the corresponding ZIF-8 concentrations
of 9.4, 47,94 pg/mL.

2.5. Cell Viability Assay

Ab549 cells were maintained in Dulbecco’s modified Eagle’s Medium (DMEM) contain-
ing 10% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin at 37 °C
in a humidified atmosphere of 5% CO, and 95% air. The effects of ZIF-8, BIBR 1532 and
BIBR 1532@ZIF-8 on cell viability were evaluated using CCK-8 assay (Dojindo Laboratories,
Tokyo, Japan). Cells were seeded in 96-well plates (5 x 103 cells/well) and cultured for 24
h. Cells were then treated with different concentrations of ZIF-8 (0, 50, 75, 100, 150 pg/mL)
or different concentrations of ZIF-8 (9.4, 47, 94 ug/mL), BIBR 1532 (0.6, 3, 6 ug/mL) and
BIBR 1532@ZIF-8 (10, 50, 100 ug/mL) for 24 h. Cell viability was assessed using standard
procedures. Absorbance was measured at 450 nm using a microplate reader (Thermo
Scientific, Waltham, MA, USA).

2.6. Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES)

Cellular uptake of ZIF-8 was determined by measuring intracellular Zn content using
ICP-OES. A549 cells were cultured on 35 mm petri dishes at a density of 2 x 10° cells/dish.
After adhesion, cells were incubated with 50 pug/mL ZIF-8 for different time intervals (1,
3,6,9,12 and 24 h). After incubation, A549 cells were harvested and counted and then
transferred to quartz beakers. A 3 mL measure of HNO3 was added to each quartz beaker.
The quartz beaker was placed on a hot plate and kept at 150 °C for 2 h. Then, 1 mL of H,O,
was added for further heating digestion until digestion was complete. The solution volume
was diluted to 3 mL with 2% HNOj. A series of Zn standard solutions (0.1, 0.5, 1, 5, 10, 50
and 100 ng/mL (ppb)) were prepared. Both standards and test samples were measured by
ICP-OES. Cellular uptake of ZIF-8 was calculated from cell counts (jg/10° cells).

2.7. Confocal Laser Scanning Microscopy

To explore the transfer and localization of ZIF-8, BIBR 1532 and BIBR 1532@ZIF-8, A549
cells were cultured on 35 mm dishes at a density of 4 x 10° cells/dish. After attachment,
the cells were treated with 100 ug/mL fluorescein@ZIF-8 or 6 ug/mL 6-AF@BIBR 1532 and
100 ug/mL 6-AF@BIBR 1532@ZIF-8 for 1 h in the dark. After incubation, the cells were
incubated with fresh medium for a further 0, 2, 5 h. At each time point, the cells were fixed
with ImL of 2.5% glutaraldehyde for 15 min at room temperature. Afterwards, cells were
stained with Lyso-Tracker Red and Hoechst 33342 at 37 °C for 20 min. The cells were then
washed with PBS and loaded onto a laser scanning confocal microscope (Nikon A1, Tokyo,
Japan) for observation.

To explore the nucleus accumulation of BIBR 1532 and BIBR 1532@ZIF-8, A549 cells
were cultured on 35 mm dishes at a density of 4 x 10° cells/dish and treated with 6 ug/mL
6-AF@BIBR 1532 or 100 ng/mL 6-AF@BIBR 1532@ZIF-8, respectively, for different time
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intervals. At 6, 12 and 24 h, cells were fixed with 4% paraformaldehyde for 15 min at
room temperature followed by Hoechst 33342 staining at 37 °C for 10 min. Then cells were
washed with PBS and loaded onto a laser scanning confocal microscope for observation.

2.8. Acridine Orange (AO) Staining

AO staining was used to reflect the change of lysosomal membrane permeability in-
duced by ZIF-8. Cells were seeded onto 35 mm petri dishes at a density of 4 x 10° cells/well.
After attachment, cells were stained with AO at a final concentration of 10 ug/mL at 37 °C
in the dark for 15 min. Afterwards, the cells were treated with or without 100 pg/mL ZIF-8
for different time periods (1, 3, 6, 12 and 24 h). At each time point, cells were fixed with
1 mL of 4% paraformaldehyde for 15 min at room temperature. The samples were then
washed and loaded onto a fluorescence microscope for observation.

2.9. Western Blot Analysis

A549 cells were seeded on 6-well plates at a density of 9 x 10° cells/well and cultured
for 24 h. Then, cells were treated with different concentrations of ZIF-8 (0, 10, 25, 50, 75
and 100 pug/mL) for 24 h. At the end of the incubation period, the cells were lysed in RIPA
lysis buffer (Beyotime Biotechnology, China) on ice for 15 min and protein was extracted.
The lysate was centrifuged at 18,000x g for 5 min at 4 °C and the protein was collected.
The protein concentrations of the samples were measured using a bicinchoninic acid assay
(BCA) kit (Beyotime Biotechnology, China). Equal amounts (20 pg) of protein from the
samples were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Proteins were transferred to 0.22 um PVDF membranes (Millipore, Boston, MA, USA).
Proteins were then blocked for 1 h in 5% BSA and incubated overnight at 4 °C with
primary antibodies of lysosomal-associated membrane protein 1 (LAMP1) and cathepsin B,
followed by 1 h of incubation with HRP-conjugated secondary antibody. Target protein
bands were visualized using ECL-chemiluminescent kit (ECL-plus, Thermo Scientific,
Waltham, MA, USA). Proteins levels were semi-quantitatively analyzed using Image]J
software. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading
protein. The relative expression levels of LAMP1 and cathepsin B were normalized to the
level of GAPDH.

