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Synthesis and Characterization of MOF-Derived Structures:
Recent Advances and Future Perspectives

Amir Farokh Payam,* Sameh Khalil, and Supriya Chakrabarti*

Due to their facile tunability, metal–organic frameworks (MOFs) are employed
as precursors and templates to construct advanced functional materials
with unique and desired chemical, physical, mechanical, and morphological
properties. By tuning MOF precursor composition and manipulating
conversion processes, various MOF-derived materials commonly known
as MOF derivatives can be constructed. The possibility of controlled and
predictable properties makes MOF derivatives a preferred choice for numerous
advanced technological applications. The innovative synthetic designs besides
the plethora of interdisciplinary characterization approaches applicable to
MOF derivatives provide the opportunity to perform a myriad of experiments
to explore the performance and offer key insight to develop the next
generation of advanced materials. Though there are many published works
of literature describing various synthesis and characterization techniques
of MOF derivatives, it is still not clear how the synthesis mechanism
works and what are the best techniques to characterize these materials
to probe their properties accurately. In this review, the recent development in
synthesis techniques and mechanisms for a variety of MOF derivates such as
MOF-derived metal oxides, porous carbon, composites/hybrids, and sulfides
is summarized. Furthermore, the details of characterization techniques
and fundamental working principles are summarized to probe the structural,
mechanical, physiochemical, electrochemical, and electronic properties of
MOF and MOF derivatives. The future trends and some remaining challenges
in the synthesis and characterization of MOF derivatives are also discussed.

1. Introduction

The metal−organic frameworks (MOFs), also recognized as
porous coordination polymers (PCPs), are porous crystalline ma-
terials with infinite lattices synthesized by coordination chem-
istry using metal cations and polydentate organic ligands.[1–4]
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Easy tunability in MOFs structure can
be attained via the selection of various
combinations of metal cations and or-
ganic linkers and also by post-synthesis
modification.[5] Ultrahigh porosity, high
thermal stability, ability to tailor frame-
work platform properties, and high sur-
face area are the main characteristics of
MOFs. As an example, MOFs possess ultra-
high Brunauer−Emmett−Teller (BET) sur-
face areas up to 10 000 m2 g−1, which is
much higher than zeolites and activated
carbons.[6] After the discovery in the late
1990s by the groups of Robson,[7] Moore,[8]

Yaghi,[9] Kitagawa,[10] and Férey[11]; MOFs
were found to be promising due to their
unique structure and have been widely
investigated according to their structural
properties and synthesis methods. In the
last two decades, over 20 000 different
MOFs in various structural forms like 1D,
2D, and 3D were synthesized[1] via an un-
limited combination of metal and organic
linkers to suit various specialized appli-
cations. Due to the flexible selectivity in
structure, shape, modularity, and porosity,
MOFs can be utilized in diverse applica-
tions including inter alia gas storage, energy
conversion, chemical sensing, adsorption
and desorption of gas molecules,[12] drug
delivery,[13] optoelectronics,[14] catalysis,[15]

proton conductivity, energy storage, food industry, and health
care systems.[1–4,16,17]

Recently, MOF-derived porous structures have attracted much
attention from research and the scientific community due to
the ease of synthesis techniques and the possibility of tun-
ing the properties of the derived porous structures to achieve
improved performances in various applications. MOF-derived
processing is a less complex synthesis method that can eas-
ily provide porous structured materials with controlled shape,
size, phase, and physiochemical properties. For the synthe-
sis of MOF-derived structures, MOFs are utilized as a pre-
cursor or template to provide a variety of porous structures.
MOF can furnish different derivatives such as MOF-derived
porous carbons,[18–20] metal, metal oxides, metal sulfides, metal
phosphide,[21–29] and composites[30–60] with tuneable desired
properties which are otherwise difficult to synthesize through
other processes due to multistep complex processing. Because
of the immense possibility of applications in a variety of ad-
vanced technologies, understanding the structural, mechanical,
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physiochemical, electrochemical, and electronic properties of
MOF and MOF-derived structures is equally important. The
detailed understanding of these properties unfolds the possibility
of further optimization of the derived structures suitable for de-
sired applications. To investigate all the above-mentioned proper-
ties of complex structured MOFs and their derivatives, it is impor-
tant to have a thorough understanding of various characterization
techniques and the working principals of characterization instru-
ments used for probing those properties. In this review, we con-
centrate on the current state-of-the-art methods for the synthesis
and characterization of MOF-derived porous structures, describe
their working principle, report recent findings, and discuss the
current challenges that need systematic study to overcome.

2. Synthesis of MOF-Derived Materials

MOF derivatives have attracted significant attention in the areas
of materials science research due to their excellent properties ap-
propriate for diverse applications in energy, sensing, biomedi-
cal, catalytic, and food industry. So far, much literature has been
published describing the MOF-derivatives synthesis process pri-
marily governed by two techniques: heat treatment and chem-
ical solution treatment. Recent studies indicate that MOFs are
promising precursors or templates to produce nanoscale porous
structures including MOF-derived oxides, carbides, nitrides, sul-
fides, phosphides, and composites with unique and predeter-
mined properties. In this section, we will discuss various syn-
thesis techniques of different MOF-derived structures.

2.1. Synthesis of MOF-Derived Porous Carbon

2.1.1. Direct Carbonization through Pyrolysis

MOF has been extensively used as a template to produce porous
carbon using thermal (often between 600 and 1000 °C) treatment
and chemical processing. This process is advantageous over other
conventional nanocasting methods, as improved controllability
in the pore size, and surface area can be achieved simply by con-
trolling the temperature, time, heating rate, and annealing at-
mosphere. Table 1 summarizes the synthesis parameters of vari-
ous MOF-derived porous carbon structures. As shown in Table 1,
same precursor (MOF-5) is used to obtain different porous car-
bon with varying surface area simply by changing the pyrolysis
temperature, heating rate, and duration. By pyrolyzing MOF-5
in N2 atmosphere at 900 °C for 1–5 h, BET surface area above
1500 m2g−1[61–64] can be obtained in the derived porous carbon.
The pyrolysis of the same MOF-5 precursor with additional pre-
cursor furfuryl alcohol can result in the formation of porous car-
bon with very high BET surface area close to 3000 m2g−1.[65,66]

This novel method was first proposed by Liu et al. in 2008[65]

where zinc-based MOF (MOF-5) was selected in the first attempt
to synthesize nanoporous carbon via MOF-templated method.
MOF-5 has intrinsic properties for instance high surface area
(2900 m2 g−1), calculated from Langmuir model, and very high
pore volume (1.04 cm3 g−1),[67] both of which make it an appropri-
ate self-sacrificial template for deriving porous carbons. Huang
et al.[18] Bakhtiari et al.[68] and Xu et al.[69] reported successful syn-

thesis of nanoporous carbon using simple pyrolytic carboniza-
tion of MOF. Zhao et al. reported facile carbonization of MIL-
88B–NH2 at different temperatures[70] for the synthesis of car-
bonized nanoparticles (CNPs-T) with ultrahigh surface area and
ordered porous structure. These indicate the sustainable ability
to synthesize porous carbon structures through direct carboniza-
tion of MOF precursors in simple steps.

2.1.2. Indirect Carbonization Using Additional Carbon Precursor

The synthesis of MOF-derived porous carbons is also possible
with indirect carbonization[71] employing secondary precursors,
e.g., ethylenediamine,[72] furfuryl alcohol,[65] and Glycerol.[73]

The high surface area close to or above 3000 m2 g−1 can be at-
tained in porous carbon synthesized by pyrolysis of MOFs in an
inert atmosphere followed by chemical etching of surface metal
ions. A novel example of this is the work by Jiang et al.[74] who
employed zeolite-type MOF (ZIF-8) and furfuryl alcohol to syn-
thesize nanoporous carbon and achieved an unexpectedly high
BET surface area of 3405 m2 g−1. Another outstanding exam-
ple is the work by Hu et al. who demonstrated the synthesis of
nanostructured porous carbon with an even superior surface area
(5500 m2 g−1) through the easy pyrolysis of Al-based MOF and
successive acid removal of Al species.[75]. Xiaokun Pei et al.[76]

summarized the synthesis and performance of MOF-derived
porous carbons, porous carbons doped with heteroatoms, and
porous carbons decorated with metal or metal oxide and dis-
cussed the effect of processing parameters e.g. temperature of
calcination, supplementary precursor loading, and post-synthetic
treatment on the properties of the resultant products.

2.1.3. Doped and Hybridized Porous Carbon

Porous carbon doped with heteroatoms (e.g., nitrogen (N), phos-
phorus (P), and/or sulfur (S)) can be synthesized using MOF as a
precursor to enhance their functional performances like oxygen
reduction reaction.[77,78] F. C. Zheng et al.[79] reported a simplis-
tic strategy for fabricating microporous carbon polyhedrons with
high-level nitrogen doping by simple pyrolysis of ZIF-8 polyhe-
drons at 500–900 °C in a nitrogen atmosphere. Li, Yang et al. re-
ported the synthesis of N-doped carbon nanotubes by facile py-
rolysis of Zn–Fe–ZIF at 900 °C in an N2 atmosphere for 4 hrs and
consequent acid leaching.[80] In 2014, Aijaz et al. synthesized N-
decorated nanoporous carbons with high surface area employ-
ing ZIF-8 as a template and furfuryl alcohol as the secondary
source of carbon besides NH4OH as an extra nitrogen source.[81]

These carbons exhibited remarkable CO2 adsorption capacities
and CO2/N2 and CO2/CH4 selectivity. The N-decoration in these
carbons resulted in excellent activity for the oxygen reduction re-
action.

There are reports of synthesizing porous carbons, metal-based
compounds, and their hybrids to enhance the electrocatalytic
performance[82–90] using transition metal (Fe, Co, Ni, Zn, etc.)-
based MOFs as a precursor. As examples, Yin and co-authors
described the synthesis of Co or nitrogen-doped porous carbon
(Co Single atom/N–C) from Zn/Co–ZIF.[90] Hou et al. produced
nanoparticles of Co-embedded N-doped porous carbon polyhe-
dra by the pyrolysis of ZIF-67/GO composite.[91] These works
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Figure 1. Schematic diagram of MOF-derived porous carbon synthesis process with improved controllability in the porous architecture, pore size,
surface area, and composition.

are important as they demonstrated the successful synthesis
of MOF-derived doped porous carbon with superior electrocat-
alytic and energy storage properties. Owing to the versatility of
MOF structures and the flexibility of the process, MOF-derived
porous carbon materials would significantly broaden the family
of nanoporous carbon materials and provide new structures and
multifunctional properties for use in electrocatalysts, sensors, su-
percapacitors, and batteries.

2.2. Synthesis Schemes for MOF-Derived Porous Carbon

MOF-derived porous carbon synthesis is mainly governed by two
techniques, 1) Direct pyrolysis of MOFs and 2) Pyrolysis of MOFs
encapsulating guest species.

2.2.1. Direct Pyrolysis of MOFs

The MOF precursors or templates have been typically carbonized
under an inert (such as Ar, N2) atmosphere followed by subse-
quent leaching of metal species to produce porous carbon struc-
tures with predefined properties. As a pioneering work, Jiang
et al. synthesized porous carbons with a surface area as high
as 3067 m2 g−1[74] by directly pyrolyzing ZIF-8. It has been ob-
served that the introduction and polymerization of furfuryl alco-
hol into ZIF-8 MOF can improve the surface area (3405 m2 g−1)
of resultant porous carbons. Following that Hu et al. synthesized
nanoporous carbons with very high surface area (5500 m2 g−1)
by the simple and direct pyrolysis technique.[75] Figure 1 shows
the synthesis scheme of MOF-derived porous carbon structures
through direct pyrolysis of MOFs.

Importantly, porous carbon doped with various heteroatoms
(N, P, S, etc.) can also be synthesized by direct pyrolysis of MOFs
with heteroatom and functional groups (─NH2, ─SO3H, etc.) as
shown in Figure 2.

2.2.2. Pyrolysis of MOFs Encapsulating Guest Species

Another popular synthesis strategy to produce MOF-derived
porous carbon nanoparticles is the inclusion of guest species
into MOF pores accompanied by pyrolysis.[65,81,100–108] Pyrolysis
of MOFs possibly will produce limited active sites, whereas the
inclusion of guest species into MOF pores followed by pyrolysis
provides the scope for synthesizing porous carbons with addi-
tional active sites useful for numerous energy storage, gas ad-
sorption, and catalytic applications. Xu’s group applied the py-
rolysis of furfuryl alcohol-incorporated MOF-5 as an appropriate
precursor[65] to synthesize porous carbons with a high surface
area (2872 m2 g−1). Throughout the pyrolysis of MOF-5 under in-
ert atmosphere, the produced ZnO species was decreased by car-
bon to generate evaporative Zn at high temperatures (>700 °C),
providing highly porous carbon. Arshad et al.[81] described the
synthesis of high surface area N-decorated nanoporous carbons
employing the N-rich metal–organic framework ZIF-8 as a tem-
plate and precursor along with furfuryl alcohol and NH4OH as
the secondary carbon and nitrogen sources, respectively.

2.3. Synthesis of MOF-Derived Porous Metal Oxides

Porous metal oxide with tuneable properties like shape, poros-
ity, pore volume, and surface area can be synthesized by simple

Figure 2. Schematic of the synthesis process of MOF-derived porous carbon doped with heteroatoms.
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Figure 3. Schematic diagram of MOF-derived porous metal oxide synthesis process with tuneable properties like surface area, porosity, structure, and
composition.

calcination of MOFs in air and/or nitrogen atmosphere (Figure
3). In comparison with other chemical and physical synthesis ap-
proaches, the synthesis of metal oxides using MOFs as a tem-
plate has several benefits. MOF structure contains metal ions
at the centers coordinated with organic linkers. Controlled ox-
idation of MOFs in air or nitrogen atmosphere causes the de-
composition of organic linkers and releases CO2 and NO2 gases
during heating to produce porous metal oxides. By optimizing
the heating conditions and time, the original porous structure of
parent MOF can be preserved in the derived metal oxide lead-
ing to high surface area and porosity.[71,109] Simply by adjusting
annealing time and temperature, it is possible to achieve effec-
tive control over the composition, pore size, and surface area of
MOF-derived metal oxides.[71,110] MOF template-based synthesis
process provides flexibility in producing single- and bi-metallic
metal oxides and/or core–shell metal oxides simply by choosing
the single- and bi-metallic MOFs and/or combination of MOFs
(Figure 3).

To date, various porous metal oxides with controlled proper-
ties have been synthesized using MOF as a sacrificial template
via thermolysis.[76,124,125] Su et al.[127] synthesized porous Co3O4
hexagonal nanorings from MOF precursors and reported excel-
lent lithium storage performance. Banerjee et al.[128] utilized con-
trolled pyrolysis of Cu-based MOF (MOF-199) at 550°C in air
for the synthesis of phase pure porous CuO spherical nanoparti-
cles. Lei Zhang et al.[110] synthesized Fe2O3 microboxes with hi-
erarchically structured shells by one-step annealing of Fe-based
MOF (Prussian blue (PB)). They show a scalable synthesis strat-
egy of anisotropic hollow structures of Fe2O3 with numerous ar-
chitectures. X Xu et al.[111] used two-step calcination of iron-based
metal–organic framework (MIL-88-Fe) template for the synthe-
sis of spindle-like porous 𝛼-Fe2O3. Briefly, MIL-88-Fe was ini-
tially annealed at 500 °C in N2 atmosphere to get black FeOx-C
composite and later calcined at 380 °C in air to obtain the dark
red 𝛼-Fe2O3 (Figure 4) by removing residual carbon. MOFs can
also be employed as templates to create a novel category of func-
tional porous metal oxides.[112] As an example, Cho et al. reported
the fabrication of numerous hollow and multi-ball-in-ball hybrid
metal oxides using MOFs as a template and exploiting their dis-
tinctive reactivity and thermal behavior.[113]

S Maiti et al.[112] reported the growth of crystalline nanobar-
like mesoporous Mn2O3 via a simple exo-templeting of Mn-BTC
MOF and using thermal calcination at 650 °C for 3 h, where the

MOF structure was preserved in the developed metal oxide with
more voids and spaces. All these works show the versatility of
the MOF calcination process to derive porous structured metal
oxides of choice by selecting the right MOF as the starting pre-
cursor and the optimum calcination parameters.

Until now many works have been performed toward the
synthesis of single and bi-metallic metal oxides with ultra-
high surface area and porosity simply by one/two-step thermal

Figure 4. Top image shows the schematic diagram of the synthesis
process and bottom image shows the transmission electron micro-
graph of synthesized spindle-like porous 𝛼-Fe2O3. Reproduced with
permission.[111] Copyright 2012, American Chemical Society.
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Figure 5. Bar graph demonstrating a diversity of MOF precursors that have been employed to produce metal oxide nanostructures (CuO,[115]

Co3O4,[116–118] Co3V2O8,[119] CeO2,[120] Fe2O3,[110,111] MgO,[121] Mn2O3,[112,122,123] NiO,[124–126] TiO2,[127–130] ZnO,[131–133] and nanocompos-
ites (CoFe2O4,[134] CuCo2O4,[135] Mn1.8Fe1.2O4,[136] ZnCo2O4,[137] ZnxCo3−xO4,[138] ZnMn2O4,[139] Co3O4@NiCo2O4,[140] Co3O4/ZnFe2O4,[141]

CuO/Cu2O,[142] CuO@NiO,[143] Cu/Cu2O@TiO2,[144] Cr2O3@TiO2,[145] Fe2O3@TiO2,[146] and Fe2O3/NiCo2O4
[147]) as well as the calcination tem-

perature to get the single and mixed metal oxide nano structures.

decomposition of MOFs as precursor or template, (Figure 5).
Many examples of MOF-derived single and mixed metal oxide
nanostructures are listed in Figure 5 and it gives a quick overview
of the MOF precursor and calcination temperature requirement
for getting desired metal oxides. Also, mixed metal oxides with
complex structures can be easily synthesized through calcination
of mixed metal MOFs which is otherwise difficult to obtain using
other conventional physical and chemical synthesis processes. It
can also be noted from Figure 5 that for single metal oxide forma-
tion the calcination temperature varies with the choice of MOF
precursor. For example, Mn2O3 can be derived at 400 °C by calci-
nation of the MOF precursor Mn-MIL-100 whereas it requires a
much higher calcination temperature of ≈650 °C if the starting
precursor is MN-BTC. Similar phenomenon is observed for other
single metal oxides such as ZnO, TiO2, NiO, Co2O3, and Fe2O3.

