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Recent advances in metal—organic framework/
carbon nanotube nanocomposites for developing
analytical applicationsf

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 11457

Shereen A. Majeed

Nanoscience shows promise for scientific advancement in many sectors, such as biology, energy,
materials, environment, and manufacturing. Nanocomposites are mixtures of two or more materials, one
of which is nanosized particles. The composites are expected to show combined features resulting in
general enhancements in their physical and chemical properties. Metal-organic frameworks (MOFs) are
coordination polymers that have attracted attention from researchers in recent years due to their porosity
and controllable functionality. Another example of interesting nanomaterials is carbon nanotubes (CNTs)
which are also known for their mechanical and thermal properties. Incorporation of both these materials
into a nanocomposite has shown an enhancement in properties and conquered challenges in the defects
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of construction. This mini-review sheds light on the recent synthetic approaches and characterization of
MOF-CNT nanocomposites in order to access porous selective nanocomposites that can improve
analyte detection in environmental matrixes and biological systems. A summary of the chemical compo-
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Introduction

Carbon nanotubes (CNTs) are cylindrical tubes with = systems
discovered by Lijima in 1991." They are classified into single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) according to the number of layers
within the side walls. CNTs have been known for their high
surface area and strong mechanical properties, as well as their
uses in supercapacitors® and industrial applications.>* They
have been widely utilized in analyte extraction and modified
electrodes due to their good conductivity as they assist in elec-
tron transfer between analytes and electrode surfaces.’
Moreover, the hydrophobic nature of carbon nanotubes
improves their ability to extract non-polar or weakly polar
analytes.®

Metal-organic frameworks (MOFs), comprising metal nods
coordinated to organic linker ligands, have also attracted the
attention of researchers due to their high surface area, open
metal active sites, and tunable functionalization which made
them good candidates to be applied in catalysis,”® drug deliv-
ery,"®® gas sensing,’® and energy storage.'’ Furthermore,
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sition of nanocomposites, analytes in the target, and analytical techniques used is provided.

MOFs have the ability to interact with analytes through n-n
stacking, different functional groups, metal sites, and van der
Waals interactions.'” The porosity of MOFs can also affect the
selectivity of the analytes according to their shape and size."?

Approaches for preparing MOF-CNT
nanocomposites

Three different methods have been utilized for preparing
MOF/CNT nanocomposites as displayed in Fig. 1.

(a) In situ method: this method involves the addition of the
MOF precursors with functionalized CNTs after dispersing
CNTs in suitable solvents where metals start to coordinate
with polar groups on the surface of CNTs, followed by coordi-
nation with organic linkers and the MOF growth
process.”* ™7 The experimental process is generally the same
as the preparation process of MOFs, except that CNTs are
added to the mixed solution. Mixing a metal salt with the CNT
suspension for some time before adding an organic ligand
helps with the diffusion of the metal to the surface of the
CNTs. Characterization of nanocomposites afforded by this
method depends on the formation of new characteristic peaks
corresponding to MOF formation in the hybrid spectra, as
illustrated in the section below.

(b) Carbonization method: here, a solid MOF acts as a
single precursor of carbon sources of CNTs. The selected MOF
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Fig. 1 General
nanocomposites.

approaches for synthesizing

is typically pyrolyzed under an inert atmosphere at a high
temperature of 300 °C for around 1 hour. The temperature is
then gradually increased at a certain rate to 700-900 °C. In
order to form CNTs doped with metallic atoms of the MOF
precursor and nitrogen atoms, a nitrogen-containing organic
linker, such as 2-methyl imidazole, was used.>"®*° The nano-
composite characterization confirms the carbonization with
the appearance of new peaks, assigned to CNTs, in the nano-
composite spectra from different techniques, accompanied by
the disappearance of peaks attributed to the MOF.

(c) Electrostatic interaction: it is a process by which the
metal ions of an MOF are directly attached to functionalized
CNT-COOH.>'** It is worth mentioning that the use of polyvi-
nylpyrrolidone (PVP) as a capping agent for synthesizing
ZIF-67 was found to contribute to successful electrostatic inter-
actions between the MOF and CNTs.”> The successful for-
mation of nanocomposites is confirmed by analyzing the
unaffected crystallinity of both the MOF and CNTs upon
conjugation.