2.10. Real-Time Quantitative Polymerase Chain Reaction (RT-gPCR) Analysis

hTERT mRNA level was detected using RT-qPCR analysis. Cells were seeded on
35 mm dishes at a density of 9 x 10° cells/well and cultured for 24 h. Then, cells were
treated with different concentrations of ZIF-8 (9.4, 47, 94 ng/mL), BIBR 1532 (0.6, 3, 6
png/mL) and BIBR 1532@ZIF-8 (10, 50, 100 png/mL) for 24 h (drug-loading efficiency is
approximately 6%). After incubation, RNA was extracted from cells, followed by re-
verse transcription (FastFire Rapid Fluorescence PCR Premix (SYBR Green), TTANGEN,
Beijing, China) and PCR amplification (Telomerase Activity Fluorescence Real-time Quanti-
tative PCR Detection Kit (Human), KeyGEN BioTECH, Nanjing, China). Measurements
were performed according to the manufacturer’s instructions. GAPDH was used as an
internal control.

2.11. Cytokinesis-Block Micronucleus (CBMN) Assay

The micronucleus assay (MN) is one of the most popular methods to assess genotoxic-
ity. The formation of micronucleus is easily recognizable in cytokinesis-blocked cells with
their binucleate appearance [48]. Cell division block and telomere dysfunction induced
by BIBR 1532 or BIBR 1532@ZIF-8 was explored using the cytokinesis-block micronucleus
assay. In detail, cells were seeded in 35 mm dishes at a density of 4 x 10° cells/well, then
treated with 94 pug/mL ZIF-8, 6 ug/mL BIBR 1532 or 100 ug/mL BIBR 1532@ZIF-8. After
incubation for 2 h, cytochalasin B was added with a final concentration of 5 pg/mL for
one cell cycle (22 h for A549 cells) to ensure inhibition of cytoplasmic division to form
binucleated cells, making it easier to observe micronucleus formation. Cytochalasin B was
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then removed and the cells were incubated with ZIF-8, BIBR 1532 or BIBR 1532@ZIF-8,
respectively, for a further 48 h. At the end of the incubation period, the cells were fixed
and then stained with Hoechst 33342 (100x) at 37 °C for 10 min. Then cells were washed
and loaded onto a laser scanning confocal microscope for observation. Representative
images were captured. The number of cells containing micronucleus and the total amount
of micronucleus among the 300 cells in different groups were compared.

2.12. Cell Cycle Analysis

Cells were seeded in 6-well plates at a density of 4 x10° cells/well and cultured
for 24 h. Then, the cells were treated with different concentrations of ZIF-8 (9.4, 47, 94 ng/mL),
BIBR 1532 (0.6, 3, 6 ng/mL) or BIBR 1532@ZIF-8 (10, 50, 100 ug/mL) for 24 h. At the end
of the treatment time, all the cells were collected and centrifuged at 1000x g for 5 min.
Afterwards, cells were resuspended with 300 pL of pre-cooled PBS and then fixed with
700 pL of absolute ethanol at —20 °C overnight. Then cells were centrifuged, washed and
stained with propidium iodide (PI) at 37 °C in the dark for 30 min. Cell cycle analysis was
performed by flow cytometry (BD LSR-Fortessa, San Jose, CA, USA).

2.13. Senescence-Associated B-Galactosidase Detection

The effects of BIBR 1532 and BIBR 1532@ZIF-8 on cellular senescence were evaluated
based on senescence-associated (3-galactosidase (SA-f-Gal) staining using the Senescence
Cells Staining Kit (Beyotime Biotechnology, Shanghai, China). Cells were seeded in 24-well
plates at a density of 8 x 10* cells/well and cultured for 24 h. Then, cells were treated with
different concentrations of ZIF-8 (9.4, 47, 94 ug/mL), BIBR 1532 (0.6, 3, 6 ug/mL) or BIBR
1532@ZIF-8 (10, 50, 100 pg/mL) for 7 days. Cells treated with 100 nM DOX for 7 days were
used as the positive controls. At the end of the treatment intervals, cells were subjected to
SA-B-Gal staining according to the manufacturer’s instructions. For quantitative analysis
of the 3-galactosidase positive rate, 200 cells were counted in each group.

2.14. Statistical Analysis

Statistical analysis was performed using two-way ANOVA (GraphPad Prism 7.00)
followed by Tukey’s multiple comparison test. All statistical parameters were presented as
mean =+ standard deviation (SD). p < 0.05 was considered significant.

3. Results
3.1. Physicochemical Characterizations of ZIF-8 and BIBR 1532@ZIF-8

The observation of ZIF-8 using scanning electron microscopy showed that ZIF-8 had
a regular hexagonal or regular octagonal structure with a particle size of approximately
100-200 nm, which was further confirmed by the results from transmission electron mi-
croscopy (Figure 1A,B). The mean hydrated particle size of ZIF-8 was 129.98 4+ 0.25 nm
with a polydispersity index (PDI) of about 0.12 & 0.01, indicating a relatively good disper-
sion. The zeta potential of ZIF-8 was tested as being 17.8 & 1.3 mV (Figure 1E). The FT-IR
results showed that most absorption peaks of the ZIF-8 sample came from the vibration
of 2-methylimidazole: the band observed at 1589 cm~! was assigned to the stretching
vibration of the C=N group of 2-methyl imidazole. The bands in the range 1350~1500 cm ™!
were assigned to the stretching vibration of the imidazole ring. Other bands in the 900-1350
cm~! range were assigned to the stretching and bending modes of the imidazole ring
(Figure 1H). The infrared spectroscopic results clearly demonstrated the successful synthe-
sis of ZIF-8. The XRD patterns of ZIF-8 together with the corresponding simulated XRD
patterns are shown in Figure 1I. The observed sharp and strong characteristic peaks were
consistent with the simulated XRD patterns, suggesting that ZIF-8 had a rhombohedral
dodecahedral structure. Few miscellaneous peaks were detected, indicating a relatively
pure ZIF-8 crystal (Figure 1I). The mass change curve of ZIF-8 from TG analysis showed
a long stable platform in the temperature range 25-400 °C, and the mass was decreased
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sharply as the temperature increased further, suggesting that the crystal skeleton of ZIF-8
began to decompose at higher temperatures (Figure 1J).
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Figure 1. Physicochemical characterizations of ZIF-8 and BIBR 1532@ZIF-8. (A) SEM images of
ZIF-8. (B) TEM images of ZIF-8. (C) SEM image of BIBR 1532@ZIF-8. (D) TEM image of BIBR
1532@ZIF-8. (E) Particle size distribution and zeta potential of ZIF-8. (F) Particle size distribution
and zeta potential of BIBR 1532@ZIF-8. (G) Stability of ZIF-8, BIBR 1532 and BIBR 1532@ZIF-8 in
aqueous solutions. (H) FI-IR analysis of ZIF-8 and BIBR 1532@ZIF-8. (I) XRD analysis of ZIF-8 and
BIBR 1532@ZIF-8. (J) TG analysis of ZIF-8 and BIBR 1532@ZIF-8.