It is evident from the above studies that this MOF template-
based synthesis is highly attractive and gives a large amount of
flexibility and simplicity to achieve complex metal oxide struc-
tures with tuneable properties like controllable porosity, large sur-
face area, morphology, and composition, which are advantageous
for various practical applications. The synthesis parameters of
some of the previously reported MOF-derived porous metal ox-
ides are tabulated in Table 2 which shows the MOF precursor,
calcination parameters e.g., temperature, atmosphere, time and
heating rate, morphology, and the BET surface area of the syn-
thesized metal oxides. Close look at Table 2 reveals that there

is no direct correlation between the BET surface area of derived
metal oxide and the calcination parameters as it varies randomly
with the starting MOF precursor. However, annealing tempera-
ture of 500 °C in air with a heating rate of 5 °C m−1 is more
favorable for synthesizing Co3O4 with a high BET surface area
of 148 m2 g−1.[97] Similarly, for MOF-derived Fe2O3 the calcina-
tion temperature of 500 °C in air with a heating rate of 5 °C m−1

is most suitable to achieve a high BET surface area close to
100 m2 g−1.[114] Considering all results shown in Table 2, it can be
inferred that a calcination temperature between 400 and 500 °C
in air with a heating rate of 2 or 5 °C m−1 is most preferable
for synthesizing MOF-derived metal oxides (Co3O4, TiO2, Fe2O3,
NiO, CeO2, CuO, ZnO, and Mn2O3) with a high surface area close
to or above 100 m2g−1.

2.4. Synthesis Schemes for MOF-Derived Porous Metal Oxides

MOFs can be tailored with diversified compositions and struc-
tures, which makes MOF derivation a promising and facile
method to produce porous metal oxides. The elemental composi-
tion, morphologies, pore sizes, pore density, and surface area of
MOF-derived metal oxides can be partially retained from MOF
precursors and to a degree tailored by the prudent design of
the MOF precursors and extrinsic control of the synthetic pro-
cedures, e.g., annealing temperature, time, heating atmosphere,
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Figure 6. Schematic presentation showing the synthesis of nanoporous Co3O4 and carbon from ZIF-67 by optimized thermal treatment. The corre-
sponding SEM and TEM images are shown below their illustrations. Reproduced with permission.[97] Copyright 2015, American Chemical Society.

and heating rate. Based on the experimental conditions the syn-
thetic schemes of MOF-derived metal oxides can be classified into
two types, 1) direct thermal decomposition of MOFs and 2) trans-
formation of MOF by chemical solution reaction.

2.4.1. Direct Thermal Decomposition of MOFs

This is an effective and simple method to produce numerous
porous metal oxides through direct pyrolysis of MOF precursors
or templates. The composition, structure, and properties of MOF-
derived oxides are highly dependent on the heating conditions
such as temperature level, heating rate, gas atmosphere, and du-
ration of heat treatment. These parameters are crucial parame-
ters as these can alter the final product acquired through calcina-
tion of the same MOF precursor. For instance, CoO and Co3O4
are procured by calcination of the same MOF at 400 °C in differ-
ent gas environments like N2 and air, respectively.[159] Even at the
same atmosphere, there is a possibility to obtain different MOF
derivatives with different calcination temperatures. Therefore,
the annealing temperature during heat treatment should be op-
timized to get the desired product of derivatives.[109,160] Salunkhe
et al.[97] reported the selective synthesis of nanoporous carbon (at
800 °C) and nanoporous Co3O4 (at 500 °C) using ZIF-67 MOF
just by changing the annealing conditions (Figure 6) and the
porous structure of MOF precursor was somewhat retained. The
selectivity of annealing atmosphere and temperature can signif-
icantly influence the final output even if the same MOF precur-
sor is used as the starting material. The heating rate is another
factor that affects the morphology, particle size, and the graphi-
tization degree of carbon of MOF-derived material. Yang et al.
reported that hierarchical ZnO/NiO microstructure can be ob-
tained with different morphologies at a different ramping rate of
the calcination process. As reported, the seaweed-like morphol-
ogy consisting of a large number of nanosheets was achieved with
a heat treatment rate of 5 °C min−1, while aggregates composed of

nanoparticles were obtained at a heating rate of 1 °C min−1.[161]

Heat treatment conditions like temperature level, heating rate,
gas atmosphere, and duration of heat treatment affect the decom-
position mechanism of MOFs thus various derived structures can
be obtained by varying these conditions.

2.4.2. Transformation of MOF by Chemical Solution Reaction

Instead of heating, MOF could also be transformed into differ-
ent functional materials by chemical solution reaction treatment
at room temperature.[162,163] During this process, MOF produces
metal cations that react with liberated anions from other chemi-
cals added to the solution. The dissolution process of MOFs could
be affected by the MOF type, concentration, and pH value of
the solution which will directly affect the dissolution rate. While
rapid rate dissolution of the MOF could collapse the structure of
the framework, a slow rate might lead to the coexistence of the
MOF in the final derivatives.[164] The treatment of MOFs in a so-
lution with suitable pH leads to the release of both the organic
linker and metal cations.[152] The metal cations start to release
gradually through the dissolution of MOFs by reacting with an-
ions in the solution and forming a metal compound shell around
the MOF surface. Then by manipulating the diffusion rate of
ions by temperature and the concentration of the reactants, it
is possible to control the morphology of MOF derivatives.[165]

During this process, multiple elements can be combined into
the MOF-derived material from a multi-metallic compound.[117]

Table 3 summarizes some MOF-derived metal oxides produced
by solution-based chemical techniques.

2.5. Synthesis of MOF-Derived Nanocomposites/Hybrid
Structures

MOFs precursors have a high potential for facile and effi-
cient synthesis of different nanocomposites and/or hybrid
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Table 3. MOF-derived functional materials by solution-based technique.

Obtained material Precursor MOF Solution
reagents

Refs.

TiO2 MIL-125 (Ti) NaOH [166]

CuO Cu-BTC NaOH [162]

Gd–Si oxide mesoporous
nanoparticles

Gd(H2O)4[Fe(CN)6] sodium silicate [167]

Microporous silica HKUST-1 HCl [168]

Porous 𝛿-MnO2

nanoboxes
Mn3[Co(CN)6]2·9H2O NaOH [169]

porous structures. The formation of MOF-derived porous
hybrids can be attributed to MOF decomposition for the for-
mation of various void spaces in the crystal structure. By
choosing the right combinations of MOFs and using an op-
timized heat treatment process, porous hybrid materials or
nanocomposites with complex structures[113,143,170] can be syn-
thesized. This scalable technique facilitates the production of
various porous hybrids structures e.g. multi-shelled hollow
spheres,[113] and cube-in-box hollow structures,[170] in simple
ways which are otherwise difficult to achieve by other conven-
tional physical or chemical synthetic methods. Some examples
of MOF-derived hybrids formation are CuO/Cu2O polyhedra,[142]

CoFe2O4 nanocubes,[134] ZnO/ZnFe2O4/C octahedra,[171] and
NiCo2O4/NiO dodecahedra.[172] Bi-component metal oxide
hybrids,[143,147,170,173] such as NiO/Co3O4 hybrid spheres[113]

and CuO@NiO,[143] can be synthesized effectively using MOFs
as templates. Core–shell hybrid structures can be formed by
core–shell MOFs as a template, which gives high flexibility in
the formation of complex nano-hybrid structures compared to
other conventional chemical synthesis techniques.

T. Wang et al.[132] described the process of seed-mediated
growth by two-step calcination to synthesize porous
ZnO@Co3O4 composites via the transformation of core-shell

ZIF-8@ZIF-67 MOFs. Firstly the ZIF-8@ZIF-67 core-shell MOF
in the form of lilac particles (≈450 nm) was synthesized using
the method developed by Y. Yamauchi et al.[174] After that, the
lilac powder was heat treated in a tubular furnace at 400 °C
for 2 h in N2 to achieve the desired precursor for synthesizing
ZnO@Co3O4 core–shell hybrid. Finally, the obtained precursor
was annealed at 400 °C for 2 h in the air to obtain ZIF-8@ZIF-67
MOF-derived ZnO@Co3O4 hybrid (Figure 7).

2D MOF nanosheets can be used as a template for synthesiz-
ing porous hybrid 2D nanostructures. 2D MOFs nanosheets also
known as 2D coordination polymers have attracted enormous at-
tention due to their modular nature and tuneable structures, fur-
thermore, these layered structures have fascinating topological
networks and entanglements. 2D MOFs nanosheets can be syn-
thesized using two different methods and those are 1) top-down
stratification strategy and 2) bottom-up method or the combina-
tion of two methods. Some examples of 2D MOF nanosheets are
2D metal–porphyrin MOF nanosheets and 2D NiCo bimetallic
MOF nanosheets. MOF-derived ultrathin sheet-like 2D hybrids
can be formed via the thermal processing of MOF thin films
coated on a graphene template accompanied with acid wash for
the removal of metallic ions.[175] Easy replacement of metal ions
in 2D MOF nanosheets facilitates the formation of more complex
MOF nanosheets which can be utilized as a precursor to synthe-
size MOF-derived 2D hybrid structures with tuneable structure
and composition.

Carbon nanocomposites and metal oxides hybrids with differ-
ent morphologies, compositions, and functionalities can be syn-
thesized using MOFs as precursors or templates. Chen et al.[176]

synthesized a core-shell type hybrid i.e. graphene sheet sup-
ported porous nano box structured nitrogen-doped Fe/Fe3C@C
via thermal processing of graphene oxide-supported iron-based
MOF Prussian blue. By directly pyrolyzing MOFs under an in-
ert atmosphere and excluding the metal removal steps, one can
produce multi-component hybrid structures, e.g., carbon-metal,
carbon-metal oxides, and numerous metal-based hybrids. For

Figure 7. Left image shows the schematic presentation of the formation of ZnO@Co3O4 hybrid using ZIF-8@ZIF-67 MOF as precursor along with SEM
elemental mapping of C, O, Co, and Zn; the right image shows the TEM image of ZnO@Co3O4 hybrid. Reproduced with permission.[132] Copyright
2016, The Royal Society of Chemistry.
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example, Wei et al. reported pyrolysis of HKUST-1 MOF under
N2 atmosphere to synthesize anthill-like Cu@C hybrid materi-
als with preserved octahedral morphology.[177] Long et al. uti-
lized hetero-dinuclear MOFs[41] as a template and created a sim-
ple method to synthesize a porous hybrid of nitrogen-doped
graphene implanted with transition metal alloy nanoparticles.
Using simple thermal processing researchers have demonstrated
the fabrication of precious metal, metal oxide, and carbon hybrids
such as Au/ZnO[178] and Co3O4/GN,[179] C–N-doped ZnO,[180]

and Fe2O3/C.[181] Recently, Chen et al. proposed the synthe-
sis of a metal oxide@carbon core–shell-type hybrid using di-
rect pyrolysis of a hollow ZIF-67@ZIF-8 matrix under an in-
ert atmosphere.[182] The attained ZnO@C–N–Co has been con-
structed with uniform ZnO particles as the core and N-doped
graphitized carbon embedded with Co NPs as the shell layer. The
pyrolysis temperature was very important for the formation of
ZnO@C–N–Co with ZnO as the core of the structure.

Furthermore, recent reports indicate the possibility of produc-
ing numerous MOF-derived three or more components hybrids,
such as ZnO/ZnFe2O4/C hollow structured hybrid octahedra,[171]

core–shell structured ZnO/ZnCo2O4/C hybrids,[183] and yolk–
shell structured ZnO/Ni3ZnC0.7/C hybrid microspheres.[184] Li
et al.[185] demonstrated multi-step synthesis of a four-component
MOF-derived hybrid structure where the components are re-
duced graphene oxide (rGO) sheets, polyhedral structured car-
bon, Co nanoparticles, and sulfur. All these reports demonstrate
the versatility of the MOF-derived synthesis process to produce
complex hybrid structures with customized structure, compo-
sition, and morphology. The synthesis parameters of some of
the previously reported MOF-derived porous hybrid structures
are tabulated in Table 4. A quick overview of MOF precursors
and heating parameters for the synthesis of MOF-derived hybrid
structures can be seen in Table 4, which also indicates various
applications of these hybrids in supercapacitors, batteries, and
catalysis.

2.6. Synthesis Schemes for MOF-Derived
Hybrids/Nanocomposites

MOF-derived hybrids synthesis is primarily governed by three
preparation methods: 1) Thermal processing of MOFs with pre-
designed composition and morphology; 2) thermal processing of
hybridized MOFs with other materials; and 3) thermal process-
ing and post-treatment of MOFs for obtaining the desired hybrid
structures. Figure 8[209] shows the schematic illustration of MOF-
derived hybrid synthesis strategies.

2.6.1. Thermal Processing of MOFs with Predesigned Composition
and Morphology

Predesigned MOFs can be heat treated at optimum condi-
tions to get control over the structures and physio-chemical
properties of derived hybrid structures. After the heating pro-
cess, MOFs have been converted to a combination of car-
bon, metal oxides, and/or metal carbides leading to the for-
mation of hybrids with pre-designed features. MOFs with pre-
designed compositions and morphologies can be synthesized

by various techniques like the cation exchange process,[113,143]

hydro/solvothermal process,[172,183] and self-assembly.[210] Easy
thermal processing of these predesigned MOFs results in the
growth of various multi-component MOF-derived hybrid struc-
tures. As an example, octahedron structured ZnO/ZnFe2O4/C
hybrid with a porous shell has been synthesized using a di-
rect heating procedure of predesigned Fe-doped MOF-5 crys-
tals under N2 atmosphere.[171] A similar synthetic scheme was
used to produce ZnO/Ni3ZnC0.7/C hybrid microspheres using
predesigned Ni-doped Zn–MOFs.[184] By altering the reaction
conditions of the MOF preparation technique, other morpholo-
gies such as core-shell type hybrids can also be synthesized.
For example, CuO@NiO microsphere hybrid with three-layer
ball-in-ball hollow morphology was synthesized through simple
pyrolysis of Cu–Ni bimetallic organic frameworks.[143] Various
other multi-shell type structures of metal oxides such as CuO-
ZnO, NiO/Co3O4, and Co3O4/ZnO hybrid microspheres were
synthesized through similar cation exchange reactions of Co-,
Ni-, or Zn-based MOFs followed by calcination.[113] This synthe-
sis scheme can be applied for the preparation of other mixed
metal oxides hollow porous hybrid structures using predesigned
bimetallic MOF crystals.

2.6.2. Thermal Processing of Hybridized MOFs with Other Materials

So far, there are plenty of reports of growing many hybridized
MOFs, e.g., MOF hybridized with carbon[175,176,191] and metal
oxides[147,197] through different synthesis methods which include
template-supported methods,[173,175,196,199] ball-milling,[211] and
small molecules incorporation into the MOFs pores.[212] These
hybridized MOFs can be used as precursors for the formation of
various MOF-derived hybrids with desirable properties. MOF–
carbon hybridized nanostructure enables the synthesis of derived
hybrids with varied morphologies, porosity, and improved elec-
trical properties which are promising for a wide range of applica-
tions in energy storage devices.[196,199] A similar synthetic strategy
can be employed for a number of MOF-derived hybrid structures
using different MOFs and carbon materials as building blocks.

Furthermore, the in situ growth of MOFs on their ascribed
metal compound structures is another promising approach to
simplify the formation of MOF-derived hybrids.[173] For exam-
ple, the formation of a ZnO quantum dot-carbon-ZnO nanorod
core-shell structured hybrid can be possible through the thermal
processing of ZIF-8-coated ZnO nanorod.[197] Here ZIF-8 was in
situ grown on the ZnO nanorod surface and the ZnO nanorod
acted as substrate as well as the precursor for the growth of ZIF-
8. The advantage is that using this process the characteristics like
composition, structure, and morphology of MOF-derived hybrids
can be well predicted by controlling the features of MOF hybrid
precursors. This synthesis technique furnishes a controllable and
viable approach to obtaining MOF-derived hybrids with essential
properties.

2.6.3. Thermal Processing and Posttreatment of MOFs

Simple thermal processing and posttreatment of MOFs can re-
sult in the formation of MOF-derived hybrid structures, in which
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Figure 8. Schematic illustration of the general preparation strategies from
MOFs to their derived hybrid. Reproduced with permission.[209] Copyright
2017, The Royal Society of Chemistry.

other functional materials can be incorporated into the annealed
MOFs to synthesize complex hybrid structures. This synthesis
process for MOF-derived hybrid structures can retain the origi-
nal structure of MOFs precursor even after the post-treatment for
the incorporation of secondary materials. Many post-treatment
methods of annealed MOFs have been reported so far, such
as additional transformation of the thermally processed MOFs
composition,[195] foreign materials incorporation inside porous
structures of thermally processed MOFs,[62,193] and surface deco-
ration of thermally processed MOFs with other materials.[146] Nu-
merous MOF-derived porous carbon materials can be utilized as
host materials to stack secondary elements e.g. sulfur,[62,193] and
selenium[201] to form complex hybrid structures, which are other-
wise complicated to produce using other techniques. As an exam-
ple, a Se-embedded porous carbon hybrid sphere was synthesized
using the post-treatment of thermally processed Ni-BTC.[201] The
annealed Ni-BTC MOFs were first processed through acid re-
moval of Ni ions to produce porous carbon spheres, subse-
quently, the porous carbon structure was processed through
melt-diffusion to integrate Se into the structure, and finally the
Se–carbon hybrid sphere was obtained.[201] Various other post-
treatment methods like spin coating, mechanical mixing, electro-
static adsorption, and electrophoretic deposition can also be used
to thermally process MOFs for the formation of MOF-derived
complex hybrid structures with desired properties and predeter-
mined functionalities. Thus, MOFs can be exploited as precur-
sors or templates as well as foundation blocks to hybridize with
other functional materials for the construction of complex hybrid
structures with novel properties and predetermined functionali-
ties. This will create enormous opportunities for the simplistic
growth of unique functional materials for a wide range of appli-
cations in energy, gas sensing, catalysis, and biomedical.