Characterization
Electron microscopy

Scanning electron microscopy (SEM), field emission scanning
electron microscopy (FE-SEM), transmission electron
microscopy (TEM), and high-resolution transmission electron
microscopy (HR-TEM) are utilized for studying the morphology
and specifying the shape, size, and structure of nanomaterials
synthesized in the three different routes. The appearance of
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MOF crystals with CNTs in the in situ method confirms the
success of the reaction of metal ions with organic linkers in
the presence of CNTs, Fig. 2(A). Electron microscopy images
show the cylindrical CNTs combined with the undistorted
microstructure of MOFs in the case of electrostatic method-
ology, Fig. 2(B), while scans show the cylindrical shape of
CNTs doped with heteroatoms when the nanocomposites are
synthesized via MOF carbonization, Fig. 2(C). Additionally, the
elemental analysis of nanohybrid surfaces can be performed
using SEM which is surveyed by energy dispersive spectroscopy
(EDS). Some examples are presented in Fig. 2.

X-Ray powder diffraction (XRD)

XRD is a powerful technique for characterizing the formation
of crystalline nanocomposites. It is utilized for confirming the
crystallinity of the synthesized hybrid and the stability of the
chemical structure after analytical performance. New peaks
corresponding to the MOF as well as the peaks corresponding
to CNTs are expected to appear in XRD patterns to confirm the
nanocomposite formation via the in situ method, Fig. 3(A). The
electrostatic approach is confirmed by the appearance of
unaffected peaks for both CNT and MOF upon conjugation,
Fig. 3(B). Peaks corresponding to the MOF are expected to dis-
appear, while new peaks corresponding to the CNT are
expected to appear in the XRD pattern of nanocomposites syn-
thesized via MOF pyrolysis as displayed in Fig. 3(C).

Fig. 2 (A) The morphology and structure of the MOF ((A) SEM and (C)
TEM) and the nanohybrid synthesized via the in situ method ((B) SEM
and (D) TEM). Reprinted with permission from ref. 5. Copyright 2021
Elsevier. (B) (A—D) FE-SEM images of MOF-MWCNTs prepared via the
electrostatic approach. Reprinted with permission from ref. 22.
Copyright 2021 Elsevier. (C) The SEM images of MOF ZIF-67 (A) and the
nanohybrid Co@CNTs after MOF pyrolysis (B); the TEM images of
Co@CNTs (C-E); the HRTEM images of Co@CNTs (F). (D) The EDS ana-
lysis of Co@CNTSs. (E) The elemental mapping images of the C, N and Co
elements of Co@CNTs. Reprinted with permission from ref. 18.
Copyright 2020 Elsevier.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) XRD patterns of MWCNTs, the MOF (CeMOF), and the nano-
composite (Co/NCNTSs) synthesized via the in situ method, where new
peaks corresponding to the MOF as well as the peaks corresponding to
CNTs (20 >'26°) were reported. Reprinted with permission from ref. 26.
Copyright 2022 Elsevier. (B) XRD patterns of the MOF (ZIF-67),
MWCNTs, and the ZIF-67/MWCNT nanocomposite synthesized via the
electrostatic method, where unaffected peaks for both the CNT and
MOF upon conjugation were recorded. Reprinted with permission from
ref. 22. Copyright 2021 Elsevier. (C) XRD patterns of (left) the MOF
(ZIF-67) and (right) the corresponding nanocomposite after MOF pyrol-
ysis (Co@CNTs), where peaks corresponding to the MOF disappear and
new peaks corresponding to the CNT appear. Reprinted with permission
from ref. 18. Copyright 2020 Elsevier.

Fourier transform infrared (FT-IR) spectroscopy

FT-IR is utilized for confirming the presence of the functional
groups in the nanohybrid and their interaction with the sur-
roundings. Han et al. prepared carboxylated multi-walled
carbon nanotubes (¢cMWCNTs) by functionalizing MWCNTSs
with the carboxyl group (-COOH). This was proved in the spec-
trum of cMWCNTs, which indicated the stretching vibration of