Then, ZIF-8 was loaded with BIBR 1532. The obtained BIBR 1532@ZIF-8 also main-
tained a regular hexagonal or octagonal shape as observed using SEM and TEM
(Figure 1C,D). The mean hydrated particle size of BIBR 1532@ZIF-8 was 165.37 & 0.48 nm,
slightly larger than that of ZIF-8, with a polydispersity index (PDI) about 0.21 + 0.01.
The potential value of BIBR 1532 @ZIF-8 was -13.65 & 0.93 (Figure 1F). BIBR 1532 was
insoluble and poorly dispersed in water. It would precipitate rapidly within 1 day with a
transparent supernatant appearing. In contrast, the dispersion of BIBR 1532@ZIF-8 in water
remained relatively stable without precipitation for at least 1 week, suggesting an improved
dispersion and stability of BIBR 1532 in water with ZIF-8 as a vector (Figure 1G). The FT-IR
results of BIBR 1532@ZIF-8 showed that the bands observed at 1589 cm !, 1350-1500 cm !
and 900-1350 cm ! were assigned to the vibration of 2-methylimidazole. In addition, the
specific band of BIBR 1532@ZIF-8 was observed at 1300 cm ™!, which corresponded to
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the stretching absorption of -OH in BIBR 1532. The results of FI-IR results suggested the
successful synthesis of BIBR 1532@ZIF-8 (Figure 1H). The XRD results indicated that BIBR
1532@ZIF-8 had a rhombohedral dodecahedral structure similar to that of ZIF-8 (Figure 1I).
The TGA curve of BIBR 1532@ZIF-8 showed that the weight decreased only by 10% even at
temperature up to 750 °C (Figure 1J). Strikingly, the successful encapsulation of BIBR 1532
with ZIF-8 was again demonstrated by the changes in the curve.

3.2. ZIF-8 Localized in Lysosomes

First, the results from CCK-8 assay demonstrated that ZIF-8 did not induce obvious
cytotoxicity in A549 cells in the concentration range of 0-100 pg/mL within the observed
24 h. However, when the concentration of ZIF-8 reached 150 pg/mL, a little cytotoxicity

was exhibited (Figure 2A).
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Figure 2. Effects of ZIF-8 on A549 cells. (A) The effect of ZIF-8 on cell viability. Cells were treated
with 0, 50, 75, 100 and 150 pg/mL ZIF-8 for 24 h. Cell viability was measured using CCK-8 assay.
(B) Cellular uptake of ZIF-8 within 24 h. A549 cells were treated with 50 pug/mL for 24 h. (C) CLSM
images of fluorescein@ZIF-8. fluorescein@ZIF-8 (100 ug/mL) was dispersed in water. (D) pH
sensitivity of ZIF-8. Evaluation of the average particle sizes of ZIF-8 at pH 7.4 and 5.0 over 480
min. Results were shown as mean + SD (n = 3). (E) The localization of ZIF-8 in cells. Cells were
treated with 100 pg/mL fluorescein@ZIF-8 (green) for 1 h, and then incubated with fresh medium
for further 0, 2, 5 h. Then, cells were stained with Lysotracker (red) and Hoechst 33342 (blue) for
CLSM observation.

Then, the cellular uptake of ZIF-8 was examined within 24 h. A549 cells were exposed
to 50 ug/mL ZIF-8 for 24 h and the cellular uptake of ZIF-8 was determined indirectly
by the analysis of the intracellular zinc content using ICP-OES. The intracellular Zn con-
centration increased invariably with increasing exposure time of cells to ZIF-8. The result
demonstrated that during the incubation period, cellular uptake of ZIF-8 was accelerated
within 1 h, then gradually decreased between 1 and 12 h and reached saturation after 12 h
(Figure 2B).

To study the transfer and localization of ZIF-8 in A549 cells, we labeled ZIF-8 with
fluorescein (green). By comparing bright-field and fluorescence phase images, it confirmed
that ZIF-8 was successfully labeled with fluorescein and moreover, the fluorescence signal
could remain stable for at least 7 days (Figure 2C and Figure S3A,B). Our experiment also
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explored the pH-responsiveness of ZIF-8 in vitro. ZIF-8 was dispersed in neutral (pH 7.4)
and acidic (pH 5.0) solution, respectively, and its average particle size was monitored at
0, 30, 60, 120, 240 and 480 min. As shown in Figure 2D, the average particle size of ZIF-8
remained basically stable at neutral pH whereas it gradually decreased till undetectable at
acidic pH, indicating that ZIF-8 was degraded in acidic solution.