2.7. Synthesis of MOF-Derived Metal Sulfides and Other

Solution infiltration of MOFs followed by mild heat treatment
can produce porous metal sulfides and retain the original MOF

structure to some extent. In this synthesis process, for the sulfi-
dation of MOF precursors, numerous sulfur-containing chem-
icals are utilized such as sodium sulfide, sulfur powder, and
thioacetamide.[185,213] Here, heat treatment after solution-based
sulfidation is an important step to achieve well crystallinity
in the derived metal sulfide structure otherwise it remains
amorphous.[213] Cho et al. reported the synthesis of Cu–MOF
(HKUST-1) derived CuS nanoparticles using thioacetamide as a
sulfur source and demonstrated the effect of heat treatment at
different temperatures.[214] Su et al. reported microwave-assisted
hydrothermal synthesis of yolk-shell CdS microcubes using Cd–
Fe PBA as a precursor.[215] Growth of ZnS nanocages has been
reported using ZIF-8 precursor and thioacetamide as a source of
sulfur.[163] The nanocasting process[216] has been used to derive
metal sulfides through the transformation of metal oxide repli-
cas obtained using various metal nitrates and MOFs as precur-
sors. X Sun et al. indicated that cobalt-based MOF can be trans-
formed by thermal treatment (700 °C) to the mixed phase of
Co9S8 and CoS1.097 under an Ar environment while the same pre-
cursor MOF could produce Co9S8 as a single phase with mixed
Ar and H2 atmosphere at the same temperature by increasing the
length of heating time to 2 h.[217]

Several other MOF derivatives such as transition metal oxides,
phosphides, and nitrides,[91,101,106,213,218–222] have also been syn-
thesized for their superior application possibility as electrocata-
lysts for Hydrogen generation, potentially replacing the Pt-based
electrode materials. Porous structured Co-nitrides with regularly
distributed Co–N4 centers[223]were synthesized using Cobalt Im-
idazolate MOF as a precursor template. Proietti et al. synthesized
Fe-based FeN4 implanted into carbon planes using ZIF-8[224] as
a precursor. Table 5 summarizes various synthesis parameters
of MOF-derived sulfides, carbides, and nitrides using heat treat-
ment process and solution-based techniques respectively.

3. Characterization of MOF and Its Derivatives

The intrinsic functionalities and porous structures of metal–
organic frameworks and their derivatives alongside their su-
perficial properties make them appropriate for a variety of ad-
vanced emerging technologies. Most of the MOFs based ap-
plications involve the interaction of constituted materials with
guest molecules. Optimization of an existing process or design-
ing novel mechanisms requires a thorough understanding of the
physicochemical characteristics of involved MOF substances and
their interaction with guest molecules.

This section provides a concise overview of characterization
techniques for MOFs and their derivatives (Figure 9). Vari-
ous instruments are used to explore physical properties, struc-
tures, chemical states, elemental composition, as well as ther-
mal, optical, electronic, magnetic, mechanical, and electrochem-
ical attributes. Due to MOFs’ structural complexity, a range
of physicochemical techniques is necessary, as summarized in
Table 6.

3.1. Characterization of Structural and Mechanical Properties

Understanding the fundamental structural properties of MOFs
and their derivatives such as crystallinity, porosity, and precise
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high specific surface area is essential to move forward in opti-
mizing the MOF characteristics. So, to establish the crystallinity
and phase purity of MOFs, the fundamental characterization data
needs to be collected and analyzed using X-ray diffraction (XRD)
patterns. The morphology and crystal size of MOF and its deriva-
tives can be studied using various microscopy techniques includ-
ing transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM), as well
as profilometry. Moreover, AFM could also be employed to char-
acterize the mechanical properties of MOFs. Furthermore, to de-
tect the crystal defects, vacancy, and defect types; fluorescent mi-
croscopy, electron paramagnetic resonance, and positron anni-
hilation spectroscopy techniques have been employed. This sec-
tion represents a details discussion of the above-mentioned struc-
tural and mechanical characterization techniques for MOFs and
their derivatives. Table 7 discusses the details, advantages, and
limitations of characterization techniques used for MOF/MOF-
derivatives study.

3.1.1. X-Ray Diffraction

To understand the functional properties of MOFs and their
derivatives for applications in advance technologies, it is es-
sential to determine their structures accurately. Due to the pe-
riodic structure of MOFs, X-ray diffraction techniques, espe-
cially single-crystal X-ray diffraction (SC-XRD) and powder X-ray
diffraction (PXRD), are extensively used to identify the molec-
ular structure and crystallinity of MOFs at the atomic or sub-
atomic level.[234,235] SC-XRD analysis of MOFs requires large,
high-quality single crystals, but their complex crystallization pro-
cess poses challenges. MOFs may also exhibit structural hetero-
geneity, containing multiple polymorphs or crystallographic do-
mains, making a single crystal insufficient to fully represent the
MOF’s structure. Achieving the right size and quality in MOF
crystal growth can be challenging due to the involved reactions
and gas temperatures. In such cases, powder X-ray diffraction
(PXRD) patterns are a valuable alternative. In PXRD, all of the
diffraction data are compressed into 1D space, specifically the
2𝜃 diffraction angle.[234] This compression of reciprocal 3D space
into 1D space results in significant peak diffraction overlap, mak-
ing the accurate determination of 2𝜃 peak positions and intensi-
ties challenging.[234,236] Therefore, a crucial step in PXRD analysis
is to produce a high-purity and crystalline polycrystalline sam-
ple to obtain a reliable diffraction dataset. Inaccurate determi-
nation of peak positions and intensities can lead to difficulties
in unit cell determination and the identification of space groups
for MOFs and their derivatives. Once a crystalline sample is con-
firmed, crystallographic parameters such as lattice parameters,
unit cell size, and crystallite size can be extracted from the pow-
der diffraction pattern.[237] This process can be divided into three
sequential steps: indexing, structure solution, and structure re-
finement (Figure 10). Indexing involves determining the lattice
cell dimensions, vectors, and angles from peak position analy-
sis in the powder diffractogram. Structure solution and refine-
ment follow, where the intensity data are used to determine the
space group and refine diffraction patterns.[234] In the structure
refinement stage, PXRD pattern fitting is achieved using various
refinement variables, including peak widths, shapes, positions,
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Figure 9. a) Schematic of characterization techniques used to study and explore MOFs/MOFs-derivatives properties. b) The mechanisms of electron
matter interactions; c) the mechanism of light–matter interactions.

Table 6. A tabular representation of the physicochemical characterization methods for MOFs/MOFs-derivatives.

MOFs/MOFs derivatives Properties Features Characterization techniques

Structural properties Crystallography properties XRD, PXRD, TEM, SEM

Surface topography & Microstructure AFM, Profilometer, SEM, TEM

Crystal defects TEM, SEM, FM, PAS, EPR

Mechanical properties Elasticity AFM

Physical and electrochemical properties Surface area, porosity BET, BJH, DFT, HK, ESW

Optical properties UV-DRS, PLS

Charge dynamics PLS, TAS, TPS, EIS

Thermal stability TGA

Colloidal stability DLS, ELS, FCS

Adsorption properties Volumeter, Calorimeter

Bulk porosity, linkers properties BET, NMR

Chemical properties Elemental state, composition Raman, FTIR, EDS, DRIFTS, ICP-OES

Electronics properties Bandgap potential, band-edge, and bandgap offset UV–vis–NIR, XPS, UPS, PLS

Fermi level XPS, UPS

XRD: X-ray Diffraction, PXRD: Powder X-ray diffraction, TEM: Transmission Electron Microscope, SEM: Scanning Electron Microscope, AFM: Atomic Force Microscope, FM:
Fluorescent Microscopy, PAS: Positron Annihilation Spectroscopy, EPR: Electron Paramagnetic Resonance, BET: Brunauer−Emmett−Teller for, BJH: Barrett-Joyner-Halenda,
DFT: Density Functional Theory, HK: Horwath-Kawazoe, ESW: Excess Sorption Work, UV-DRS: Ultra Violet– Diffuse Reflectance Spectroscopy, UV-VIS-NIR: Ultra Violet–Visible–
Near Infrared Spectroscopy PLS: Photoluminescence Spectroscopy, TAS: Transient Absorption Spectroscopy, TPS: Transient Photocurrent Spectroscopy, EIS: Electrochemical
Impedance Spectroscopy, TGA: Thermogravimetric Analysis, DLS: Dynamic light scattering, ELS: Electrophoretic Light Scattering, FCS: Fluorescence Correlation Spectroscopy,
NMR: Nuclear Magnetic Resonance, FTIR: Fourier-Transform Infrared, DRIFTS: Diffuse Reflectance Infrared Fourier Transform Spectroscopy, ICP-OES: Inductively Coupled
Plasma Optical Emission Spectroscopy, XPS: X-ray Photoelectron Spectroscopy, UPS: Ultraviolet Photoelectron Spectroscopy.
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Table 7. Comparison of high-resolution characterization techniques for structural and mechanical properties of MOF-derivatives.

Technique TEM/SAED SEM FM/Super resolution
microscopy

AFM XRD

Resolution 0.1–5 Å 2–10 nm 20–50 nm ≤1–50 nm 0.2–3.5 Ao

Advantage/
application

• High-resolution
imaging with
magnification

• Crystallographic
information

• Elemental analysis
• Ability to visualize

guest molecules and
defects

• Imaging surfaces at
nanoscale resolution
with magnification

• Coupled with EDS
for elemental
analysis as well as
surface composition

• Porosity analysis
• In-situ study
• Surface

functionalization

• Visualization with
spatiotemporal
resolution

• Localization of guest
molecules

• Multiplexing
capabilities

• Extract multiple
properties

• High spatial and
lateral resolution

• Functional mapping
• In-situ imag-

ing/characterization

• Atomic structure
• Crystallization
• Phase identification
• Stability
• Guest-host

interactions

Disadvantage • Sample preparation
• Sample size
• Beam damage
• Depth resolution
• Sample

contamination

• Beam damage
• Vacuum

environment
• Resolution

• Photobleaching
• Background

autofluorescence
• Expensive

• Tip artifact
• Surface sensitivity

which is challenging
for 3D-MOFs and
their derivatives

• Imaging speed

• Sample preparation
* Expensive

• Size limitation
• Time resolution
• Sensitivity to

disorder structure of
MOF-derivatives

intensities, and background intensity profiles. MOF phase purity
can be confirmed by comparing experimental powder patterns
with simulated patterns generated from single-crystal X-ray data
or by using computational modeling.[238]

The initial solution preparation for PXRD follows a similar
procedure to single-crystal diffraction, with some adjustments
like histogram matching to the chemical composition.[239] Ap-
plying the charge-flipping method to powder diffraction data
can be improved by providing primary phase sets upfront,
avoiding random initial phase assignments in the first charge-
flipping cycle.[237] These initial phase sets can be obtained
from high-resolution electron microscopy[240] or by using the
charge flipping method on subsets of low-resolution 2D pro-
jection reflections.[241] Utilizing this data in subsequent charge-
flipping iterations leads to significantly enhanced electron den-
sity maps.[242]

Various XRD techniques, particularly SC-XRD and PXRD,
have been successfully employed to determine the crystal struc-
tures of MOFs and their derivatives.[234,236,237] Notable applica-
tions of XRD analysis in MOFs include UiO-66,[243] the flexi-

ble framework MOF-derivatives like MIL-53,[244] MOF-5,[245] and
HKUST-1.[246] For UiO-66,[247] XRD reveals its 3D framework
with hexagonal pores, providing lattice parameters, atom posi-
tions, and pore size/connectivity information crucial for under-
standing adsorption and diffusion properties.

In the case of UiO-66, high-quality synchrotron radiation data
analyzed using the EXPO program yields structural informa-
tion without prior knowledge.[248] A similar approach using the
charge-flipping technique is applicable to the metal-triazolates
(METs) class of MOFs (Figure 11a,b).[237]

SC-XRD is a key tool for obtaining precise information on
the locations of metal ions, organic linkers, and guest molecules
within MOF pores. It also sheds light on structural changes dur-
ing MOF and MOF derivative synthesis. For instance, SC-XRD
plays a vital role in monitoring thermal activation and guest-host
interactions in divalent metal-based MOFs like MOF-74 (Mg2+,
Co2+, Ni2+),[249] UTSA-74 (Zn2+),[250] and MFM-170(Cu).[251]

Chen et al.[251] recently used in situ variable-temperature SC-XRD
to capture structural changes in PCN-250 during thermal acti-
vation. As the temperature increased from 323 to 473 K, they

Figure 10. Showing the three different stages in the structure determination from powder XRD. Stage 1 has been divided into three substages highlighting
the importance of each point. Reproduced with permission.[234] Copyright 2020,The Royal Society of Chemistry.
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Figure 11. Interpretation of structure data from PXRD data analysis:
charge-flipping method applied to PXRD data leads to the electron den-
sity map (a) from which the structure of metal-triazolates, METs (b), has
been attained. Subsequent to the reticular method, the 12-connected zir-
conium SBU (c) and the tetracarboxyphenylporphyrin organic linker (d)
are simplified to a cuboctahedron (e) and a square (f), respectively. Their
integration generates the edge transitive net ftw (g), from which the struc-
ture of MOF-525 (h) is directly derived [Crystallography of metal–organic
frameworks]. Reproduced with permission.[237] Copyright 2014, IUCrJ.

observed gradual exposure of two Fe3+ sites, accompanied by
elongation of terminal Fe−OH/H2O bonds and shortening of Fe-
μ3-O bonds (Figure 12). Additionally, they found that partially re-
placing Fe3+ with divalent metals (M = Ni2+, Co2+, Zn2+, Mg2+)
lowered the activation temperature and increased the number of
open metal sites, allowing for a comparison of different metals’
effects on thermal activation.

In a study by Maliuta et al.[252] both SC-XRD and PXRD mea-
surements were used to explore the particle size-dependent flexi-
bility of DUT-8(Cu), a pillared layer metal–organic framework.
This investigation cantered on the unique d9-configuration of
Cu(II) as the metal center in [Cu2(2,6-ndc)2dabco]n (DUT-8(Cu)),
which results in a stiffer paddle wheel structure but weaker Cu-
N bonds. These differences in configuration lead to substantial
variations in flexibility compared to DUT-8 structures based on
Zn, Co, or Ni. As an example of MOF-derived porous carbon ma-
terials, Figure 13a displays XRD diffraction patterns for UIO-66,

NC-600, and PANI@NC-600.[253] The characteristic peaks of the
pure UiO-66 precursor demonstrate excellent crystallinity. After
carbonization at 600 °C and subsequent etching, the appearance
of two peaks in the 20°–30° and 40°–50° range is attributed to car-
bon signals, confirming the formation of a graphitic carbon struc-
ture. PXRD is also useful for studying the influence of carboniza-
tion temperatures on carbon formation in MOF-derived materi-
als (Figure 13b). Cz-MOF-253 was carbonized at various temper-
atures from 700 to 1000 °C in an argon atmosphere, resulting
in numerous MOF-derived carbons.[254] As shown in Figure 13b,
PXRD patterns of Cz-MOF-253 carbons exhibit weak and broad
peaks, with three peaks around 12°, 24°, and 44°. The first peak
corresponds to (001) of graphene oxide, with its intensity decreas-
ing as the pyrolysis temperature exceeds 800 °C, while the oth-
ers are associated with the diffraction peaks (002) and (101) of
graphitic carbon.[254]

Figure 13c presents the composition and structure of MIL-
53(Fe)-X and their derived Fe2O3-X (X = 0.5, 1, 2, 3, 6, 12), rep-
resenting MOF-derived porous metal oxides, as determined by
X-ray diffraction measurements.[114] With an increase in reac-
tion time from 0.5 to 3 h, similar characteristic peaks emerge
around 6.8°, 11.2°, and 17.9°, corresponding to reported peaks
for MIL-53(Fe).[201] Enhanced peak intensity with prolonged re-
action time indicates improved crystallinity from MIL-53(Fe)-0.5
to MIL-53(Fe)-3. MIL-53(Fe)-6 exhibits weak characteristic peaks
attributed to its yolk–shell structure.[114] After 12 h of reaction
time, MIL-53(Fe)-12 shows slightly different characteristic peaks
around 9.2°, 12.7°, 17.7°, and 25.5°.

As a representative example of MOF-derived porous hybrid
structures, Figure 13d compares the XRD patterns of Cu–Ni–
BTC and CuO@NiO with Ni–BTC and NiO.[143] Cu–Ni–BTC ex-
hibits characteristic peaks associated with Cu3(BTC)2(H2O)3.[255]

The Ni–BTC composite appears largely amorphous, with no re-
lated peaks observed in the XRD patterns. Upon calcination of
the Cu–Ni–BTC precursor, two characteristic peaks correspond-
ing to CuO and NiO appear in the final product, indicating that
CuO@NiO is a mixture of NiO and CuO.

Table 8 summarizes the advantages and disadvantages of the
main XRD techniques for studying MOF-derived materials.

Worth to mention the main difference between SC-XRD and
PXRD in studying MOF-derivatives lies in their analytical scope
and sample preparation requirements. SC-XRD provides detailed
structural information by analyzing single crystals, offering pre-
cise atomic arrangements and crystallographic symmetry. In con-
trast, PXRD offers bulk analysis of powdered samples, providing
information on crystallinity, phase purity, and overall structural
characteristics. While SC-XRD requires high-quality single crys-
tals and can be time-consuming, PXRD is faster and can analyze
polycrystalline samples, making it more suitable for rapid screen-
ing and characterization. Both techniques, however, are crucial
for understanding MOF-derived materials’ structural properties,
facilitating their design and optimization for various applications
such as gas storage, catalysis, and drug delivery.

3.1.2. Transmission Electron Microscopy (TEM)

TEM, a versatile nanoscale microscopy method, uses a high-
energy electron beam to create images. TEM offers magnification
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Figure 12. In situ variable-temperature SC-XRD analysis of PCN-250(Fe). Single-crystal structures of the [Fe3(μ3-O)] cluster at 323, 373, 423, and 473 K.
Reproduced with permission.[251] Copyright 2023, American Chemical Society.

from 50 to 106, providing both images and diffraction patterns
to confirm MOF/MOFs derivative morphology and crystallinity.
Using TEM, surface defects and facets can be identified. TEM
reveals MOF and derivative morphology, size distribution, and,
through electron tomography, generates 3D images. Additionally,
TEM precisely locates guest components within MOFs. As an ex-

ample, Figure 14a demonstrates high-resolution TEM can visu-
alize the single-molecule magnets [Mn12O12(O2CCH3)16(OH2)4]
(Mn12Ac) inside the NU-1000 MOF.[256,257] Although conven-
tional TEM can characterize the guest components of numer-
ous guest@MOFs, characterization of volatile guest molecules
at room temperature is impossible. In this case, due to

Figure 13. a) XRD diffraction patterns of UiO-66, NC-600, and PANI@NC-600. Reproduced with permission.[253] Copyright 2019, Elsevier. b) PXRD
patterns of Cz-MOF-253 derived from the pyrolysis of MOF-253 at different temperatures. Reproduced with permission.[254] Copyright 2017, Wiley. c) XRD
patterns of MIL-53(Fe)-0.5, MIL-53(Fe)-1, MIL- 53(Fe)-2, MIL-53(Fe)-3, MIL-53(Fe)-6, and MIL-53(Fe)-12, respectively. Reproduced with permission.[114]

Copyright 2017, American Chemical Society. d) XRD patterns of MOF-derived CuO@NiO and NiO microsphere. Reproduced with permission.[143]

Copyright 2015, American Chemical Society.
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Table 8. Comparison between SC-XRD and PXRD as main XRD techniques in the study of MOFs and MOFs derived materials.