-OH at 3271 em™ ", stretching vibration of C=0 at 1730 cm ™,

and a deformation vibration band of -OH at 1045 cm™?, as
demonstrated in Fig. 4(A). In the nanohybrid spectrum, an
absorption frequency of -OH groups at a lower wave number
(2400 cm™") was recorded and ascribed to the reduction of the
bond force due to the coordination between the metal ions of
the MOF and carboxylic groups on cMWCNTSs. The absorption
peak at 2900 cm™" was attributed to the stretching vibration
band from the strongly H-bonded COOH of cMWCNTs and the
carboxylic group of 1,3,5-benzoic acid, the organic linker of the
synthesized MOF.>

Han and co-workers reported a similar FT-IR spectrum of
the nanohybrid synthesized via the in situ methodology to
those of the corresponding MOF and CNTs. They ascribed the
relative reduction in the NH, group band at 1656 cm™" in the
nanohybrid spectrum to the interaction of some free amino
groups of the linker in the MOF framework with the carboxylic
groups in MWCNT-COOH, as illustrated in Fig. 4(B)."®

X-Ray photoelectron spectroscopy (XPS)

XPS is utilized for determining the elemental composition and
chemical states of the nanohybrid to be compared with its pre-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 FT-IR spectra of (A) MWCNTs, cMWCNTs, the MOF (MOF-199),
and the nanohybrid cMWCNT/MOF-199. Reprinted with permission
from ref. 25. Copyright 2021 the Royal Society of Chemistry. (B) FT-IR
spectra of (lef): MWCNT-COOH, (right) MOF (UiO-66-NH,) and the
corresponding composite (MWCNT@UiIO-66-NH,). Reprinted with per-
mission from ref. 16. Copyright 2021 the Royal Society of Chemistry
2020.

cursors. For instance, Liu and co-workers prepared ZIF-67 by
the coordination of 2-methylimidazole with Co(u) in the pres-
ence of CNTs. XPS patterns exhibited three peaks corres-
ponding to C=0, C-0, and O-C=0 bonds at 531.6, 532.1, and
533.3 eV, respectively, confirming the electrostatic attraction
between the MOF and the CNT during the growth of MOF crys-
tals, as presented in Fig. 5(A).>” Meanwhile, in the electrostatic
approach, no new characteristic peak was recorded upon con-
jugation. However, the peak intensity of C 1s was expected to
significantly enhance, as displayed in Fig. 5(B).”
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Fig. 5 XPS spectra of (A) O 1s for the nanohybrid ZIF-67-w-CNTs.
Reprinted with permission from ref. 27. Copyright 2022 Elsevier. (B) XPS
spectra of C 1s for the MOF (UiO-66-NH,) and UiO-66-NH,@MWCNTSs.
Reprinted with permission from ref. 5. Copyright 2021 Elsevier. (C)
UV-Vis diagrams of (a) Cyt c, (b) MWCNTSs, and (c) Cyt c-MWCNTs.
Reprinted with permission from ref. 21. Copyright 2021 the Royal
Society of Chemistry.
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UV-Vis spectroscopy

Although UV-Vis was not widely utilized for characterizing the
MOF-CNT nanohybrids, it was utilized for confirming the
bonding of other materials to CNTs including cytochrome c
(Cyt ). As displayed in the Cyt ¢ spectrum, the Q and B bands
of porphyrin, a component of Cyt c, at 530 and 410 nm dis-
appeared and slightly blue-shifted in the Cyt c-MWCNT spec-
trum, respectively, in addition to the absorption at 265 nm
considered as a characteristic band for the CNT (Fig. 5(C)).>*