A549 cells were exposed to 100 png/mL fluorescein@ZIF-8 for 1 h. Fluorescein@ZIF-8
was then discarded and the cells were incubated with fresh medium. The transfer and
localization of fluorescein@ZIF-8 was observed after addition of fluorescein@ZIF-8 for 1, 3
and 6 h. At1 h, fluorescein@ZIF-8 was localized inside lysosomes, as demonstrated by the
obvious yellow dots of lysosomes (Figure 2E). At 3 h, the lysosomes still showed a yellow
fluorescence signal, but the green fluorescence signal in the cytoplasm decreased. At 6 h, the
green fluorescence signal of ZIF-8 almost disappeared in both lysosomes and cytoplasm.

We further investigated the effect of ZIF-8 internalization on lysosomes. First, lyso-
somal membrane permeability was examined using AO staining. AQ, a fluorescent dye
that can enter lysosomes, is used to label lysosomes. It is present in intact lysosomes as
an oligomer with red fluorescence and as a monomer in the cytoplasm with green fluo-
rescence. As the lysosomal membrane stability decreases, AO is released from lysosomes
into the cytoplasm, and an increase in the green fluorescence signal in the cytoplasm can
be observed using laser scanning confocal microscopy. Therefore, the alteration on the
ratio of green/red fluorescence intensity can reflect the change in lysosomal membrane
permeability. In the present study, no obvious change on the ratio of green/red fluorescence
intensity was observed in the control cells within 24 h. However, after 24 h of co-incubation
with ZIF-8, the ratio of green/red fluorescence intensity in the cells increased, that is,
the red fluorescence signal of AO in intact lysosomes gradually decreased and the green
fluorescence signal of AO in the cytoplasm gradually increased, indicating that more AO
dye was released from the lysosomes into the cytoplasm. The results suggested that ZIF-8
exposure induced a change in lysosomal membrane permeability (Figure 3A,B).
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Figure 3. Effects of ZIF-8 on lysosomes. (A) The effect of ZIF-8 on lysosomal membrane integrity in
A549 cells. Cells were treated with 10 ug/mL AO for 15 min followed by 100 pug/mL ZIF-8 treatment
for 1, 3, 6, 12 and 24 h. Representative results of AO staining were shown. (B) The ratio of green/red
fluorescence in AO-stained cells at 1, 3, 6, 12 and 24 h as described in (A). Image ] was used to
quantitatively analyze the intensity changes of red and green fluorescence within 24 h. The date was
representative of three independent experiments. * p < 0.05. (C) The effect of ZIF-8 on the protein
expression levels of LAMP1 and CTSB. Cells were treated with different concentrations of ZIF-8 for
24 h. GAPDH was used as a loading protein. Representative results were shown here.
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The expressions of cathepsin B (CTSB) and lysosomal associated membrane protein
1 (LAMP1) were detected to further explore the effect of ZIF-8 on lysosomal function.
Cathepsin B (CTSB), an active hydrolase inside lysosomes, can mediate the degradation
of extracellular particles caused by endocytosis. The expression of CTSB could reflect
the degradative function of lysosomes [49]. Lysosomal-associated membrane protein 1
(LAMP1), the most abundant protein on the lysosomal membrane, plays an important role
in lysosomes trafficking, maintenance of lysosomal acidification and homeostasis [50-52].
Ab549 cells were harvested after treatment with different concentrations of ZIF-8 (0, 10,
25,50, 75 and 100 pg/mL) for 24 h. The results from western blot analysis showed that
ZIF-8 treatment had no apparent effect on the expression of CTSB and LAMP1 in cells
(Figure 3C).

3.3. BIBR 1532 Encapsulation by ZIF-8 Increased Delivery Efficacy

First, we labeled BIBR 1532 with 6-AF (green). The FT-IR results confirmed the
successful labeling of BIBR 1532 by 6-AF (Figure 4A). Due to the coupling of the amino
group of 6-AF with the carboxyl group of BIBR 1532, 6-AF@BIBR 1532 exhibited a weaker
band at 3500-3350 cm ! and 1700-1500 cm ™! associated with the stretching vibration of
the amino group of 6-AF. Compared with BIBR 1532, 6-AF@BIBR 1532 exhibited a weaker
band corresponding to the stretching of -COOH at 1300 cm ™!, which fully demonstrated
the successful labeling of BIBR 1532 with 6-AF.

Then, we encapsulated 6-AF@BIBR 1532 with ZIF-8 and confirmed the successful
synthesis of 6-AF@BIBR 1532@ZIF-8 by FT-IR results (Figure 4B). The infrared spectrum of
6-AF@BIBR 1532@ZIF-8 showed that the band observed at 1589 cm ™! was assigned to the
stretching vibration of the C=N group of 2-methylimidazole; the bands in the range 1350—
1500 cm ! were assigned to the stretching vibration of the imidazole ring; the bands in the
range 900-1350 cm ! were assigned to the stretching and bending modes of the imidazole
ring; the band at 1300 cm ! corresponded to the stretching of -COOH. Due to the carboxyl-
amino coupling, 6-AF@BIBR 1532@ZIF-8 exhibited weaker stretching bands of -COOH at
1300 cm !, indicating the successful synthesis of 6-AF@BIBR 1532@ZIF-8. Furthermore, by
comparing the images of the bright-field and fluorescence images, we demonstrated that
the encapsulation of ZIF-8 did not affect the detection of the fluorescence signals (Figure 4C)
and the fluorescence signal remained stable for at least one week (Figure S4A,B).