Technique SC-XRD PXRD

Advantages • Determining the positions of individual atoms within the crystal
lattice with high resolution

• Determination of the complete 3D crystal structure of a MOF
• Analysis of bonding interactions, coordination environments, and

geometric features in the MOF
• Determine the absolute configuration of chiral MOFs

• Identifying different phases present in MOF samples
• Quantitative analysis of MOF samples, such as determining phase

composition, crystallinity, and phase ratios
• Non-destructive technique
• Allowing for repeated measurements and further characterization on

the same MOF sample
• High-throughput screening of MOF libraries
• Provide information about the presence and quantity of amorphous

material in MOF samples
• Allowing for characterization of their degree of crystallinity

Disadvantages • Requires the availability of high-quality single crystals of the MOF
• Process of growing suitable single crystals can be time-consuming

and may require expertise in crystallography
• Requires relatively large single crystals
• Limiting the study of MOFs with limited crystal size or stability

• Does not provide precise atomic positions or detailed structural
information at the atomic level unlike single-crystal X-ray diffraction

• Overlapping diffraction peaks making it difficult to extract precise
information about individual phases or structural features especially
in cases of complex or highly disordered MOFs

• Exhibit preferred orientation where the particles tend to align in a
certain way

• Limitations in characterizing nanoscale features, such as defects,
surface reconstruction, or small crystallite size effects

• Grinding the MOF into a fine powder can introduce sample artifacts
or alter the properties of the material

cooling the specimen to liquid nitrogen temperature, the cryo-
EM is an appropriate candidate. By equipping cryo-EM with
a direct electron detection camera, it is possible to analyze
the structure and composition of CO2-encapsulated ZIF-8[256,258]

(Figure 14c). Moreover, the step-edged defects in pristine ZIF-8
are extracted using cryo-EM (Figure 14e–h).

In the case of MOF derivatives, where calcination is a primary
preparation method, the dynamic carbonization process can be
studied using TEM heating holders.[259–261] One such study in-
vestigated the carbonization process of Ni-MOF using in-situ hot-
stage TEM.[260] The findings revealed increased crystallization of
Ni particles at temperatures above 300 °C. At temperatures ex-
ceeding 700 °C, Ni particles aggregated into larger particles, and
the derivative obtained at 600 °C proved to be a recyclable and
highly efficient electrocatalyst for 4-nitrophenol reduction.[262] To
analyze the impact of pyrolysis temperature on the structural,
functional, and electrocatalytic properties of ZIF-67 derivatives,
in-situ TEM imaging has been employed (Figure 15).[263] Be-
low 300 °C, ZIF-67 remains stable, while a disordered struc-
ture emerges at ≈500 °C. Raising the temperature results in the
growth of Co particles and the graphitization of carbon. Further-
more, TEM has been employed in the study of ZIF-8 (Zeolitic Im-
idazolate Framework-8) composed of zinc ions coordinated with
imidazolate linkers showing its formation and growth through
synthesisation[264] as well as MOF-74 as a family of MOF deriva-
tives, including MOF-74(M), where M represents a metal ion
such as Zn, Mg, or Ni and MOF-808 composed of zirconium ox-
ide clusters and tetracarboxylate linkers[265] to reveal details about
the particle shape, size distribution, and the presence of defects
or structural distortions.

Despite the successful use of TEM in MOF studies, the major
limitation is a high degree of MOF instability when high-energy
electrons are used in TEM. There are several TEM methods used
for MOF studies depending on the target application.[266] For

morphological characterization, bright field transmission elec-
tron microscopy (BFTEM) and high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) are
the most suitable techniques. As HAADF-STEM imaging pos-
sesses less chemical sensitivity, it is recommended to use it for
imaging metallic particles in MOFs. To obtain structural infor-
mation on MOFs, selected area electron diffraction (SAED) and
high-resolution TEM (HRTEM) are good candidates. Using these
techniques, it is possible to identify the crystalline phases and
orientation as well as structural defects. SAED involves direct-
ing a focused electron beam onto a selected area of the sample
and analyzing the resulting diffraction pattern created by elec-
tron interaction with the crystal lattice. In SAED, the crystal lat-
tice serves as a 3D diffraction grating, causing electrons to scat-
ter in specific directions, forming a pattern of bright spots or
rings. The spacing between these spots offers insights into lat-
tice spacing in different crystal planes, enabling the determi-
nation of crystal structure, lattice parameters, and crystal ori-
entation. The intensity of diffraction spots provides informa-
tion about the atomic arrangement within the crystal lattice. Wu
et al.[267] have used SAED to explain the formation of Ni-MOF-
74 and Ni-MOF-74 shells via epitaxial growth (Figure 16). As de-
picted in Figure 16, three SAED patterns exhibit remarkable sim-
ilarity, indicating a high degree of alignment between the crys-
tal orientations of the core MOF and the shell MOF. Consid-
ering its susceptibility to acid, Mg-MOF-74 serves as the most
acid-labile analog among all counterparts. Consequently, the core
of Mg-MOF-74 can be selectively eliminated through chemi-
cal etching with HCl, thereby resulting in a hollow Ni-MOF-74
structure.

By coupling with Energy Dispersive Spectroscopy (EDS) or En-
ergy Dispersive X-ray Analysis (EDX or EDAX), the determina-
tion of elemental composition on a nanometre scale could be
possible. This is especially useful in STEM mode, as the small
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Figure 14. HRTEM images of a) Mn12Ac@NU-1000 and b) pristine NU-100. CTF-corrected denoised images of c) a ZIF-8 particle and d) a CO2-filled ZIF-
8 particle. e,f) Cryo-EM images of two edges of a ZIF-8 particle (inset: simulated TEM images with overlaid atomic structures). g) Schematic of possible
surface additions of Zn clusters during ZIF-8 growth. h) Schematic of ZIF-8 growth initiated at the step-edge site. Reproduced with permission.[256]

Copyright 2022, Taylor & Francis.

size of electron beams permits obtaining significant resolution
in chemical images.

3.1.3. Scanning Electron Microscopy (SEM)

SEM is a high-resolution analytical tool that uses an elec-
tron beam to image surfaces at the nano/microscale. In SEM,
secondary electrons reveal morphology and topography, while
backscattered electrons offer atomic information. X-rays, with
specific wavelengths tied to elements, enable element iden-

tification and elemental distribution maps (EDS mapping).
SEM’s ability to reveal nanoparticle structures is valuable for
measuring various MOF and MOF derivative properties like
topology, morphology, crystal size, and elemental composition.
For example, Figure 17a[268] displays SEM images of MOF-
derived nanoporous carbon (NPC) materials synthesized by in-
troducing guest species.[269] The porous carbon exhibits vari-
ous nanoparticle shapes, such as polyhedral, fiber, and web-
like structures. SEM can also study the impact of substituting
MOFs or guests on nano-diatom morphology after carboniza-
tion. Reactive metals are substituted with homologous metals
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Figure 15. a–g) Images obtained by in-situ TEM as well as associating SAED patterns of ZIF-67 obtained at different temperatures. 3D tomographic
reconstruction of h–j) ZIF750 and k–m) ZIF900, respectively. Reproduced with permission.[256] Copyright 2022, Taylor & Francis.

or oxide-forming species, preventing metal-catalyzed carbon for-
mation. Figure 17b,c shows significant morphological changes
in the MOF host, forming guest/host-dependent carbonaceous
materials.[269] SEM imaging of insulating MOFs poses challenges
due to the charging effect. To achieve high-resolution images,

Figure 16. Select area electron diffraction (SAED) patterns of Mg-MOF-
74@Ni-MOF-74. Reproduced with permission.[267] Copyright 2019, Amer-
ican Chemical Society.

coating MOFs with conductive materials like gold, titanium, or
osmium is essential to reduce electron gun-induced charges. Op-
timal accelerating voltage selection is crucial to reveal surface de-
tails without causing heat-induced damage. Field Emission Scan-
ning Electron Microscopy (FESEM) provides a highly focused
beam with a spot size ranging from 0.4 to 5 nm, improving res-
olution at lower voltages, and minimizing charging and crystal
damage risk. Combining Energy Dispersive Spectroscopy (EDS)
with SEM enables qualitative and quantitative analysis of MOF
elements, influenced by sample surface conditions. Caution in
coating material selection is necessary to avoid peak overlap with
MOF metals, preventing erroneous analysis.

3.1.4. Atomic Force Microscopy (AFM)

AFM has emerged as a powerful imaging and characterization
technique due to its sub-angstrom resolution and in situ mea-
surement capabilities.[270–278] It not only measures surface rough-
ness and morphology but also provides insights into crystal
growth in MOFs and MOF derivatives.

In AFM measurements, the deflection of a microcantilever is
used to probe interactions between the specimen’s surface and
a nanoscale tip at the cantilever’s end. The earliest AFM mode,
contact mode, involved raster scanning the AFM probe over
the sample surface while maintaining a constant force through
deflection detection by adjusting the probe’s height. Contact
mode faced challenges like unwanted friction and potential sam-
ple or tip damage,[279] leading to the development of dynamic
AFM to provide more characterization information and mini-
mize friction.[280]

Dynamic AFM involves the microcantilever oscillating at/near
its resonance frequency while scanning the sample surface
and has two major modes: amplitude modulation atomic force
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Figure 17. a) Preparation procedure for the fabrication of nano-diatoms derived from guest impregnation of a polyhedral MOF. Reproduced with
permission.[268] Copyright 2019, Wiley. b,c) Schematic illustrations of precursors (left column) and SE-SEM images of products (two columns on the
right-hand side) after the thermochemical treatment of b) A1 (top) and D1 (bottom); and c) E1 (top) and F1 (bottom). Reproduced with permission.[269]

Copyright 2018, American Chemical Society.

microscopy (AM-AFM or tapping mode) and frequency modula-
tion atomic force microscopy (FM-AFM).[280]

Beyond these common dynamic AFM modes, several ad-
vanced techniques have been developed to increase resolution
and extract more information from MOFs, including multifre-

quency AFM,[281] conductive AFM,[282] electrochemical AFM,[283]

force mapping AFM[282] and AFM-based infrared spectroscopy
(AFM-IR).[284] In multifrequency AFM, the cantilever is excited
and detected in different frequencies including the harmonics
and/or eigenfrequencies.[285] Conductive AFM uses conductive
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tip scans across the specimen’s surface in contact mode while
applying a bias voltage and measuring the resulting current flow
to create a current map alongside a topographic image.

Electrochemical AFM integrates conventional AFM with elec-
trochemical measurements to perform in-situ measurements in
an electrochemical cell, allowing the study of electrode surface
morphology changes during electrochemical reactions. Force
mapping AFM involves the AFM probe making constant-rate
contact and separation with the sample surface while scan-
ning, generating topographical images and force-versus-distance
curves.[286] These data create a force map alongside the topogra-
phy.

In AFM-IR, the AFM tip detects local thermal expansion in a
sample due to infrared radiation absorption, combining topog-
raphy with chemical analysis and compositional mapping from
infrared spectroscopy, offering spatial resolution in both areas.

Generally, AFM’s applications in MOF studies can be catego-
rized into two classes:[287]

1) Providing high spatial and temporal resolution maps of MOF
materials (both 2D and 3D) and real-time crystallization
mechanisms.

2) Nanoscale mechanical characterization of MOFs.

For the first time, Shoaee et al.[288] used AFM to map the
HKUST-1 surface, revealing defects, crystal aspects, and growth
(Figure 17). Real-time images showed triangular {111} facet
growth with ternary symmetry. Within 77 minutes, a small nu-
cleation point formed, rapidly expanding into a larger step.[271]

After 97 min, a sudden drop in step speed corresponds to a sud-
den change in supersaturation. AFM also unveiled MOF-5’s spi-
ral crystal growth and structure (Figure 18). MOF-5’s atomistic
crystal growth depended on Zn/H2bdc ratio, causing shifts in
growth rates and terrace morphology.[289] Recently, the AFM was
used to study the surface reconstruction processes of a MOF ma-
terial (Ce-RPF-8) immersed in water and glycerol. The Ce-RPF-8
characterized with angstrom resolution shows the diffusion of
molecular species along terraces and step edges.[290]

AFM serves not only to examine MOF morphology and crys-
tal growth but also to assess their nanomechanical properties.
Two AFM approaches are commonly used: nanoindentation with
AM-AFM and multifrequency AFM, notably bimodal AM-FM
configuration.[281,291,292] The latter offers the advantage of captur-
ing both sample topography and stiffness simultaneously in a
shorter time. Sun et al.[291] employed bimodal AM-FM AFM to de-
termine Young’s modulus for HKUST-1 thin films, yielding val-
ues ranging from 3 to 6 GPa. However, they used Matrimid5218
as a reference material with a Young’s modulus of 4 GPa, which
is not suitable for MOFs. Thus, their Young’s modulus measure-
ment approach for MOFs needs refinement for accuracy. En-
hancing this technique could enable the assessment of MOF
mechanical properties across various metal ions and chemical
functionalities. Bimodal AFM measurements on different Zr and
Hf isostructural UiO-66-type MOFs revealed that UiO-66(Hf)-
type MOFs exhibit a higher Young’s modulus (46−104 GPa) than
UiO-66(Zr)-type MOFs (34−100 GPa) (Figure 19).[291] Addition-
ally, zinc/copper-based MOFs display a lower Young’s modulus
(3−10 GPa) compared to Zr and Hf isostructural UiO-66-type
MOFs. This study demonstrates the tunability of MOF mechan-

Figure 18. a) {111} facets of HKUST-1 images acquired by AFM, illus-
trates i) a double-growth spiral, ii) merging single- and multiple growth
spirals (iii) growth spirals overlaid with fractures primarily in the <110>
directions. Reproduced with permission.[288] Copyright 2008, The Royal
Society of Chemistry. b) Real-time AFM images of the {111} facet growth
of an HKUST-1 crystal at i) 56, ii) 77, iii) 79, iv) 82, v) 85, vi) 88, vii) 91, viii)
94, ix) 97, x) 108 min after injection of the growth solution. Reproduced
with permission.[271] Copyright 2009, The Royal Society of Chemistry. c)
Real-time AFM images and cross-sectional views of a developing growth
step on the (110) face of a ZIF-8 crystal at 0 (i), 2.9 (ii), 4.9 (iii), 7.8 (iv),
12.8 (v), 15.6 (vi), and 40 (vii) min after first probation of the 2D surface
nuclei. Reproduced with permission.[272] Copyright 2011, American
Chemical Society.
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Figure 19. a) Topography mapping of i) UiO-66(Zr); ii) UiO-66(Zr)-(OH)2; iii) UiO-66(Zr)-NH2; iv) UiO-66(Zr)-(COOH)2; v) UiO-66(Zr)- (F)4. Elastic
modulus mapping of vi) UiO-66(Zr); vii) UiO-66(Zr)-(OH)2; viii) UiO-66(Zr)-NH2; ix) UiO-66(Zr)-(COOH)2; x) UiO-66(Zr)-(F)4.[291] Topography map-
ping of xi) UiO-66(Hf); xii) UiO-66(Hf)-(OH)2; xiii) UiO-66(Hf)-NH2; xiv) UiO-66(Hf)-(COOH)2; xv) UiO-66(Hf)-(F)4. Elastic modulus mapping of
xvi) UiO-66(Hf); xvii) UiO-66(Hf)-(OH)2; xviii) UiO-66(Hf)-NH2; xix) UiO-66(Hf)-(COOH)2; xx) UiO-66(Hf)-(F)4.[291] b) Distribution curves of AM-FM
stiffness maps of i) UiO-66(Hf/Zr). ii) CDF curves of the distribution curves presented in (i). iii) Distribution curves of UiO-66(Hf)-type MOFs. iv) Dis-
tribution curves of UiO-66(Zr)-type MOFs. Reproduced with permission.[291] Copyright 2017, American Chemical Society. c) Young’s modulus image of
a metal−organic framework. i) Top view structure of the MOF. Atom colors: Ce, green; S, yellow; O, red; C, gray; H, white. ii) Side view structure of the
MOF. iii) Bimodal AFM image (topography) of a section of the MOF surface. iv) Height cross-section along the line marked in (c). v) Sub-nanometre
resolved map of the area of the MOF marked in (iii). vi) Angstrom-resolved bimodal (topographic) image of the region of the MOF marked in (v). vii)
Stiffness map of the region shown in (vi).[281] d) The MOF structure on the basal plane has been overlaid. Cross-sections and statistical Young’s modulus
curves. i) Topography and Young’s modulus cross-sections along the dashed lines parallel to the b lattice vector. ii) Topography and Young’s modulus
cross-sections along the dashed lines parallel to the c lattice vector. iii) Statistic elastic modulus values obtained over the region shown in Figure (c)-(vii).
iv) Atomic structure associated with a Young’s modulus of 27.5 GPa. v) Proposed atomic structure for the locations that give a Young’s modulus of 29.3
Gpa. vi) Atomic structure associated with the positions that give a Young’s modulus of 32.3 Gpa. In panels (v) and (vi), we have omitted all H atoms
for clarity. Atom colors: Ce, green; S, yellow; O, red; C, gray; H, white. Reproduced with permission.[281] Copyright 2017, American Chemical Society.

ical properties through varying metal nodes or modifying lig-
and chemical functionalities. For instance, incorporating steri-
cally bulky functional groups increases the atomic density and
subsequently boosts the mechanical properties of UiO-66-type
MOFs (Figure 19). Furthermore, bimodal AFM was used to de-
termine the Young’s modulus of MOFs containing cerium atoms
surrounded by oxygen and sulfur atoms[281] (Figure 19). Results
indicate that Ce atoms are stiffer than carbon linkers, with the
softest regions found between carbon rings. Variations in stiff-
ness near Ce atoms suggest that the type and number of sur-
rounding atoms influence Ce atom elasticity. Table 9 provides a

summary of different AFM modalities applied in MOF and MOF
derivative studies.

3.1.5. Profilometry

Profilometry is a technique used to extract and analyze sur-
face roughness and topographical data from materials. This
method can be performed using either a physical probe (sty-
lus) or light (optical profilometry) to probe and quantify the
sample surface topography. In MOF applications, profilometers
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Table 9. Examples of AFM modalities applications in MOF/MOF-derived materials.

AFM Mode Medium Application/Reported Data Other Techniques Refs.