Figure 4D illustrated the different transfer pathways and localization of 6-AF@BIBR
1532 and 6-AF@BIBR 1532@ZIF-8 in A549 cells. At 1 h after the addition of 6-AF@BIBR
1532 or 6-AF@BIBR 1532@ZIF-8, the green fluorescein was localized inside lysosomes, as
shown by the obvious yellow dots in lysosomes (Figure 2D). After 3 h of incubation, green
fluorescence of 6-AF@BIBR 1532 and 6-AF@BIBR 1532@ZIF-8 in lysosomes decreased. In
6-AF@BIBR 1532@ZIF-8-incubated cells, the fluorescence was distributed in the cytoplasm
and even a very small amount of fluorescence signal appeared in the nuclear region.
In 6-AF@BIBR 1532-incubated cells, the decreased fluorescence in lysosomes was not
accompanied by an increase in the cytoplasm or nucleus. After 6 h of incubation, only
a very small amount of fluorescence was detected in the nuclear region of 6-AF@BIBR
1532-treated cells. Comparatively, more fluorescence was concentrated in the nucleus in
6-AF@BIBR 1532@ZIF-8-treated cells. The results showed that encapsulation of BIBR 1532
in ZIF-8 led to an increased release of BIBR 1532 into the cytoplasm and the sequent transfer
into the nucleus.

We also evaluated the accumulation of 6-AF@BIBR 1532 and 6-AF@BIBR 1532@ZIF-
8 in the nucleus within 24 h. Free BIBR 1532 accumulated slowly in the nucleus. The
fluorescence intensity in the nucleus increased slowly from 6 to 24 h, suggesting a relatively
limited cumulative amount of BIBR 1532 within 24 h. With ZIF-8 encapsulation, more
BIBR 1532 accumulated in the nucleus. The fluorescence intensity in the nucleus increased
sharply from 6 h to 24 h, suggesting a steady accumulation of BIBR 1532 in the nuclear
region (Figure 4E,F). Herein, the encapsulation of BIBR 1532 in ZIF-8 successfully increased
the nuclear accumulation of BIBR 1532.
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Figure 4. The difference in delivery efficacy between BIBR 1532 and BIBR 1532@ZIF-8. (A) The
successful labeling of BIBR 1532 with 6-AF. FT-IR analysis results of 6-AF, BIBR 1532 and 6-AF@BIBR
1532. (B) The successful encapsulation of 6-AF@BIBR 1532 with ZIF-8. FT-IR analysis of BIBR
1532@ZIF-8 and 6-AF@BIBR 1532@ZIF-8. (C) CLSM images of 6-AF@BIBR 1532@ZIF-8. 6-AF@BIBR
1532@ZIF-8 was dispersed in water at the concentration of 100 ug/mL. (D) The localization of 6-
AF@BIBR 1532 and 6-AF@BIBR 1532@ZIF-8 in cells. Cells were treated with 6 ng/mL 6-AF@BIBR
1532 (green) or 100 pg/mL 6-AF@BIBR 1532@ZIE-8 (green) for 1 h, then incubated with fresh medium
for a further 0, 2, 5 h. Then, cells were stained with Lysotracker (red) and Hoechst 33,342 (blue)
for CLSM observation. (E) The accumulation of 6-AF@BIBR and 6-AF@BIBR 1532@ZIF-8 in the
nucleus. Representative CLSM images of A549 cells after incubation with 6 pug/mL 6-AF@BIBR
1532 (green) and 100 pg/mL 6-AF@BIBR 1532@ZIF-8 (green) for 6, 12 and 24 h were shown. ** p <
0.01. *** p < 0.001. (F) Image ] was used to quantitatively analyze the changes of green fluorescence at
6,12 and 24 h as described in (E).

229



Nanomaterials 2023, 13, 1779

3.4. ZIF-8 Encapsulation Enhanced the Treatment Efficacy of BIBR 1532

The advantage of encapsulating BIBR 1532 with ZIF-8 was evaluated from several
aspects. As demonstrated in Figure 5A, the treatment with 0.6 pg/mL BIBR 1532 did
not cause a decrease in cell viability, whereas the treatment with the equivalent BIBR
1532 encapsulated by ZIF-8 (100 pg/mL BIBR 1532@ZIF-8) caused an 18% decrease in cell
viability. This result suggested a remarkable increase in the cytotoxicity of BIBR 1532 with
ZIF-8 as a delivery vector. This kind of enhanced cytotoxicity was more evident in the higher
concentration group. Only a 20% decrease of cell viability was induced by the treatment of
6 ng/mL BIBR 1532 within 24 h whereas the equivalent BIBR 1532 contained in 100 ng/mL
BIBR 1532@ZIF-8 caused an 80% decrease of cell viability. Therefore, it demonstrated that
the cytotoxicity of BIBR 1532 could be enhanced significantly by ZIF-8 encapsulation.

1 <
| | P
= x 9
= EE
E 100 E 8
— m N
3 is
s =R
> 50 ]
3 =
© 53
S
©
0 9447 94 0063 6 0 1050 100 09447 94 0 063 6 0 10 50 100
ZIF8 BIBR 1532 BIBR@ZIF-8 ZIF8 BIBR 1532 BIBR@ZIF-8
Concentration(ug/mL) Concentration(ug/mL)

Control ZIF-8 BIBR 1532 35553.%32

=
D ¥
<
3 25 40
o dekk dkk
=1 ok x
£ 20 9
g m < 30 T
L ] )
£ 15 ° 55
= 2
E 10 S
£ CERTE
3 5+ — s
= =l
o
(3] 0- 0o
[72] A > )
= & & & ° © & &
[ & » N > & % N %
o ¢ & o e & 29
> & &
Q.
& ®

Figure 5. The effects of BIBR 1532 with or without ZIF-8 encapsulation on cell viability, \TERT mRNA
levels and micronucleus formation. (A) The effect of ZIF-8 encapsulation on BIBR 1532-induced
cytotoxicity. A549 cells were treated with different concentrations of ZIF-8 (9.4, 47, 94 ug/mL), BIBR
1532 (0.6, 3, 6 pg/mL) or BIBR 1532@ZIF-8 (10, 50, 100 ng/mL) for 24 h. (B) The hTERT mRNA levels
in A549 cells with different treatments. Cells were treated with different concentrations of ZIF-8 (9.4,
47,94 ng/mL), BIBR 1532 (0.6, 3, 6 pg/mL) or BIBR 1532@ZIF-8 (10, 50, 100 ug/mL) for 24 h. Data
are presented as mean + SD of three independent experiments. * p < 0.05. ** p < 0.01. *** p < 0.001.
(C) The formation of micronucleus in cells with different treatments observed using CLSM. Cells
were treated with 94 pg/mL ZIF-8, 6 ug/mL BIBR 1532 or 100 pg/mL BIBR 1532@ZIF-8 for 72 h. The
percentage of cells with micronucleus in 300 cells (D) and the percentage of micronucleus (E) in 300
cells were statistically analyzed. ** p < 0.01. *** p < 0.001.
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To explore the inhibitory effects of BIBR 1532 and BIBR 1532@ZIF-8 on telomerase
activity, hTERT mRNA levels were detected after cells were incubated with different
concentrations of BIBR 1532 or BIBR 1532@ZIF-8. The results showed that the mRNA
levels of hTERT in A549 cells treated with 0.6, 3 and 6 pg/mL BIBR 1532 were decreased to
~83%, ~72% and ~61%, respectively. A dose-dependent inhibition of hTERT mRNA levels
was induced by BIBR 1532 alone. An equivalent amount of BIBR 1532 encapsulated by
ZIF-8 induced a much more pronounced decrease in hTERT mRNA levels. It showed that
when A549 cells were treated with 10, 50 and 100 ng/mL BIBR 1532@ZIF-8 for 24 h, the
hTERT mRNA levels were decreased to ~21%, ~20% and ~17%, respectively. Moreover,
no decreases in hTERT mRNA levels were caused by ZIF-8 alone (Figure 5B). Thus, ZIF-8
encapsulation could significantly enhance the inhibitory effect of BIBR 1532 on hTERT
mRNA levels.

Micronucleus (MN) is the small circular or elliptical nucleus located in the cytoplasm,
completely separated from the nucleus. When cells were exposed to genotoxic insults,
the chromosomes in the cells are usually lost or broken and fail to enter the daughter cell
with mitosis. The end-to-end fusion of the broken chromosomes occurs, forming one or
more small nucleus in the cytoplasm [53,54]. The appearance of micronucleus may reflect
telomere dysfunction [55,56]. In the present study, cells were treated with 94 pg/mL ZIF-8,
6 pg/mL BIBR 1532 and 100 pg/mL BIBR 1532@ZIF-8 for 72 h, and then the formation
of the micronucleus was observed using CLSM. As a result, ZIF-8 treatment alone did
not promote the formation of the micronucleus in cells. A micronucleus was observed in
BIBR 1532-treated cells and a much more obvious micronucleus formation was exhibited in
BIBR 1532@ZIF-8-treated cells (Figure 5C). Then, a statistic was made on the micronucleus
formation of 300 cells. As a result, neither the number of cells containing a micronucleus
nor the total amount of micronuclei among the 300 cells showed any difference between the
control group and the ZIF-8-treated group, suggesting that ZIF-8 treatment alone had no
impact on micronucleus formation. As expected, treatment with free BIBR 1532 induced an
obvious micronucleus formation, but most binuclear cells contained only one micronucleus,
whereas BIBR 1532@ZIF-8 led to the formation of a micronucleus in more cells and multiple
micronucleus in one cell. According to the statistic, treatment with 100 pg/mL BIBR
1532@ZIF-8 induced an 8.3% increase in the percentage of micronucleus-containing cells
and a 14.3% increase in the percentage of the micronucleus as compared with the group
treated with the equivalent free BIBR 1532 (6 pug/mL). Taken together, the encapsulation of
BIBR 1532 in ZIF-8 promoted the formation of the micronucleus, indicating an increased
telomere dysfunction.

Next, the effects of BIBR 1532 and BIBR 1532@ZIF-8 on cell cycle distribution were
explored. Compared with that of the control group, no alteration on cell cycle distribution
was detected in ZIF-8-treated cells. A slight GO/G1 arrest was induced by the treatment of
free BIBR 1532 relative to that of the control group. The percentages of cells at the GO/ G1
phase upon the treatment of 0.6, 3 and 6 ng/mL BIBR 1532 were 45.82%, 45.36% and 54.50%,
respectively. Notably, the percentages of cells at the GO/G1 phase after treatment with
10, 50 and 100 pug/mL BIBR 1532@ZIF-8 were increased to 47.00%, 80.54% and 82.88%,
respectively, indicating that the encapsulation of BIBR 1532 with ZIF-8 aggravated BIBR
1532-induced G0/G1 phase arrest (Figure 6A,B).
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Figure 6. Effect of BIBR 1532 and BIBR 1532@ZIF-8 on cell cycle distribution. A549 cells were treated
with different concentrations of ZIF-8 (9.4, 47, 94 ug/mL), BIBR 1532 (0.6, 3, 6 pg/mL) and BIBR
1532@ZIF-8 (10, 50, 100 pg/mL) for 24 h. (A) Representative results of cell cycle analysis were shown.
(B) Data analysis of cell cycle distribution in each group.