Tapping mode (AM-AFM) Different MOFs in air and
ambient conditions

3D Imaging and thickness measurements XRD, TEM, SEM, GIXRD, XPS, DR-UV-Vis,
FTIR, etc

[287]

Conductive Mode CoNi-MOF in air In-situ imaging TEM, XRD, XPS, SEM, EDS [282]

FM-AFM DCA3Co2 MOF in ambient
condition

Imaging, formation of a 2D band structure in
the MOF decoupled from the substrate

STM, DFT [293]

Electrochemical AFM Cu MOF HKUST-1 in
electrochemistry tapping

fluid cell

Study height image and electrochemical
growth

Electrochemical Raman spectroscopy [283]

AFM-IR HKUST-1 in Cu-BTC solution Imaging, study the nucleation and growth
process, study the impact of temperature

on thin film formation

IRRAS, XRD, SEM-EDX [284]

Bimodal AM-FM UiO-66-type MOFs, HKUST-1
& MOF consists of groups

of cerium, oxygen,
and sulfur atoms are joined

by organic linkers in air

Imaging and mechanical maps NA [281,291]

AFM Nanoindentation ZIF-8 in air Quantitative measurements of fine-scale
MOF crystals.

SEM, XRD [360]

are typically used for microscale measurements with nanometre
resolution.[235]

For instance, optical profilometry can determine the average
surface roughness of the Cu-BTC framework (HKUST-1), which
is 2.23 ± 0.24 μm, showing higher roughness compared to na-
tive Cu foil (Figure 20 and Table 10).[294] It’s important to note
that while profilometry provides valuable surface information, it
does not directly reveal atomic-scale structural details like X-ray
diffraction or AFM.

3.1.6. Fluorescent Microscopy

Fluorescence microscopy is a technique used in light micro-
scopes that involves exciting fluorophores and detecting their

Figure 20. Optical profilometry image of an electrodeposited MOF film.
Reproduced with permission.[294] Copyright 2018, Springer Nature.

emitted fluorescence. In the context of MOFs, it’s useful for vi-
sualizing guest molecule loading, assessing their distribution
within MOFs, and examining post-synthetic modifications on
MOF crystal surfaces. This is achieved using luminescent or
colored dyes with various sizes and functional groups. How-
ever, it’s important to note that fluorescence microscopy has
a limitation known as the diffraction limit, which restricts its
resolution.[295] To overcome this limitation, advanced techniques
have been developed to enhance microscope functionality, resolu-
tion, and sensitivity.[296] One such technique is Stimulated Emis-
sion Depletion (STED) microscopy, which employs two laser
beams: an excitation beam to activate fluorophores and a deple-
tive doughnut-shaped laser to suppress fluorescence around the
excitation point. STED microscopy achieves resolutions between
20 and 80 nm but requires specialized equipment and suitable
fluorophores for the depletion process, and it can be suscepti-
ble to photobleaching and phototoxicity due to the high-intensity
depletion laser.[297] Structured Illumination Microscopy (SIM) is
another method for achieving high-resolution images by utilizing
structured light patterns during specimen illumination.[298] SIM
generates an interference pattern known as Moiré fringes[299]

Table 10. Optical profilometry of an electrodeposited MOF film. Sur-
face roughness parameters Ra (arithmetical average roughness), Rq (root
mean squared roughness), Rp (maximum peak height), and RV (maxi-
mum valley depth) for native Cu foil and electrodeposited Cu-BTC films.

Sample Scan length
[mm]

Ra [μm] Rq [μm] Rp [μm] Rv [μm]

Cu foil 1.0 0.24 0.47 10.68 4.81

Cu-BTC film 1.0 1.92 2.43 10.64 8.50

Cu-BTC film 1.0 2.30 2.86 12.08 10.02

Cu-BTC film 0.2 2.48 3.05 10.57 8.59

Cu-BTC film
average

2.23 ± 0.24 2.78 ± 0.26 11.1 ± 0.7 9.04 ± 0.7
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when imaging features smaller than the diffraction limit. This
technique can provide images with a resolution of 100–150 nm
but necessitates specialized hardware and data processing al-
gorithms. It may have limitations in imaging thick samples
or highly complex MOF structures compared to confocal mi-
croscopy due to reduced optical sectioning.

As an example of fluorescent microscopy techniques in MOF
applications, Ma et al.[300] used fluorescence microscopy and
confocal laser scanning microscopy to visualize fluorescent
dye locations within MOF crystals and demonstrated selective
post-synthetic covalent modification of MOF crystal surfaces.
Schrimpf et al.[301] employed fluorescence imaging and lifetime
analysis to investigate the spatial arrangement of functionali-
ties and defect levels within a multivariable MOF crystal, focus-
ing on UiO-67. Ameloot et al.[302] utilized confocal fluorescence
microscopy to map the three-dimensional structures of defects
in single crystals of HKUST-1 and MOF-5 based on carboxylate
linkers (Figure 21). Additionally, Rosario et al.[303] used fluores-
cence microscopy to show that filamentous fungi emit green
or red light after accumulating particulate lanthanide metal–
organic frameworks on their cell walls. Schunter et al.[304] ex-
plored the ubiquitylation process of the acetyltransferase MOF
in Drosophila melanogaster using fluorescence microscopy. By
tracking the localization and behavior of ubiquitylated MOF
within cells, they gained insights into the spatial and temporal as-
pects of MOF ubiquitylation, providing a deeper understanding
of its regulation and functional consequences. Generally, fluores-
cence and super-resolution microscopy techniques enable the ex-
amination of MOF distribution within living cells and provide in-
sights into their localization patterns, movement, trafficking, and
interactions within cells. By tagging MOF derivatives with fluo-
rescent markers, it can be possible to visualize their behavior and
co-localization with specific cellular components, enhancing our
understanding of MOF functionality in biological contexts.

3.1.7. Positron Annihilation Spectroscopy (PAS)

PAS is a non-destructive method used to study vacancy-type de-
fects. Positrons are antiparticles of electrons with the same mass
but opposite charge. When a specimen is exposed to positrons,
it becomes thermalized and subsequently annihilates with elec-
trons, emitting gamma rays in the process. The collected gamma
rays provide information about the positron lifetime, allowing for
the identification of defect types and their relative concentrations.
By plotting positron lifetime against emitted gamma-ray signals,
a PAS spectrum is generated. This technique can be employed
to compare the ortho-positronium lifetime of MOFs with their
pore size and determine the specific location of metal nanopar-
ticles relative to the MOF structure.[235] Additionally, by incorpo-
rating positron-emitting isotopes into guest molecules, PAS can
be used to trace the diffusion and adsorption behavior of these
molecules within MOF-derivative structures. Another valuable
application of PAS in the study of MOF derivatives is its abil-
ity to monitor structural transformations under external stimuli,
such as temperature variations, pressure changes, or exposure
to different environments. These transformations are tracked by
observing changes in positron lifetime or annihilation character-
istics. As an example Chen et al.[305] utilized PAS to characterize

Figure 21. a) Images of HKUST-1 single crystals captured by confocal flu-
orescence illustrate the presence of defects upon extending crystallization
time. i) Transmission micrograph of a HKUST-1 crystal acquired after a
short crystallization time. ii) Fluorescence micrograph of the surface of the
same crystal illustrating the absence of defects. iii) Fluorescence data cap-
tured from HKUST-1 crystal after extended crystallization time. Semitrans-
parent 3D reconstruction of the fluorescence data captured as a series of
xy-scans along the z-axis. Locations of xy- and xz-sections shown in panels
(v) and (vi), respectively, are indicated. iv) Schematic of the single crystal
illustrated in panel (iii) with indication of the limiting crystal planes and
crystallographic axes. v) As-recorded xy-section. The crystal boundaries in
this 2D section are all parallel to the 〈110〉 directions. vi) xz-section rep-
resented the data shown in panel (c) and visualizing the angles between
the crystal’s exterior surface and defect planes propagating in the crys-
tal’s interior. b) Confocal fluorescence mapping of defects in a MOF-5 sin-
gle crystal. i) Overview fluorescence micrograph of the outer surface of a
large cubic MOF-5 crystal. ii) Fluorescence micrograph details of the crys-
tal facet illustrated in panel (i). The red arrows indicate a line defect. iii) 3D
reconstruction of the fluorescence data presented in panel (ii), show the
penetration of defects into the crystal interior. To compare, the same line
defect as in panel (ii) is indicated with red arrows. iv) Electron micrograph
of a similar MOF-5 crystal showing the large irregular cracks formed upon
drying. Reproduced with permission.[302] Copyright 2013, Wiley.
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Figure 22. a) Positron lifetime spectra for MIL-101 and 10 wt% Pt1Cu2@MIL-101. b) Positron lifetime spectra for MIL-101, 10 wt% Pt@MIL-101 and
10 wt% Pt1Cu2@MIL-101. c–e) The intensities of I1, I2 and I3 with error for MIL-101, Pt@MIL-101, PtCu@MIL-101 and MOF-5. The error-bars are
standard errors of the mean. Reproduced with permission.[305] Copyright 2017, Springer Nature.

the location of Pt and PtCu NPs relative to the host MOF par-
ticles (PtCu@MIL-101, Pt@MIL-101, and MIL-101; Figure 22).
The results demonstrate similarly measured lifetimes (𝜏1, 𝜏2,
and 𝜏3) for three samples, while there is a change in intensities
after loading Pt or PtCu NPs inside the MOF pores, especially
for PtCu@MIL-101. However, there are some challenges in us-
ing PAS to study MOF-derivatives. One such challenge lies in the
limited availability of positron sources and the complexity of ex-
perimental setups required for PAS analysis. Additionally, the in-
terpretation of PAS data in the context of MOF derivatives can be
challenging due to the diverse nature of these materials and the
complex interactions between positrons and their surroundings.

3.1.8. Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR), also known as Electron
Spin Resonance Spectroscopy (ESR), is a method used to analyze
materials containing unpaired electrons. EPR shares its funda-
mental principle with Nuclear Magnetic Resonance (NMR), but
in EPR, it’s the electrons, not atomic nuclei, that are excited.
In this technique, a magnetic field is applied to the electrons,
which possess magnetic dipoles aligned either parallel or anti-
parallel to the direction of the magnetic field. The EPR spectrum
is recorded by plotting the optical absorption vs magnetic field
strength by changing the magnetic field. EPR spectroscopy is
particularly useful to investigate the coordination environment
and behavior of metal ions within MOF-derivatives,[306] detec-
tion and characterization of ligand radicals,[307] defects within
MOF-derivatives,[308] as well as analyzing the magnetic interac-
tions between paramagnetic centers within MOF-derivatives.[309]

In a study by Mendt et al.[306] the adsorption of nitric oxide (NO)
on both the flexible and rigid forms of DUT-8(Ni) was investi-
gated using continuous wave electron paramagnetic resonance
(EPR) spectroscopy at X-band frequency. They observed a hys-

teresis loop in the intensity of adsorption and desorption for the
flexible form of DUT-8(Ni), but not for the rigid form. This dis-
parity suggests that the difference in flexibility between the two
materials plays a role in their adsorption behavior. Additionally,
they measured EPR signals with an electron spin S = 1/2, which
are likely attributed to Ni2+-NO adsorption complexes at defec-
tive paddle wheel units within the porous phase of DUT-8(Ni).
In these complexes, the unpaired electron is located at the Ni2+

ion.
Furthermore, EPR was successfully employed to in-

spect the incorporation and coordination state of the Cu2+

ions in the 3
∞[Cd0.98Cu0.02(prz-trz-ia)] porous MOF[310] and

∞
3[Cu2

ICu2
II{H2O}2{(Me–trz–mba)2thio}2]Cl2

[311] (Figure 23).
The EPR measurements have been performed on powder sam-
ples and single crystals and exhibited the full electron Zeeman
g and copper hyperfine ACu interaction tensors including the
orientation of their principal axes frames[310] as well as the
exchange of the spin triplets between neighboring Cu2 PW
units.[311]

Although EPR was successfully utilized in studying MOF and
its derivatives, still there are some challenges remain. One sig-
nificant challenge lies in the sensitivity of EPR to paramagnetic
species, which may be present in low concentrations or masked
by background signals in MOF derivatives. Additionally, the need
for specialized equipment and expertise in EPR spectroscopy can
limit its accessibility to researchers. Furthermore, the interpre-
tation of EPR spectra in the context of MOF derivatives can be
complex due to the intricate interplay between molecular struc-
ture, guest-host interactions, and environmental factors.

3.2. Characterization of Physical and Electrochemical Properties

Understanding the physical and electrochemical properties of
MOFs and their derivatives is crucial for their broad applications
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Figure 23. a) X-Band EPR spectra of an asCu0.02Cd powder captured at 20 K: i) measured and ii) simulated spectrum. b) X-Band EPR spectra of an
asCu0.02Cd powder captured at 20 K illustrating the g‖ spectral area with resolved 14N shf splitting: (i and iii) measured and corresponding (ii and
iv) simulated first and second derivative spectra. Reproduced with permission.[310] Copyright 2017, The Royal Society of Chemistry. c,d) Normalized
experimental (black) and simulated (red) (C) X-band and (D) Q-band spectra of powder sample 2 at 10 K and room temperature. The M-symbol marks
the line of mononuclear Cu2+ ions. The PW unit with collinear gz and Dz principal axes of Cu2+ pair g- and D-tensors are also indicated in (d). Reproduced
with permission.[311] Copyright 2015, American Chemical Society.

in energy conversion, energy storage, chemical sensing, gas ad-
sorption and desorption, gas storage, drug delivery, catalysis, and
optoelectronics. To determine and characterize these properties,
including optical and adsorption behavior, thermal and colloidal
stability, apparent surface area, and porosity, various characteriza-
tion techniques and analytical instruments are employed. In the
following section, we will review and emphasize the commonly
used methods and their applications for characterizing the phys-
ical and electrochemical properties of MOFs.

3.2.1. Surface Area and Porosity Characterization of MOFs and its
Derivatives

Adsorption/desorption isotherms reveal essential information
about material textural properties.[312] The widely adopted tech-
nique for assessing surface areas, pore volumes, average pore
size, and pore size distributions in MOFs is nitrogen (N2) gas
adsorption at 77 K.[313] This method involves studying the N2
adsorption isotherm, which tracks N2 adsorption as a function
of pressure at the boiling temperature. To obtain meaningful

data, proper activation of the MOF is essential.[313] Initially, sam-
ples undergo outgassing in a vacuum at a specific tempera-
ture to remove trapped adsorbate molecules in the pores. The
outgassing temperature choice is vital; high temperatures can
harm MOFs, while low temperatures result in incomplete out-
gassing. Typically, degassing temperatures range from 120 to
150 °C, depending on the MOF.[314–316] Next, a sample cell with
a known weight is cooled to 77 K and exposed to a specific N2
amount. After temperature and pressure stabilize, the isotherm
records adsorption until the adsorbent surface is fully covered.
Then, nitrogen is gradually removed from the cell to initiate
desorption.[317]

The International Union of Pure and Applied Chem-
istry (IUPAC) classifies adsorption isotherms into six groups
based on their shape, aiding porous material categorization
(see Figure 24).

Based on the classification, monolayer microporous solids
with pores smaller than 2 nm produce Type I isotherms, char-
acterized by a sharp initial gas adsorption increase followed by a
saturation plateau. For example, nitrogen adsorption on MOF-5
displays a Type I isotherm, indicating monolayer formation.[245]
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Figure 24. Schematic presentation of IUPAC classification of adsorption isotherms (typical BET range is illustrated in Types II and IV by the shaded
areas) na is quantity of absorbed gas, p/p0 is the relative pressure.

Type II isotherms result from nonporous or macroporous sam-
ples with pores larger than 50 nm, allowing multilayer adsorp-
tion. In MOFs like MIL-101(Cr), nitrogen adsorption creates a
Type II isotherm due to its mesoporous structure.[318]

Type III isotherms, although rare, occur when adsorbate-
adsorbate interactions outweigh adsorbate-adsorbent interac-
tions. An example is nitrogen adsorption on Al-MIL-53, a non-
porous MOF derivative.[319]

Mesoporous materials with 2–50 nm pores exhibit Type
IV isotherms. They feature monolayer-multilayer adsorption at
lower pressures and capillary condensation in mesopores at
higher pressures. UiO-66 shows a Type IV isotherm due to mi-
cropores and mesopores.[319]

Type V isotherms emerge in mesoporous materials with weak
adsorbate interactions. Materials with uniform surfaces exhibit
Type VI isotherms. MOF-derivatives like MOF-177 with high sur-
face area and pore volume display Type V isotherms, indicating
multilayer adsorption.[320]

To calculate apparent surface area, the most common ap-
proach reported so far is Brunauer–Emmett–Teller (BET)
theory[321] as multilayer gas adsorption adapts to pore sizes
of most MOFs. However, as the BET model is more appro-
priate for flat surfaces for complex 3D MOFs, it may require
modification.[322] So, the excess sorption work (ESW) method or
integration with BET is proposed for accurate surface area de-
termination, especially in cases where the structures show rel-
atively less complex isotherms having distinct steps associated
with mono/multilayer loading.[323]

For example, it is shown in the case that the pore filling and
monolayer formation become indistinguishable and cannot be
differentiated on the basis of isotherm data, the BET method
significantly overestimates the surface area.[324] This is because
the BET method includes non-monolayer adsorbate molecules
as monolayer loading which can be called pore-filling contami-
nation. Same to the BET approach, the N2 adsorption isotherm
can be used to capture the information on the pore volume and
pore size distribution of MOFs by employing mathematical mod-
eling. The most common computing methods are density func-
tional theory[325] mostly utilized for analyzing meso/micropores,
Barrett− Joyner−Halenda method[326] applicable only for meso-
pores and Horwath–Kawazoe (HK)[327] used for micropores.
However, the accuracy of results is dependent on the sensitiv-

ity of equipment and the reliability of experimental data. Baner-
jee et al.[72] have performed the BET surface area measurements
for the zinc-based MOF (MOF-5) derived carbon (MOF-DC)
and exhibited the N2 adsorption/desorption isotherms along-
side pore size distribution (Figure 25a). The results identify
the high concentration of micropores as well as the existence
of mesoporosity. Self-activation of Zn and its evaporation dur-
ing the carbonization process causes such pore formation. The
N2 adsorption/desorption experiments on nano-SnO2 derived
from tin metal–organic frameworks identify the uniformity of
spherical SnO2 nanoparticles with an average 40 nm diameter
(Figure 25b).[155] The nitrogen sorption isotherm results of MH-
PCS and MHPCS/Se clearly exhibit a substantial reduction of sur-
face area after infusion of Se in MHPCS. It can be explained by
the occupation of almost all pores of the carbon sphere by Se.[201]

In addition to Tables 1 and 2 that show the surface area of
some MOF-derivatives, Table 13 summarizes the specific details
obtained through surface area and porosity characterization tech-
niques applied to different MOF and MOF-derivatives. It is de-
picted that in the case of MOF-derived materials, the surface area
is reduced. This phenomenon can be explained by considering
various factors such as thermal decomposition, agglomeration of
particles, collapse of the pore structure, and sintering during syn-
thesis. The removal of organic linkers and the formation of larger
metal oxide particles result in fewer exposed surfaces available
for interaction, leading to a reduction in surface area compared
to the porous structure of the original MOF. Furthermore, the
MOF-derived metal oxide shows less surface area in comparison
with MOF-derived porous carbon materials (Table 11).