The effect of BIBR 1532 with or without ZIF-8 encapsulation on cellular senescence
was assessed using senescence-associated 3-galactosidase (SA-B-Gal) staining. As demon-
strated in Figure 7A, an obvious cellular senescence was exhibited in doxorubicin (DOX)-
treated cells, which was used a positive control. Meanwhile, no obvious cellular senescence
occurred in either the control group or ZIF-8-treated group. Free BIBR 1532 treatment
induced a dose-dependent cellular senescence as evidenced by the increased number of
green-stained cells with the increasing BIBR 1532 concentrations. The percentages of SA-(3-
Gal positive cells upon the treatment of 0.6, 3 and 6 ug/mL BIBR 1532 were 1.8%, 2.8% and
4.5%, respectively (Figure 7B), whereas in the BIBR 1532@ZIF-8-treated group, cell density
obviously decreased with increasing exposure concentrations. Notably, the percentages
of SA-3-Gal positive cells after treatment with 10, 50 and 100 pg/mL BIBR 1532@ZIF-8
were increased to 3.2%, 30.7% and 89.0%, respectively. The inhibition of cell proliferation
induced by BIBR 1532@ZIF-8 was again confirmed here. Therefore, the encapsulation of
BIBR 1532 in ZIF-8 aggravated BIBR 1532-induced cellular senescence.
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Figure 7. Cellular senescence induced by ZIF-8, BIBR 1532 and BIBR 1532@ZIF-8. A549 cells were
treated with different concentrations of BIBR 1532 (0.6, 3, 6 ug/mL), ZIF-8 (9.4, 47, 94 ug/mL) and
BIBR 1532@ZIF-8 (10, 50, 100 ug/mL) for 7 days. Cells treated with 100 nM doxorubicin (DOX) for 7
days were used as positive. Green-stained cells were identified as senescent cells. (A) Representative
results of cellular senescence detection were shown. (B) Data analysis of cellular senescence in each
group. Two hundred cells were counted in each group. *** p < 0.001.

4. Discussion

It has been widely accepted that poor solubility poses great limitations for the bioavail-
ability and efficiency of many drugs. Fortunately, the rapid nanotechnology has pro-
vided powerful solutions to this problem owing to the great advantages of nanocarriers.
For instance, polymer nanocomposites were used to improve the solubility of curcumin
for an enhanced antioxidant and anti-inflammatory effect in vitro [57]. The loading of
water-insoluble tripterin with bilayer structured liposomes has achieved a better solubility,
bioavailability and lower toxicity [58]. Other studies have also achieved more significant
therapeutic effects by improving drug solubility [59,60]. In our present study, encapsulating
BIBR 1532 with ZIF-8 was found to increase the stability of BIBR 1532 in water as well as its
cellular uptake.

ZIF-8 is pH sensitive because the cleavage of the ligand coordination bond between the
zinc ion and 2-methylimidazole in ZIF-8 readily occurs in acidic environments. Thus, ZIF-8
is considered to a promising drug vehicle for pH-sensitive release of the loaded drugs [61].
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Our experiment also confirmed its pH-responsiveness. As shown in Figure 2D, the average
particle size of ZIF-8 remained unaltered when dispersed in the neutral environment with
pH 7.4, whereas in the acidic environment with pH 5.0, its average particle size decreased
significantly till undetectable within the tested 480 min. Combined with our experimental
results in Figure 2E and the pH-responsiveness capability of ZIF-8, it figured out that ZIF-8
was captured by the lysosome after entering the cell as shown by the colocalization of red
fluorescence (Lyso-Tracker) and green fluorescence (fluorescein-labeled ZIF-8) at 1 h. As
the incubation time increased, the green fluorescence intensity in the cytoplasm gradually
decreased, indicating that ZIF-8 in the cytoplasm was continuously captured by lysosomes.
After entering the acidic environment of the lysosomes, the coordination bond between
zinc and imidazole was broken. After 6 h, no green fluorescence was observed in the
cytoplasm or lysosomes, suggesting that most of the ZIF-8 and fluorescein had been cleared
by the cells.

The loading efficiency of ZIF-8 largely depends on the loaded content. In a study where
curcumin was encapsulated by ZIF-8, the drug loading capacity was up to 10.89% [62].
Another report showed that ZIF-8 encapsulated the chemotherapy drug rapamycin with
a high drug loading rate of 9.39% [63]. However, the loading rate of ZIF-8 for the gene
editing platform CRISPR/Cas9 was only 1.2% [39], and the loading rate of plasmid DNA
was only 2.5% [42]. The drug loading rate of ZIF-8 for BIBR 1532 in our present study
was 6%. The loading capability of ZIF-8 towards BIBR 1532 was not very striking from
the above data. However, after being encapsulated into ZIF-8, BIBR 1532 actually showed
much more significant inhibitory effects towards cancer cells. This suggested the feasibility
of using ZIF-8 as a drug delivery vehicle for an improved BIBR 1532 efficacy in spite of a
relatively general loading rate.

The proton sponge effect is acknowledged as one of the important mechanisms of
lysosomal escape. Histidine-rich molecules exhibit a buffering effect upon protonation of
the imidazole ring. The protonation induces the flux of ions and water into the lysosomal
environment, increasing the lysosomal membrane permeability. The lysosomal membrane
then ruptures and releases the trapped components [64,65]. In addition to the proton
sponge effect, other mechanisms of lysosomal escape have also been reported including
the formation of pores in the lysosomal membrane [66], lysosomal membrane fusion [67]
and the photochemical disruption of lysosomal membrane [68]. Our work has suggested
that ZIF-8-facilitated lysosomal escape predominately depended on the proton sponge
effect of 2-methylimidazole. Actually, the proton sponge effect has also been exploited
by other scientists and many novel materials have been developed with the aim of pro-
moting lysosomal escape of functional molecules and reducing the unnecessary lysosomal
degradation. For instance, Chen’s group reported the use of metal (Fe! or Al'")-phenolic
(polyphenol tannic acid) networks as a coating for nanoparticles, which could achieve
lysosomal escape of nanoparticles through the proton sponge effect [69]. Xi et al. also
designed the functional nanoparticles (PG-FAPEP) consisting of insulin with dual surface
decorations of folate and charge-convertible tripeptide. Such functional nanoparticles could
also trigger the proton sponge effect in acidic lysosomes and help the lysosomal escape
of insulin [70]. Another report demonstrated that by immobilizing the highly branched
and rigid cationic polymers on silica nanoparticles, the proton sponge effect with osmotic
swelling and lysosome rupture could be achieved [71].