3.2.2. Volumetric and Calorimetric Measurements

Calorimeters are used to measure heat transfer and evalu-
ate MOFs’ adsorption properties. MOF adsorption studies pro-
vide insights into porosity, essential for applications like gas
storage.[334] Calorimetry relies on a temperature sensor and
heater element. In standard conditions, the temperature dif-
ference between heated and unheated states is measured. In
varying medium conditions, the temperature difference changes
with the flow rate. Wu et al.[335] conducted CO2 adsorption
calorimetry at 25 °C on CD-MOF-2. They discovered two distinct
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Figure 25. a) N2 adsorption/desorption isotherms of MOF-DC, inset: pore size distribution. Reproduced with permission.[72] Copyright 2014, The
Royal Society of Chemistry. b) N2 adsorption–desorption measurement of the nano-SnO2. Reproduced with permission.[155] Copyright 2015, The Royal
Society of Chemistry. c) Nitrogen sorption isotherm and pore size distribution of MHPCS and MHPCS/Se composite. Reproduced with permission.[201]

Copyright 2016, American Chemical Society.

binding sites for CO2 adsorption, confirmed by calorimetric data
(Figure 26). Their method involved three steps: 1) Placing 30 mg
of CD-MOF-2 in a silica glass tube connected to a gas analyzer. 2)
Vacuum degassing for 12 h at room temperature to remove ad-
sorbed species. 3) Placing the tube in the calorimeter after 12 h
at 25 °C for CO2 adsorption. Figure 26a,b displays adsorption
isotherms and calorimetric traces for the first and second CO2
adsorption rounds. The initial steep gas curve in the low-pressure
region (Type I isotherm) indicates a strong chemical interaction
between CD-MOF-2 and CO2 at room temperature. Subsequent
adsorption doses reduce the calorimetric peak, signifying less
exothermic differential enthalpy with increasing CO2 coverage.
Figure 26c illustrates the differential enthalpy of CO2 adsorption
versus surface coverage (CO2 per nm2) for the first (black), sec-
ond (red), and third (blue) adsorption rounds.

For the case of MOF derivatives, volumetric measurements
can be used to determine the gas capacity, adsorption kinet-
ics, and the nature of the adsorption process in MOF deriva-
tives. For example, through volumetric measurements, the hy-
drogen uptake capacity in MOF-5 as 3.8 wt% at 77 K and 10 MPa
was determined.[336,337] Furthermore, using volumetric measure-
ments it has been shown that the MOF-74 series exhibits high hy-
drogen uptake capacities, with MOF-74-Mg (Fe2(dobdc)) reach-
ing up to 2.2 wt% at 77 K and 1.2 bar.[338] Zhao et al.[338] pro-
vided a comprehensive table describing the H2 adsorption prop-
erties of MOFs. Despite the successful implementation of vol-
umetric and calorimetric measurements in evaluating MOF-
derivatives adsorption, still there are challenges that primarily

revolve around the accurate determination of the true volume of
porous MOF/derivative structures due to factors like adsorption,
desorption, and the presence of solvent molecules. To mitigate
these challenges, techniques such as gas or liquid displacement
methods to measure the volume of MOF-derived samples can
be employed. These methods involve introducing a known vol-
ume of gas or liquid into the MOF/derivative structure and mea-
suring the displacement, allowing for a more accurate determi-
nation of the sample’s true volume. Additionally, strategies like
degassing and solvent exchange are employed to remove solvent
molecules or residual solvents from the MOF/derivative structure
before conducting volumetric and calorimetric measurements,
minimizing their influence on the results.

In addition of determination of gas capacity, volumetric mea-
surements can provide insights into the selectivity of MOF-
derivatives towards specific gases. By comparing the adsorption
of different gases, such as CO2, N2, and CH4, the selectivity of the
MOF material can be determined. Examples are the selectivity
of MOF-5 toward CO2 over N2, where volumetric measurements
have shown a higher CO2 adsorption capacity[339] as well as the
selectivity of MOF-74 toward CO2 over N2.[339]

3.2.3. Thermogravimetric Analysis

Thermal stability and solvent-accessible pore volume of MOFs
are determined using thermogravimetric analysis (TGA).[340]

TGA involves heating a sample at a controlled rate under a

Table 11. Examples of surface area and pore volume of different MOF and MOF-derived materials.

MOF Surface area [SBET m2 g−1] and pore volume [cm3 g−1] Refs.

MOF MOF-derived carbon MOF-derived metal oxide

[m2 g−1] [cm3 g−1] [m2 g−1] [cm3 g−1] [m2 g−1] [cm3 g−1]

MOF-5 3465 1.4 1880 2.22 11 0.02 [328,61,157]

MIL-199 1553 0.687 1370 0.57 39 – [329,98,115]

ZIF-8 1470 0.69 1067 0.69 579 2.15 [330,96,158]

ZIF-67 1319 0.61 943 0.84 148 – [330,331,97]

MIL-88-Fe 1242 0.7 484 0.923 75 − [332,333,111]
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Figure 26. a) CO2 adsorption isotherms and b) associated calorimetric traces (at 25 °C) for the first (black) and second (red) CO2 adsorption on the
same CD-MOF-2 sample (after degassing at 25 °C for 12 h). c) Differential enthalpies of CO2 adsorption (at 25 °C) for the first (black), second (red),
and third (blue) rounds of adsorption on the same CD-MOF-2 sample. Reproduced with permission.[335] Copyright 2013, American Chemical Society.

specific atmosphere, recording mass loss. Several distinct steps
occur during TGA: initial desolvation below 150 °C, followed
by a stable plateau when the MOF is solvent-free, and even-
tually, a second mass loss indicating framework degradation.
(See Figure 27 for HKUST-1[341] and NU-1000 under N2 and
air[313]).

The decomposition pathway of MOF during TGA varies with
the carrier gas (e.g., air, O2, or N2) used (Figure 27c). To
confirm thermal stability and understand mass changes bet-
ter, complementary techniques like in-situ PXRD[342] and mass
spectrometry[343] are recommended alongside TGA. TGA anal-
ysis reveals that factors like metal hardness, coordinated sol-
vent molecules, functional group nature and position, interpen-
etration, and isoreticular expansion all influence MOF thermal
stability.[341] However, distinguishing between plateau regions
and decomposition features is challenging due to the convolu-
tion of desolvation and decomposition. Furthermore, TGA of sol-
vated samples can estimate pore volume.[313] This estimation re-
lies on correlating mass loss with trapped solvent in the pores.
To achieve this, MOFs are soaked in a high-boiling-point solvent
and quickly filtered to remove untrapped solvent molecules in the
pores, attributing the post-filtering mass loss to the void space
within the MOF.[313] It’s essential to note that while TGA can be
used for both MOFs and MOF derivatives, the presence of func-
tional groups or modifications in derivatives can lead to distinct
thermal behaviors compared to pristine MOFs. TGA is also valu-
able in assessing the thermal stability of MOF-derived materials,
such as carbonaceous materials resulting from pyrolysis or other
thermal treatments of MOFs. As thermal instability, decomposi-
tion, and solvent residues can influence TGA analysis and lead
to inaccurate measurements of weight loss and thermal behav-
ior, utilizing vacuum or inert gas purging during analysis can

minimize thermal degradation and remove volatile components.
Additionally, conducting TGA under controlled heating rates and
using suitable reference materials can enhance the reliability of
results.

3.2.4. UV–Vis Diffuse Reflectance Spectroscopy (UV–vis DRS)

UV–vis Diffuse Reflectance Spectroscopy (UV–vis DRS) is a sim-
ple method for analyzing powders and surfaces without exten-
sive sample preparation.[344] It works by directing light onto a
specimen at a specific angle, causing the sample to reflect ra-
diation in all directions. The reflected radiation from the sam-
ple includes both regular and diffuse reflectance.[344] Regular
reflectance occurs when incident radiation is reflected at the
same angle on a smooth, planar surface. In contrast, diffuse
reflection occurs when scattering or multiple reflections dis-
perse radiation in all directions across a hemisphere of inci-
dent radiation. Since diffuse reflection depends on the speci-
men’s surface properties, it provides more information.[345] UV–
vis DRS is widely used to characterize the optical properties
of MOFs. MOFs contain metal oxo-clusters and organic link-
ers, resulting in electronic transitions between the valence band
and conductive band of metal oxo-clusters or between the high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of organic linkers when exposed to
light with the appropriate energy.[346] This leads to the forma-
tion of an absorption spectrum with multiple bands, depending
on the constituents promoting electron transitions. Additionally,
UV-vis DRS is valuable for studying electronic properties, lig-
and interactions, and photochemical reactions in MOF deriva-
tives. By analyzing absorption peaks and their wavelengths, it is
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Figure 27. a) Copper paddle-wheel SBU in HKUST. b) A unit cell of the material. c) Thermogravimetric Analysis (TGA) of HKUST-1. Reproduced with
permission.[341] Copyright 2020, Elsevier. d) Low-temperature de-solvation is observed (<125 °C), followed by a plateau region, followed by a secondary
mass loss step beginning at 300 °C, which is assigned as the temperature of decomposition (Td). Cu – green, O – red, C – grey, H – omitted. Ther-
mogravimetric analysis curve showing weight % versus temperature taken under N2 and air. MOF used is NU-1000. Reproduced with permission.[313]

Copyright 2017, American Chemical Society.

possible to determine the nature of electronic transitions, such
as charge transfers or ligand-to-metal and metal-to-ligand tran-
sitions in MOF derivatives. This information enhances our un-
derstanding of the optical properties and potential functions of
MOF derivatives. Furthermore, UV–vis DRS can reveal struc-
tural changes or interactions between MOF derivatives and guest
molecules or ligands. Modifications in the absorption spectrum,
such as shifts or intensity changes, indicate alterations in the elec-
tronic environment due to guest molecule inclusion or ligand
coordination.

Jia et al.[347] have used the UV–vis DRS measurements on g-
C3N4, TiO2, TCN4, TCN8, and TCN15 to assess the photocat-
alytic activity of the synthesized MOF derivatives (Figure 28). The
UV–vis spectra exhibited wider visible-light absorption for TCN4,
TCN8, and TCN15 than TiO2 due to the presence of g-C3N4.
It means the hybridized TiO2 derived from the MIL-125 (Ti)
with g-C3N4 has a higher visible-light-harvesting ability than pure
TiO2 that is affordable to increase the photocatalytic degradation
activity.

3.2.5. Photoluminescence Spectroscopy (PLS)

Photoluminescence Spectroscopy (PLS) uses laser irradiation to
generate and collect light from a sample, revealing imperfections

Figure 28. UV–vis diffuse reflectance spectra (DRS) (a) and Plot of (𝛼h𝜈)2

vs. h𝜈 for the band gap energy (b) of TiO2, g-C3N4, TCN4, TCN8, and
TCN15. Reproduced with permission.[347] Copyright 2020, Springer Na-
ture.
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Figure 29. a) Comparison of photoluminescence spectra of all prepared MIL-125 derived Mg2+ doped mesoporous TiO2 photocatalysts. Reproduced
with permission.[350] Copyright 2021, Wiley. b) The photoluminescence spectrum for PCP-Zn (black) and Bz+PCP-Zn (blue). The transition from “off” to
“on” in photoluminescence is significantly clear.[351] c) The simulation results of the artificial system PCP*-Zn (red). Reproduced with permission.[351]

Copyright 2019, American Chemical Society.

and impurities of the specimen.[348] It explores structural de-
fects, oxygen vacancies, and photogenerated charge recombina-
tion in MOFs and derivatives, quantifying recombination cen-
ters based on spectrum intensity.[322] Photoluminescence in
MOFs originates from metallic nodes, organic linkers, or their
interactions.[349] PLS is used for MOFs and derivatives, but the
focus differs intrinsic luminescent behavior and excited states
in MOFs, while for derivatives, it centers on modifying lumines-
cence for specific applications.

Figure 29a displays PLS results for charge recombination in
Mg2+ doped mesoporous TiO2 derived from MOF MIL-125.[350]

Pristine mesoporous TiO2 shows moderate PLS response, de-
creasing with lower Mg2+ doping. Above 0.5Mg, intensity in-
creases due to surface defects and concentrated Mg2+ centers pro-
moting charge recombination.

Jensen et al.[351] used PL spectroscopy to show the enhance-
ment of the photoluminescence effect of Zn-based metal–organic
framework (MOF) material Zn2(bdc)2(dpNDI) (PCP-Zn) due to
the adsorption of guest molecules resulting from an underlying
guest-induced structural change. Furthermore, because of inter-
actions of guest molecules with the framework, there would be
a variation of emission color that changes the MOF electronic
structure. Figure 29b,c clearly shows the effect of introducing the
benzene guest molecule.

3.2.6. Transient Absorption Spectroscopy (TAS)

TIS is a versatile technique used to study transient states of pho-
tochemically/physically relevant molecules, allowing for the ob-
servation and characterization of their structural and electronic
properties. In TAS, a brief laser pulse excites the sample, raising
electrons to higher energy states. A time-delayed probe pulse is
used to measure absorption changes over time. By varying the
time delay, a time-resolved absorption spectrum is obtained, re-
vealing insights into excited state dynamics. For MOFs, the fo-
cus is on understanding intrinsic excited state behavior, while for
MOF derivatives, the analysis often explores the effects of modi-
fications, guest molecules, or functional groups on excited state
dynamics and photochemical reactivity.

To underly the efficacy of photoexcited charge separation of
mesoporous zirconium−porphyrin MOF, PCN-222 (also called
MOF-545 or MMPF-6), based on tetrakis (4-carboxyphenyl)-
porphyrin (H2TCPP), Xu et al.[352] has performed the ultra-
fast transient absorption (TA) spectroscopy (Figure 30). The re-
sults demonstrate the photocatalytic reduction of CO2 under
visible-light irradiation over photoactive porphyrin-based semi-
conducting MOF of PCN-222, with much higher activity than the
H2TCPP ligand alone.[352] Furthermore, Santaclara et al.[353] used
TAS to compare the photoexcitation of pristine NH2-MIL-125(Ti)
in DMF and its derivative 2@NH2-MIL-125(Ti) in dimethyl-
formamide (DMF). As Figure 30c exhibits, despite the shape
of the spectrum, the TAS spectrum of 2@NH2-MIL-125(Ti) in
dimethylformamide (DMF) is very similar to the original from
solely the MOF (Figure 30d). However, the decay of the induced
absorbance corresponded to the photogenerated holes (at 𝜆= 570
nm) on the MOF and on 2@NH2-MIL-125(Ti) is significantly dif-
ferent. Obviously, the decay of 2@NH2-MIL-125(Ti) is faster than
the pristine MOF. It represents that a fraction of the holes on the
MOF is most likely transferred to compound 2.

3.2.7. Transient Photocurrent Spectroscopy Analysis

Transient photocurrent spectroscopy (TPS) assesses charge pair
separation and stability. Photogenerated electrons move to the
contact surface, while holes are absorbed by the electrolyte. Mod-
ulated light perturbs the sample, and time or frequency domain
photocurrent data yields material insights. TPS reveals photocon-
ductivity and charge transport in MOFs by illuminating them
with a laser, creating charge carriers. An external field collects
photocurrent over time, enabling the study of carrier dynamics,
recombination, and extraction. The analysis yields data on carrier
lifetime, mobility, and recombination kinetics. TPS examines car-
rier dynamics, transport, and recombination in MOFs and MOF
derivatives. MOF analysis by TPS focuses on intrinsic transport
and recombination, while analysis of MOF derivative with TPS
explores modifications, guest molecules, or interfacial effects.

TPS has been utilized to exhibit the charge separation
and charge transfer process of the MIL-53(Fe)/hydrated and
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Figure 30. a) Transient TA spectra of PCN-222 collected at different probe delays (pump at 500 nm). b) Representative TA kinetics of PCN-222 captured
at the probing wavelength of 430 nm. In (a) and (b), the TA signal is provided as absorbance variation (ΔA) with unit of mOD (OD is optical density).
Reproduced with permission.[352] Copyright 2015, American Chemical Society. c) Differential transient spectra of 2@NH2-MIL-125(Ti) in DMF upon
excitation at 400 nm, inset: comparison of the time traces of NH2-MIL-125(Ti) and 2 occluded in NH2-MIL-125(Ti) at 540 nm in DMF. d) Differential
transient absorption spectra for a suspension of NH2-MIL-125(Ti) in DMF upon excitation at 400 nm. Reproduced with permission.[353] Copyright 2017,
The Royal Society of Chemistry.

MIL-53(Fe)/dehydrated.[354] In the measurement process, the
samples should be dispersed and sonicated. The photo response
of MIL-53(Fe)/hydrated sample depicts higher photocurrent than
MIL-53(Fe)/dehydrated sample indicating more efficient charge
separation of photoexcited electron–hole pairs (Figure 31a).[354]

Su et al.[355] studied and compared the photocurrent behavior of
MOF-derived hollow CuO/ZnO nanocages (h-CZN), hollow ZnO
nanocages (h-ZN), and CuO (Figure 31b). TPR results demon-
strate the higher photocurrent density and separation efficiency

of photogenerated carriers of h-CZN than that of CuO and h-
ZN.[356] Hence, the h-CZN provides the highest photocatalytic
performance.[355]

3.2.8. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) probes material
charge transfer and electrode reactions effectively. Porosity plays
a crucial role in EIS outcomes, potentially aiding pore size

Figure 31. a) TPS results of i) MIL-53(Fe)/hydrated and ii) dehydrated samples, Reproduced with permission.[354] Copyright 2019, The Royal Society of
Chemistry., b) TPR, (spectra of h-ZN, h-CZN, and CuO. Reproduced with permission.[355] Copyright 2022, Elsevier.
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Figure 32. Electrochemical impedance spectra. a) Nyquist plots of the as-prepared C1-0.04 M-24 h and C2-0.04 M-24 h hybrid electrodes at room
temperature; inset shows an equivalent circuit. b) A magnification image of EIS data. c,d) Nyquist plots of other hybrid electrodes. Reproduced with
permission.[359] Copyright 2019, The Royal Society of Chemistry.

assessment.[357] EIS employs a three-electrode setup with a po-
tentiostat, applying a periodic signal and collecting the response.
Impedance spectra are plotted in electrochemical cells, focus-
ing on the linear response. Data are presented in Nyquist or
Bode plots, using components like R, C, and L. Software can
analyze EIS data with circuits, and it helps determine exciton
lifetimes.[358]

Indeed, EIS is employed to study the electrical conductivity,
charge transfer mechanisms, and surface/interface properties of
both MOFs and MOF derivatives. However, the application of EIS
in the context of MOF derivatives can differ due to specific proper-
ties and introduced modifications. These distinctions encompass
alteration-induced effects, redox behavior, electrocatalysis, stabil-
ity, and ion diffusion characteristics.

To evaluate the electrical resistance as well as charge transfer
resistance of MOF-derived MnOx/N-doped carbon/MnO2 with
moderate carbon/nitrogen ratios (6.76 and 1.84 for C1- and C2-
based composites, respectively) EIS measurements have been
performed at an open circuit voltage in the frequency range of
100 kHz to 10 MHz (Figure 32). The conductivity data of the
solid samples were obtained with four-point probes. Generally,
similar patterns are observed in the Nyquist plots of C1 and
C2 electrodes which exhibit dominancy of kinetic control in the
high-frequency region and diffusion control in the low-frequency

region.[359] From EIS results, it is revealed that long-period soak-
ing and lower concentrations are major conditions in the synthe-
sis of composite electrodes.[359]

3.2.9. Dynamic Light Scattering (DLS)

DLS determines the hydrodynamic size of MOFs in solution. It
also offers size distribution insights for particles within MOF
and MOF-derivative samples. This method reveals the range of
particle sizes in the solution, crucial for assessing material ho-
mogeneity or heterogeneity. For MOF derivatives, with surface
modifications and functional groups, DLS aids in understanding
their impact on particle size distribution and colloidal behavior. It
provides insights into the effectiveness of surface modifications
in controlling particle size and stabilizing colloidal systems. DLS
operates by monitoring intensity fluctuations resulting from scat-
tered laser light interference caused by moving particles. An au-
tocorrelation function of the intensity over time is plotted, and a
fitting model is applied to extract the particle’s diffusion coeffi-
cient. It is crucial to note that the accuracy of the hydrodynamic
diameter depends on the chosen fitting model.[360] The DLS anal-
ysis of the MnFe2O4/C particles and MnFe2O4/C@Ce6 is given
in Figure 33. As can be seen, the results show a narrow peak
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Figure 33. a) DLS analysis of the MnFe2O4/C particles and MnFe2O4/C@Ce6. b) zeta potential of MnFe2O4/C, free Ce6, and MnFe2O4/C@Ce6. Repro-
duced with permission.[361] Copyright 2021, Elsevier.

that suggests both particles are homogeneously dispersed.[361]

The measured diameter for MnFe2O4/C is 130 nm, while for
MnFe2O4/C@Ce6 is 150 nm. The results exhibited an increase
in the hydrodynamic diameter of MOF-derived particles due to
the loading of Ce6.

3.2.10. Electrophoretic Light Scattering (ELS)

Electrophoretic Light Scattering (ELS) is used to analyze particle
drift for Zeta potential. For MOFs and MOF derivatives, knowing
the zeta potential is important for understanding their colloidal
behavior, dispersion stability, and interaction with other species
in solution. It provides insights into the surface chemistry, sur-
face modification effects, and stability of the particles. The prin-
ciple of ELS is based on dynamic light scattering.[] The dispersed
particle mobility determines the frequency or phase shift of an
incident laser beam. While in DLS Brownian motion causes par-
ticle motion, in ELS, the oscillating electric field is responsi-
ble for motion. In addition to the DLS analysis, the ELS analy-
sis of the MnFe2O4/C particles and MnFe2O4/C@Ce6 is given
in Figure 33. The zeta potentials of MnFe2O4/C, free Ce6, and
MnFe2O4/C@Ce6 are−5.5± 0.7,−2.5± 0.7, and−10.2± 0.5 mV,
respectively. It is clear that the zeta potential of the MnFe2O4/C-
derived Ce6 is enhanced.

3.2.11. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is a type of
fluorescence-based technique utilized for the determination of
the diffusion coefficient, local concentration, and hydrodynamic
diameter of labeled nanoparticles.[362,363] The principle mecha-
nism of FCS is based on analyzing the time correlation in fluores-
cence fluctuation emitted when fluorescently labeled nanoparti-
cle in a liquid sample are diffusing in and out of an observation
volume.[364] The diffusion coefficient and concentration of fluo-
rescent particles are the outcomes of FCS data analysis. The mea-
sured diffusion coefficient alongside Stokes–Einstein relation is
used to calculate the hydrodynamic diameter of a nanoparticle.

In the case of MOFs and MOF derivatives, FCS can provide
information about the mobility of guest molecules or functional-
ized moieties within the MOF framework. This is valuable for
understanding the dynamics of guest molecule release, diffu-
sion behavior, or interactions with the MOF matrix. Furthermore,

FCS can provide insights into the behavior of guest molecules
within the MOF and its derivative frameworks, such as diffusion
rates, residence times, or binding interactions. By using fluores-
cently labeled guest molecules, FCS allows the characterization
of their release kinetics, diffusion behavior, or interactions with
the MOF structure. To measure the hydrodynamic diameter of
Zr-fum MOF NPs, FCS is used (Figure 34).[236] The results in an
apparent diffusion time of 3.68 ms, give a hydrodynamic diame-
ter of Zr-fumNPs, 135 nm.

3.2.12. Aqueous Stability Testing

Aqueous stability tests have been performed to evaluate the
chemical stability of MOFs in water because of their application
in water purification using photocatalytic reactions.[322] As MOFs
and their derivatives are composed of metal nodes connected by
organic ligands, they form a porous crystalline structure. Aque-
ous stability testing helps evaluate the chemical stability of MOFs
in water or aqueous solutions. It is widely recognized that the
degradation of MOFs typically involves two key factors: the break-
age of metal-ligand bonds and the formation of more stable prod-
ucts compared to pristine MOFs.[339] Therefore, the chemical sta-
bility of MOFs is highly dependent on intrinsic structural char-
acteristics (internal factors) such as the charge density of metal
ions, connectivity of metal ions/clusters, ligand basicity, ligand
configuration, and ligand hydrophobicity, among others. So, us-
ing aqueous stability testing the performance and suitability of
metal–organic frameworks and MOF derivatives for applications
in aqueous environments could be evaluated. It involves assess-
ing the stability, durability, and structural integrity of these mate-
rials when exposed to water or aqueous solutions. The relevance
and approach for conducting aqueous stability testing may vary
for MOFs and MOF derivatives.

Most MOF structures contain acidic or basic functional
groups, so to test their aqueous stability it is crucial to use enough
water (i.e., 20 mg of MOF suspended in 10 mL of water) for each
test.[313] Moreover, the pH of the water should be measured be-
fore MOF is added as well as after its filtration and removal. To
test the MOF stability in water, the MOF needs to be suspended
in an accurately measured pH solution for a certain amount of
time (at least 12 h) at room temperature.[313] After exposure to
an aqueous solution, the MOF should be recovered through fil-
tration, washing, and then drying.[365] It is noted when making
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Figure 34. FCS Autocorrelation functions of labeled Zr-fum particles sample 1(blue), 2(red), and 3(green). a) Original correlation curves illustrate small
different correlation heights demonstrating small different concentrations of the three nanoparticle samples. The same data after normalization b)
illustrates a slight variation in the diffusion times of the Zr-fum samples expressing small batch-to-batch changes in the hydrodynamic diameter. c) FCS
size distribution of three measured nanoparticle batches 1(blue), 2(red), and 3 (green) collected from GDM Fit. The similarities in the resulting diameters
show the great reproducibility of the synthesis of the particles. Reproduced with permission.[236] Copyright 2016, The Royal Society of Chemistry.

pH solution, the chemical identities of counterions and buffers
should be considered as these can interfere with experiments and
lead to errors in the analysis of results. Finally, the yield stability is
calculated by measuring the percentage mass of recovered MOF
with respect to the initial mass which describes the percentage
of MOF which is not dissolved in the solution.[313] Noted to have
the stability of the MOF after exposure to the aqueous solution,
the sample should be recovered via careful filtration and reacti-
vated following the appropriate activation procedure.[313] As this
comparison needs accurate control of porosity and structure, it is
critical to verify the MOF identity using PXRD and N2 isotherm
measurements before and after aqueous stability testing.

As an example, for the case of MOF-545 and MMPF-6,[366,367]

the stability experiments revealed exceptional performance,
even when exposed to concentrated aqueous HCl solution for
24 hours. This exceptional stability can be attributed to the pres-
ence of robust Zr-O bonds within the 8-connected Zr-clusters and
the effective chelation between Fe(III) and porphyrin, as observed
in similar PCN-series MOFs previously reported.[338]

Interestingly, the utilization of monocarboxylic acids as sol-
vents in the synthesis of stable Zr(IV)-based MOFs has been
observed.[338] In the case of the large-pore MOF, MIP-200, based
on Zr4+ and 3,3’,5,5’-tetracarboxydiphenylmethane (H4mdip),
dimethylformamide (DMF) commonly used in MOF synthesis
was replaced by a mixture of monocarboxylic acid (formic acid)

and acetic anhydride. Remarkably, MIP-200 exhibited outstand-
ing stability even under highly challenging conditions, including
concentrated strong acids (HCl and HNO3), highly concentrated
H3PO4 and H2SO4, as well as exposure to NH4OH vapor.[368]

3.2.13. NMR Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is a potent
method for characterizing materials and determining molecu-
lar structures at the atomic level.[369] It relies on the properties
of electrically charged nuclei with multiple spins. These nuclei,
when subjected to a magnetic field, resonate at specific frequen-
cies, typically in the radio frequency range, detectable using ra-
dio techniques. Various NMR techniques, including the deuteron
NMR (H NMR),[370] solid-state NMR (ss-NMR),[371] 13C cross-
polarization magic angle spinning NMR (13C CP/MAS NMR),[372]

proton high-resolution magic angle spinning NMR (HR-MAS
NMR)[373] and recently proposed classic NMR by a combina-
tion of liquid- and solid-state in-situ crystallization NMR[374] have
been employed. In the case of MOFs, NMR techniques are used
to assess purity, link ratios, modulator remnants, and solvent ab-
sence post-activation. MOFs that can’t dissolve in typical NMR
solvents require digestion. This involves adding D2SO4, NaOD,
or diluted HF in D2O to MOF, sonicating the mixture, and finally
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Figure 35. Intensity contour graphs of the 1H NMR spectra captured as a function of time in the in situ NMR measurements of MFM-500(Ni) synthesis,
and individual spectra selected at specific times (indicated by horizontal dashed lines in the contour plots), at different temperatures: a) 60 °C, b) 70 °C,
c) 80 °C, d) 90 °C and I 100 °C. Assignments of the three peaks due to aromatic 1H environments (denoted Ha, Hb, and Hc) in the BTPPA linker are
illustrated in (f). The spectra are illustrated without normalization. Reproduced with permission.[376] Copyright 2021, The Royal Society of Chemistry.

diluting it with DMSO-d6.[313] Recently, ss-NMR has become
increasingly useful for MOF characterization, offering insights
into framework motion, guest diffusion, and host–guest interac-
tions. For example, Xe NMR studies CO2 diffusion within MOF-
74-Mg pores[375] and identifies interactions in activated UMCM-
1.[376] ss-NMR detects NMR-active nuclei in MOF frameworks,
making it possible to detect metal ions in secondary building
units (SBUs) containing such nuclei. However, due to the low
natural abundance and small magnetic moments of these nu-
clei, specialized pulse sequences like CPMG are necessary to en-
hance signal strength. For quadrupolar nuclei, broad-band pulses
or WURST sequences expand the excitation frequency range. De-
tecting paramagnetic ions like Cr, Mn, Co, Fe, Cu, or Ni remains
a challenge. Recently, combined ss-NMR and liquid-state NMR
(CLASSIC NMR) have been used to observe organic material

crystallization from solution. CLASSIC NMR enables simultane-
ous monitoring of time-dependent changes in liquid and solid
phases, polymorphic identification, and molecular aggregation
spectrometer[376] (Figure 35). In situ NMR provides insights into
initial liquid-phase reactions and solid formation mechanisms.
A comprehensive review by Rehman et al. discusses NMR appli-
cations in MOF structure and dynamics characterization.[377]

3.3. Characterization of Chemical Properties

To determine the elemental states and composition of MOFs
and their derivatives, spectroscopy techniques including Raman,
FTIR, EDS, DRIFTS, and ICP-OES as the most common ap-
proaches have been used. In this section, we briefly review the
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Table 12. Summary of spectroscopy techniques used to study MOF and its derivatives.

Technique Raman Spectroscopy FTIR EDS DRIFTS ICP-OES

Application – Structural
characterization.

– Phase identification.
– Study guest-host

interactions.
– Explore molecular

vibrations, crystal
symmetry, and
coordination
environments.

– Identify functional
groups.

– Verify MOF synthesis.
– Characterize surface

modifications.
– Study adsorption

processes in MOFs

– Elemental analysis.
– Identifying metal

ions, ligands, and
impurities.

– Determining
elemental distribution
within the structure.

– Provides information
on surface species
and adsorbates.

– Allows in situ
analysis.

– Useful for studying
catalytic reactions.

– Quantitative elemental
analysis.

– Determining metal ion
concentrations.

– Assessing the metal
leaching behaviour.

Advantages – Non-destructive.
– Detailed information

on molecular
vibrations.

– In situ and real-time
analysis.

– Non-destructive.
– Explore chemical

bonding and
functional groups.

– Relatively easy
sample preparation.

– Qualitative and
semi-quantitative
elemental
information.

– Relatively quick
analysis.

– Compatible with
scanning electron
microscopy (SEM).

– Surface sensitivity.
– In-situ analysis.
– Identification of

adsorbates.
– Quantitative analysis.
– Characterization of

guest-host
interactions.

– High sensitivity. Wide
dynamic range.

– Multi-element analysis
capability.

– Suitable for analysing
trace elements.

Disadvantages – Fluorescence
interference.

– Limited depth
penetration.

– Sample handling and
preparation.

– Limited spatial
resolution.

– Affected by water
vapor interference.
-Requires proper
baseline correction.

– Limited sensitivity for
low atomic number
elements.

– Potential for X-ray
overlap.

– May require
specialized sample
preparation.

– Limited spatial
resolution.

– Can be influenced by
sample morphology
and particle size.

– Requires careful
control of sample
temperature

– Destructive technique.
– Requires sample

digestion.
– Complex

instrumentation.
– Skilled operation.
– Time-consuming

sample preparation
Limitations – Limited sensitivity for

low-concentration
species.

– Require data
interpretation
expertise for complex
spectra.

– Sensitive to surface
species.

– May not provide
detailed structural
information.

– Spatial resolution.
-Cannot distinguish
between different
oxidation states of
elements.

– Surface-sensitive
technique.

– May not fully
represent the bulk
properties of MOFs.

– Spatial resolution.
-Cannot provide
information on the
distribution of elements
within MOFs.

underlying mechanism of these methods and their application
for MOF materials. Table 12 summarizes the application, pros,
and cons of these techniques applied for MOF and its derivatives.

3.3.1. Vibrational Spectroscopy (Infrared (IR)/Fourier-Transform
Infrared (FTIR)/Raman spectroscopy)

Molecules exhibit a defined number of vibrational modes de-
pending on their degrees of freedom. Linear molecules possess
3N-5 normal modes of vibration, while nonlinear molecules have
3N-6 modes, where N represents the molecule’s atom count.[317]

These modes fall into two categories: stretching and bending
(Figure 36).

Stretching vibrations involve changes in bond lengths, while
bending vibrations alter bond angles. Each vibrational mode ab-
sorbs energy at a distinct frequency, forming the basis for vibra-
tional spectroscopy. This field comprises two primary techniques:
infrared and Raman spectroscopy, each sensitive to specific vi-
brations and widely used for extracting structural and reactivity
information from surface species in MOFs.[334,378]

In MOF research, infrared spectroscopy is more commonly
used. The infrared spectrum spans three sub-regions: near-

infrared (14 000–4000 cm−1), mid-infrared (4000-400 cm−1),
and low-energy-far-infrared (400–10 cm−1). Obtaining high-
quality far-IR spectra is challenging, but high-brilliance syn-
chrotron sources can enhance signal intensity. High-resolution
synchrotron vibrational spectroscopy is particularly valuable
for understanding phenomena like shear-induced phase transi-
tions, structural flexibility, and pore-breathing mechanisms in
MOFs.[379,380]

Three prominent IR techniques are FTIR, DRIFTS, and
attenuated total reflection (ATR).[381] FTIR and DRIFTS are
commonly used for observing solid-state materials and studying
host-guest interactions. ATR, based on total reflection in a high
refractive index crystal in direct contact with the material, is
less preferred for MOFs. FTIR offers precise quantification
and sensitivity to various chemical groups, employing a Fourier
transform to translate raw data into the spectrum wavelength.[382]

Unlike IR, which uses monochromatic light, FTIR irradiates
the specimen with a light beam containing multiple frequencies
in the vibrational IR region, resulting in higher signal-to-noise
ratios.

Raman spectroscopy complements FTIR by detecting ap-
olar bond vibrations. It analyses vibrational, rotational, and
low-frequency modes based on inelastic scattering between a
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Figure 36. Representation of different type of stretching and bending vibrations. Reproduced with permission.[317] Copyright 2020, U. PORTO.

monochromatic laser beam and molecules in the specimen.
Raman scattering arises when the frequency of scattered light dif-
fers from the incident light.[383]

Both IR and Raman techniques are extremely useful to address
a series of properties typical for MOF materials including the ab-
sence/presence of solvents inside the pores, assessing the inser-
tion of functional groups after the post-synthetic process, eluci-
dating the nature and identity of linkers and evaluating the pres-
ence of defects in framework and coordination vacancies formed
at the metal sites after desolvation. Vibrational frequency per-
turbation, change of band intensity, skeletal, and surface vibra-
tional perturbation are the indexes that can be used to observe
the interaction of probe molecules with the adsorption sites in
MOFs which are crucial to understanding the role of MOF active
sites.[334]

For example, FTIR and Raman spectroscopy are used to char-
acterize the functional groups present in the MWCNTs, the
MOFs/MWCNTs, and the Co@NSC/MWCNTs.[384] As shown in

Figure 37, there is a good similarity between the FTIR spectra
of MWCNTs and MOFs/MWCNTs. For the Co@NSC/MWCNTs,
in FTIR spectra the observed band in the 1616–1342 cm−1 region
is associated with the vibrations of C═C and C═N bonds, which
validates the successful doping of nitrogen.[385] The peak at 1415–
1440 cm−1 is related to the C–S bond that confirms the organic
skeleton of MOFs is composed and converted to N,S-Co doped
graphite carbon layers on the surface of MWCNTs.[384] In addi-
tion, the observed weak absorption band at 856 cm−1 attributed
to the Co–N bond[386] proves the presence of interaction between
Co and N species.