Nanoparticles typically enter cells via an energy-dependent process known as endocy-
tosis. During endocytosis, nanomaterials are usually initially confined to vesicular struc-
tures such as endosomes, lysosomes, phagosomes or macropinosomes [72]. Different endo-
cytic pathways will lead to different fates after nanomaterials enter the cell [73]. To date,
endocytic pathways can be classified and summarized into the following 7 types: macro
pinocytosis, phagocytosis, clathrin independent/dynamin-dependent endocytosis, clathrin-
mediated endocytosis, caveolae-mediated endocytosis, clathrin independent/dynamin-
independent endocytosis and fusion [74,75]. Different internalization pathways are medi-
ated and regulated by different lipids and transporters. Our experiments showed that ZIF-8
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and BIBR 1532@ZIF-8 were first captured by lysosomes after entering the cell, suggesting
that ZIF-8 and BIBR 1532@ZIF-8 entered the cell by endocytosis. However, the actual
endocytosis pathway needs to be further investigated in the following work.

In our work, the concentrations of BIBR 1532 used were 0.6, 3 and 6 pug/mL, corre-
sponding to the molar concentrations of 1.81, 9.05 and 18.11 uM, respectively. No obvious
GO0/G1 phase arrest was induced in cells treated with 1.81 or 9.05 uM BIBR 1532 within
24 h, while cells treated with 18.11 uM BIBR 1532 showed a slight cell cycle arrest. Similarly,
the number of senescent cells increased with the increasing concentrations of BIBR 1532.
With ZIF-8 as a drug carrier, more BIBR 1532 accumulated in the nucleus and a remarkable
cell cycle arrest was observed at 24 h especially in 50, 100 ng/mL BIBR 1532@ZIF-8-treated
cells. No cell apoptosis was detectable (data not shown). With the incubation of BIBR
1532@ZIF-8 for 7 days, a remarkable decrease in cell number accompanied with increased
cellular senescence was observed. Cellular senescence is described as a state of permanent
cell cycle arrest in response to different damaging stimuli [76]. In the present study, it was
reasonable that BIBR 1532@ZIF-8 induced cell cycle arrest followed by cellular senescence.
Besides destroying tumor cells directly, pro-cellular senescence is an alternative to limit
tumor cells. The relatively high concentrations of BIBR 1532 have been reported to induce
apoptosis or destroy tumor cells directly. A study showed that LN18 cells treated with
25 uM BIBR 1532 showed flat and enlarged cell morphology. When the concentration
of BIBR 1532 was increased to 100 uM, cell morphology was narrowed and the nuclear
membrane was lost [77]. It figured out that the encapsulation of BIBR 1532 in ZIF-8 not
only decreased the dosage of BIBR 1532 needed for a comparable inhibition effect towards
tumor cells but also acts in a milder manner of promoting cell cycle arrest and senescence
of tumor cells rather than destroying tumor cells directly.

Our work was the first to encapsulate hydrophobic BIBR 1532 with ZIF-8 for an
improved BIBR 1532 efficacy. Besides of our study, only one study was available with the in-
volvement of BIBR 1532 loading. In this study, peptide dendrimeric prodrug nanoassembly
(PDPN) acted as a nanocarrier to load BIBR 1532 and DOX, thus constructing a telomerase-
terminated nanoplatform to reverse DOX resistance [78]. As illustrated in Table S1, the
similarities and differences were analyzed between this study and our work. The similar-
ities between the two papers reflected the common theoretical basis which clarified the
practical problems in the application of BIBR 1532 and the necessity of loading BIBR 1532
with nanocarriers. The differences between the two papers were highlighted in the aspect
of key observations, drug release, the bio-effects of BIBR 1532 and the significance of the
work. In our present study, after BIBR 1532-bearing ZIF-8 was endocytosed into cells and
localized in lysosome, ZIF-8 was degraded in the acidic environment and BIBR 1532 was
released, causing the proliferation inhibition, cell cycle arrest and cellular senescence of
tumor cells; whereas in this reported study [78], BIBR 1532 was released from the PEG layer
and then weakened mitochondria protection, enhanced ROS production and meanwhile,
promoted the apoptosis of DOX-resistant tumor cells. In any case, both studies addressed
the essentials of proper drug delivery vehicles for an improved efficacy of hydrophobic
BIBR 1532.

5. Conclusions

In the present study, ZIF-8 and BIBR 1532@ZIF-8 were synthesized, respectively, and
the physicochemical characterizations confirmed the successful encapsulation of BIBR
1532 by ZIF-8 coupled with an improved stability of BIBR 1532. ZIF-8 facilitated the
transport and release of BIBR 1532 within cells via the increased permeability of lysosomal
membrane. As compared with free BIBR 1532, ZIF-8 encapsulation facilitated more of an
accumulation of BIBR 1532 in the nucleus, leading to a more obvious growth inhibition of
cancer cells. A more potent inhibition on hTERT mRNA expression, an aggravated G0/G1
arrest accompanied with an increased cellular senescence was detected in BIBR 1532@ZIF-
8-treated cancer cells. Our work has provided preliminary information on improving the
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transport, release and efficacy of water-insoluble small molecule drugs by using ZIF-8 as a
drug delivery vehicle.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13111779/s1, Figure S1: The structure of BIBR 1532; Figure
S2: Plot of the standard curve; Figure S3: Fluorescence stability of fluorescein@ZIF-8; Figure S4:
Fluorescence stability of 6-AF@BIBR 1532@ZIF-8; Table S1: A summary of the similarities and
differences between our present study and others’ study ([78]).
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