Another example of using FTIR and Raman spectroscopy to
study the Fe-MOF, Co-MOF, and Co-MOF@Fe-MOF is given in
Figure 38.[387] For all materials, there is a peak at 1572 cm−1

which is attributed to asymmetric stretching vibrations of car-
boxylate groups.[388] The symmetric vibrations of carboxylic
groups cause bands at 1354 cm−1 which is evidence of the pres-
ence of benzenedi-carboxylate anion (BDC2−).[389,390] The peak

Figure 37. FTIR spectra and Raman spectra of the MWCNTs, the MOFs/MWCNTs, and the Co@NSC/MWCNTs. Reproduced with permission.[384]

Copyright 2019, Springer Nature.
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Figure 38. a) IR and b) Raman spectra for Fe-MOF, Co-MOF, and Co-MOF@Fe-MOF. IR spectrum of the catalyst after OER operation was also shown
for comparison. Reproduced with permission.[387] Copyright 2020, Elsevier.

at 3429 cm−1 corresponds to the stretching vibration of OH.[388]

The peaks in the range of 740–810 cm−1 are associated with IR
bands for the benzene ring.[387] The Raman spectroscopy shows
the presence of separate D (1350 cm−1) and G (1588 cm−1) bands
as a consequence of involved graphene oxide.[391] For all MOFs,
the ratios of ID/IG which are calculated from the peak intensity
are between 1.04 and 1.06 that means there is a similar state
of graphene oxide in the studied MOFs. The presence of M–O
species causes the bands at 509, 671, and 1420 cm−1.[388]

3.3.2. Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS)

DRIFTS, or Diffuse Reflectance Infrared Fourier Transform
Spectroscopy, is a spectroscopy method commonly employed in
MOF studies. It offers the advantage of analyzing powdered sam-
ples with minimal or sometimes no sample preparation. DRIFTS
is based on a reflectance phenomenon and involves measuring
the diffuse reflected infrared rays from a specimen, providing
information about its shape and reflectivity. In DRIFTS, the re-
flection of infrared radiation occurs in all directions. An ellip-
soid mirror is used to collect the infrared rays, which are then
processed and analysed. This technique is valuable in MOF re-
search for detecting the presence or absence of IR active func-
tional groups.[392,393] Additionally, DRIFTS enables the study of
MOF behaviour under different temperatures or in the presence
of specific gases like CO and CO2.

[394]

For example, to understand how CO2 adsorbed on the ba-
sic sites of MOF-808a, the DRIFTS test has been performed
(Figure 39).[344] Although there is a probability of interference be-
tween IR spectra of the carboxylate group of the BTC ligand in
MOF-808a with IR observation of CO2 adsorption on MOF-808,
in comparison with blank MOF-808a, several new bands can be
observed. Increasing the temperature leads to the disappearance
of these bands which means MOF-808a has absorbed CO2 and
generated new species.[344]

It is worth to mention DRIFTS can be performed on either
powdered samples of an MOF, or the samples can be diluted in
a matrix such as potassium bromide (KBr).[313]

To study the possible reaction pathway for the methanol steam
reforming (MSR) reaction of MOF-derived composite as a precur-
sor for CuO–CeO2 catalyst, in situ DRIFT has been performed[395]

(Figure 40). The obtained data show the spillover of oxygen
species can be facilitated by the high dispersion of active metal.
Consequently, the formate is oxidized to carbonate and generates
CO2. This enhances the selectivity of CO2 by preventing the direct
decomposition of formate to CO. Furthermore, it is explored that
CuO-CeO2 has lower selectivity and higher activity than CuO-
CeO2-I in the entire range of temperatures.[395]

3.3.3. Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) is an analytical method utilized for the determina-
tion of the number of specific elements in a sample. Due to the

Figure 39. DRIFTS spectra of MOF-808a (a) and the samples after CO2
introduced to MOF-808a and then heated at various temperatures: 30 °C
(b); 70 °C (c); 110 °C (d); 170 °C (e); 220 °C (f); 300 °C (g). Each spectrum
was taken 10 min after the desired temperature was reached. Reproduced
with permission.[344] Copyright 2018, American Chemical Society.
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Figure 40. DRIFT spectra for MSR on reduced a) CuO-CeO2 and b) CuO-CeO2-I. Reproduced with permission.[395] Copyright 2021, Elsevier.

advantage of ICP-OES in the detection of elements at very low
concentrations, ICP-OES is commonly used to determine the el-
emental composition of MOFs and their derivatives. It provides a
quantitative analysis of metal ions present in the MOF structure,
allowing researchers to assess the metal-to-ligand ratios and ver-
ify the synthesis process. Moreover, ICP-OES is capable of detect-
ing and quantifying trace impurities in MOFs. It helps in assess-
ing the purity of MOF and its derivative samples and identify-
ing any unwanted contaminants that might affect the material’s
performance or properties. Prior ICP-OES analysis, the sample
must be completely dissolved. For complete dissolution of MOFs,
H2SO4 or HNO3 should be added to MOFs followed by hydro-
gen peroxide in a microwave tube. Then, the sample is heated
by microwave irradiation and finally cleaned before dilution with
water.[313] Xue et al.[396] employed ICP-OES to determine the ele-
ment contents of FeNC, CoNP@NC and CoNP@FeNC-0.05 cat-
alysts (Table 13).

3.4. Characterization of Electronics Properties

The Recent development of MOFs with controlled electronic and
optical properties enables the characterization of MOF electronic
properties as a new fundamental science that paves the way for
applications in electronics and photonics. To determine the Band-
gap potential, band-edge, and bandgap offset as well as the Fermi
level of MOF-based materials, XPS and UPS are the most com-
monly used techniques. Here, we survey the principle and the
application of these techniques for MOF study.

3.4.1. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative method
utilized to measure the elemental composition of the surface of a

Table 13. The element contents of prepared catalysts from ICP-OES tests.

FeNC CoNP@NC CoNP@FeNC-0.05

Fe (wt%) 1.05 – 1.04

Co (wt%) – 1.82 4.02

material as well as determine the binding states of the elements.
By analyzing the binding energies of the photoelectrons emitted
from the sample, the coordination chemistry, ligand-metal inter-
actions, and the electronic structure of the MOF materials can
be identified. Furthermore, it provides information about the na-
ture and abundance of surface-bound ligands, linker species, and
potential surface modifications.

For example, to determine the elemental chemical state in Co-
MOF-derived catalysts under different temperatures, XPS has
been performed (Figure 41). The overall XPS spectrum consists
of characteristic peaks for C 1s, O 1s, and Co 2p (Figure 41a).
By increasing the calcination temperature, the intensity of the C
1s peak is enhanced while the peak intensities of O 1s and Co 2p
are reduced. Table 14 lists the atomic concentrations and binding
energies of C, Co, and O atoms, respectively.[397]

As another example, the XPS measurement is utilized to
compare and analyze the chemical composition, involved elec-
tronic interactions, and oxidation states of Fe-MOF, Co-MOF,
Co-MOF@Fe-MOF, and the hybrid MOF catalyst.[387] The full
XPS spectra of the Fe-MOF, Co-MOF, and Co-MOF@Fe-MOF
are shown in Figures 42 and 43 that demonstrate the presence of
Fe, Co, O, and C elements in the MOFs.

The results of the XPS spectrum of Fe 2p in Fe-MOF and Co-
MOF@Fe-MOF demonstrate the bands at binding energies of
712.0 eV and 725.3 eV are attributed to Fe 2p2/3 and Fe 2p1/2

[398]

which illustrates the Fe in mentioned MOFs are Fe(III) oxida-
tion state. The formation of hybrid MOF enhances the shake-up
band due to the more paramagnetic state of Fe ions. The Co 2p
XPS spectra indicate cobalt species is mainly in its +2 oxidation
state.[399] Furthermore, the generation of Fe-MOF on the surface
of Co-MOF leads to strong electronic interactions between two
MOFs. The results exhibit that in the considered MOFs, the car-
bon composition not only comes from the ligands but also from
the graphene oxide additive.[387]

3.4.2. Ultraviolet Photo Electron Spectroscopy (UPS)

UPS is an alternative to XPS, which utilizes monochromatic
UV light radiation to produce photoelectrons. In UPS the exci-
tation source is helium discharge sources normally He-I, 21.2 eV
and He-II, 40.8 eV.[400] As low-energy photons are used in UPS;

Small 2024, 2310348 © 2024 The Authors. Small published by Wiley-VCH GmbH2310348 (42 of 53)

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 41. XPS spectra of Co-MOF-derived catalysts a survey spectrum, b C 1s scan, c Co 2p scan, and d O 1s scan. Reproduced with permission.[397]

Copyright 2018, Springer Nature.

Table 14. Binding energy and percentage of atomic concentration by XPS, and relative ratio of D and G bands by Raman of Co-MOF-derived catalysts.[397]

Sample Binding energy [eV] Atomic content [%] ID/IG

C 1S Co 2P3/2 O 1S C Co O

Co-MOF.N500 286.85 781.79 531.77 16.01 34.10 49.89 2.50

Co-MOF.N600 286.92 782.83 532.70 63.95 10.27 25.78 2.42

Co-MOF.N700 284.77 780.57 532.01 89.22 2.60 8.18 1.63

Co-MOF.N800 284.77 780.39 530.28 86.58 4.47 8.96 1.33

Co-MOF.N900 284.79 780.42 530.28 93.71 1.84 4.45 1.08

Figure 42. XPS full survey spectra of a) Fe-MOF, b) Co-MOF, c) Co-MOF@Fe-MOF products. Reproduced with permission.[387] Copyright 2020, Elsevier.
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Figure 43. XPS spectra of Fe-MOF, Co-MOF, Co-MOF@Fe-MOF, and the hybrid MOF catalyst after OER operation. a) Fe2p, b) Co2p, c) O1s, and d)
C1s. Reproduced with permission.[387] Copyright 2020, Elsevier.

it is suitable to analyze the valence band structures of MOF
semiconductors. In UPS, the changes in the kinetic energy of
the electron depend on its molecular orbital. The photon en-
ergy equals the sum of the absolute value of electron kinetic
energy and its orbital potential energy.[235] To complement the
UPS measurements, low-intensity XPS (LIXPS) can be used. In
LIXPS, an X-ray gun uses very low photon density sufficient to
carry out secondary edge measurement. Through this approach,
it would be possible to detect the charging artifacts that usually
occur in UPS measurements because UV sources have relatively
high photon density which can be crucial in organic materials
due to low conductivity that prevents effective replenishment of
photo-extracted electrons.[401] Due to the fewer charging effects in
LIXPS compared to UPS, in the measurement of work function
by LIXPS, the charging artifacts that affect UPS are revealed.[402]

Elzein et al.[401] study the growth of MOF thin films composed of
TCPP (= Tetrakis(4-carboxyphenyl)porphyrin) linkers and dicop-
per paddlewheel secondary building blocks (SBU) self-assembled
on top of SAM-terminated (MP) Au substrates by ultraviolet and
X-ray photoemission spectroscopy (Figure 44). They carried out
measurements for three cases: i) the Au-functionalized surface
sample was incubated in Cu(NO3)2 and then immersed in TCPP.
ii) the Au-functionalized sample was incubated in the mixed
fresh TCPP and Cu(NO3)2 solutions. iii) Au-functionalized sur-
face was immersed only in TCCP solution.

The UPS results exhibited the orbital line-up of the MOF
molecules bound to the surface of the Au-functionalized surface

as a considerable barrier for both hole and electron injections
from the Au-functionalized surface to the MOF thin film. This
property at the interface is crucial to the design and development
of conductive MOF materials which can be a breakthrough in
molecular electronic devices.

4. Summary and Challenges

Considering the enormous demand for high-performance ad-
vanced materials with functional properties, the development of
MOF derivatives is of great importance. Past and recent research
has demonstrated the capability of synthesizing and characteriz-
ing MOF-derived materials with tuneable structures, morpholo-
gies, compositions, functionalities, and superior physiochemi-
cal properties by using MOF as a precursor and sacrificial tem-
plate. MOF derivatives are attractive materials for various ad-
vanced technological applications e.g., energy, biomedical, sen-
sor, etc. MOF derivatives are generally composed of multiple
components assembled in different hierarchical levels and each
component possesses special functionality and their synergistic
effect helps to realize enhanced performance. In this review, we
have summarized the details of synthesis techniques and mecha-
nisms for developing MOF derivatives. Previous studies demon-
strate that MOF can serve as a precursor for producing various
MOF derivatives where MOF works as a sacrificial template and
a controlled synthesis technique can preserve the structure, sur-
face area, and porosity of the parent MOF to its derivative. This is
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Figure 44. LIXPS and UP spectra before and after step-by-step incubation of sputter cleaned Au functionalized substrate in (A) in the metal ion Cu(NO3)2
then in the organic ligands TCPP for three cycles sequentially, B) in both the metal ion and the organic ligand solution for three cycles sequentially, and
C) only in a TCPP solution for two cycles. Their normalized secondary edges were measured with LIXPS before (LIXPSa) and after (LIXPSb) UPS and
are illustrated in the left panel. The complete normalized UP spectra are shown in the middle. The right panel illustrates the evolution of the valence
band/HOMO emission features via the deposition process. Reproduced with permission.[401] Copyright 2016, American Chemical Society.

difficult to achieve through other conventional synthesis tech-
niques. The tuneability in composition, structure, morphology,
and physiochemical properties in the MOF derivatives can be
achieved easily using the MOF precursor-based synthesis tech-
nique. This review also summarizes that through cogently de-
signing the synthesis process or combining multiple synthesis
techniques, variety of MOF derivatives with predetermined struc-
tures, properties, and functionalities can be developed for a vari-
ety of advanced technological applications.

Despite significant progress on the scalable and facile MOF-
templated synthesis of porous functional MOF derivatives, there
are still some challenges that remain. When the MOF precursors
are treated at low temperatures, the derived material shows poor
crystallinity and high resistivity which leads to poor performance.
Alternatively, when treated at a higher temperature, there is a
possibility of structural collapse in the derived materials result-
ing in poor structural, mechanical, and electrical properties. We
are listing below some of the prominent challenges and potential
forthcoming research directions in the synthesis of MOF-derived

materials which needs systematic study to overcome. i) Most re-
ported studies indicate that synthetic parameters are crucial to
controlling the composition, structure, morphologies, and prop-
erties of MOF-derived materials. So, a systematic investigation
is important to understand the relationship between the struc-
ture and properties of MOF derivatives. The development of a
robust and scalable synthesis process capable of controlling the
features of the MOF derivatives is also crucial. ii) The decompo-
sition and transformation mechanism of MOF to its derivatives
are not yet clearly understood. ii) Significant control in prevent-
ing the degradation of the MOF structure during the conversion
process through a calcination-based or solution-based synthesis
process is yet to be achieved. iii) Managing the degree of par-
ticle aggregation during the transformation process of MOF to
its derivatives is still a challenge and this kind of aggregation re-
sults from the formation of poor-quality MOF derivatives. iv) The
possibility of low structural stability, difficulty in preserving the
MOF precursor structure in the derivatives, and precise control
over the surface area and pore size of MOF derivatives are major
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challenges yet to be achieved. v) Accurate control of the chemical
composition and morphology of the MOF derivatives to control
their physical and chemical properties is still a challenge to over-
come. vii) Bringing this synthesis technique of MOF derivatives
from laboratory to industrial scale production is also a major chal-
lenge to solve. For rapid development in the synthesis of MOF-
derived materials and transfer of their performance to industrial-
scale applications, a systematic study in terms of structure, com-
position, pore distribution, surface area, and pore volume during
the transformation process is required. Additionally, a compre-
hensive understanding of the relationship between the structure
of MOF-derived material and its physiochemical properties is re-
quired which needs the use and development of advanced char-
acterization techniques and instruments. The basis of the char-
acterization of MOFs can be classified into four main categories
consisting of diffraction, microscopy, spectroscopy, and scatter-
ing. In addition, to characterize the physical, chemical, and elec-
trochemical properties of MOFs and their derivatives including
thermal stability, adsorption properties, porous structures, and
aqueous stability, additional techniques such as thermogravimet-
ric analysis (TGA), volumeter, and calorimeter have been used. To
identify the components that compose of the MOF structures, de-
tect the defects and impurities, and characterize the optical, elec-
tronic, chemical, and electrochemical properties of MOFs spec-
troscopy techniques have been widely used. Depending on the
synthesis and preparation methods and characterizing desired
properties, different spectroscopy methods including Raman, IR,
FTIR, UV-Dis, XPS, and XAS are employed in MOFs study. To
characterize MOFs’ surface charge, determine the size distribu-
tion of the MOFs, obtaining information about their stability and
surface interaction with other molecules scattering techniques
have been employed. Through appropriate selection and integra-
tion of suitable scattering methods, these techniques can provide
extensive information on MOF size, from angstrom to microm-
eter levels, as well as probe the internal structure of MOFs in
highly concentrated samples. The increasing complexity of MOF
structures needs advances in either crystallographic instrumen-
tation or structural and functional analysis approaches. While
enormous research has been dedicated to obtaining single crys-
tals with appropriate diffraction quality, due to the challenges in
the growth process of the MOF crystals such as gas temperature
and induced reactions, using powder diffraction data through
PXRD crystallography has been proposed as an alternative ap-
proach. Due to the compression of reciprocal 3D space into 1D
space, which causes the overlap in diffracted peaks, analysis of
PXRD data requires advances in structure computer modeling
such as the charge flipping method that can pave the way to elu-
cidate the crystal structures of complex MOFs derivatives. Mi-
croscopy techniques are promising candidates not only to image
the surface of MOF structures but also to explore the structural
and functional properties of MOFs. For example, in the structural
analysis aspect, electron microscopy can be used as a comple-
mentary method to XRD/PXRD to unravel the complex crystal
structure of MOF derivatives. Despite extensive applications of
electron microscopy modalities in the imaging and characteriz-
ing of MOFs, there is a lack of fundamental understanding of
the beam damage mechanism in MOFs and the interplay be-
tween numerous structural parameters and beam sensitivities.
So, there is a need to have a systematic analysis of MOF beam sen-

sitivities over MOF metal nodes, linkers, topologies, and guest
molecules. Moreover, imaging and characterizing the solution
and gas phase performance of MOFs needs using advanced EM
methods which can open a new path for synthetic chemists. Con-
sidering the mentioned limitation in EM microscopy as well as
their limited lateral resolution, due to its high spatial and lateral
resolution as well as operation in ambient conditions, AFM is
considered as the complementary instrument to image and char-
acterize MOF structures. Recently several advanced AFM tech-
niques are developed and are under development which can ad-
dress the raising points for simultaneous imaging and character-
izing the MOF structures and properties.

Finally, we can summarize by thanking the ongoing advance
in characterization techniques and instruments, combining the
experimental data obtained from measurements with computa-
tionally derived data can facilitate the structural-properties anal-
ysis of MOFs and their derivative and could provide promising
results to enhance the synthesizing approaches.
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