MOF-CNT analytical performance

The stability of MOF structures is related to their ability to
maintain their long-range ordered structures in a certain
chemical environment. Three main categories of stabilities,
namely chemical, thermal, and mechanical stabilities, are
ascribed to MOFs in different applications. Analytical appli-
cations are performed in acidic and/or basic aqueous media,
and the structure of MOFs could be altered, which makes eval-
uating MOF stability of great importance. The effects of bases,
acids, and buffers on MOF stability are explained
elsewhere.*®® Water is the most common matrix in aqueous
samples. Water molecules can coordinate with metal sites in
MOFs, which might result in the formation of protonated
organic linkers and metal hydroxides depending on the
coordination bond strength between organic linkers and metal
ions. This undesirable water-MOF coordination might
increase in acidic and basic solutions. The presence of protons
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Fig. 6 (A) XRD of the nanocomposite (ZIF-65@CNTSs) before and after
AA sensing. (B) XPS spectra of N 1s of the nanocomposite (ZIF-65@CNT)
before and after electrochemical sensing of ascorbic acid. (C) FT-IR
spectra of the nanocomposite (ZIF-65@CNT) before and after the
electrochemical sensing of ascorbic acid. Reprinted with permission
from ref. 12. Copyright 2020 Elsevier. (D) N 1s pattern (d) before and
after (a) PAH extraction of pyrene, (b) fluoranthene, and (c) phenan-
threne. (E) FT-IR spectra of (a) UiO-66-NH,, (b) MWCNT/UiO-66-NH,,
(c) etched MWCNT/UiO-66-NH,, and (d) simulated UiO-66-NH,.
Reprinted with permission from ref. 36. Copyright 2020 Springer.
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or hydroxide ions in the distorted structures of MOFs can
promote the electrophilic or nucleophilic attack of the metal
centers on the coordination bonds with different reagents
other than water that include the -OH group and thus lead to
the degradation of MOFs.?’** The stability of MOFs in water
has attracted enormous attention and been reported in com-
prehensive reviews.?%3*3°

Li et al. investigated the analytical performance of ascorbic
acid by a nanohybrid. In spite of the fact that the authors
reported the stability of the crystal structure during sensing
through similar XRD patterns of the composite before and
after sensing, a slight broadening with a small shift to a lower
angle was observed, as illustrated in Fig. 6(A)."> This could be
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Fig. 7 (A) Cyclic voltammetry (CV) curves of bare glassy carbon elec-
trode (GCE) and GCE modified by the synthesized MOF (CeMOF),
MWCNTs, and nanohybrid CeMOF/MWCNTSs. The best current response
was noticed when the electrode is modified with the nanohybrid.
Reprinted with permission from ref. 26. Copyright 2022 Elsevier. (B) The
UV-Vis spectra of the catalytic activity of CNTs, gold nanoparticles (Au
NPs), MOFs (Fe, Mn)/CNTs, Au/MOFs (Fe, Mn), Au/CNTs, and Au/MOFs
(Fe, Mn)/CNTs towards peroxidase-like detection. Reprinted with per-
mission from ref. 14. Copyright 2020 Elsevier.
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Fig. 9 The general chemical structures of analytes detected recently using MOF-CNT nanocomposites.
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Ml= « S < S IETo RN S . . . .

nanocomposite crystals upon ascorbic acid extraction.
2 < It was demonstrated that when utilizing nitro groups in the
= 5 £ S organic linker for synthesizing an MOF, these groups can
5 - 08 5 5 & 3 ) . .
o8 g § @ ga s interact with analytes as shown in the XPS pattern of N 1s of
] o & ] .
) i 2 > « e g% g 8 = the nanocomposite after analyte detection, where the peak
] ) 5 = = . )
E|E 3 &l Z ~a Ts3 o = shifted from 395.93 eV before sensing to 397.41 eV after
. T, o e sensing, accompanied by a partial splitting into another peak
= = g £ (Fig. 6(B))."> Furthermore, two new bands at 3487 and
i g S 88 - 1662 cm™~" were exhibited in the FT-IR spectrum of the nano-
) % E é 33 %% Ljo 3 % composite, ascribed to the stretching and vibrations of N-H
sl 3 x T - N bonding, respectively, giving evidence of hydrogen bond for-
8, Iesp Yy, giving ydrog
o|la 2 © “= =248 £ o = 9« ) i
Rles S <« ©o oo ~ o o A mation between the nitro groups of the MOF and the hydrogen
T atoms of the analyte (ascorbic acid) (Fig. 6(C))."*
.q g
g n =1 Chen et al. reported n-n interaction between a composite
° g g % s =8 T, 3 s and polyaromatic hydrocarbon (PAH) via the nitro group of
%0 s § 0 o E E ; o § £ linkers in UiO-66-NH,. The XPS pattern of the nanocomposite
;“ > I ? S :I £| S R s $ exhibited a shift in the N 1s peak from 400.8 eV before detec-
i =) — . . .
£l4 8 o : & 83 4 Li' = tion to 399 eV after detection, as displayed in Fig. 6(D). This
i I - o ° °° = - =° reduction in the electron binding energy of the inner layer
g =z indicated that the outer electron density of N was increased
" &2 E Z due to PAH absorption and confirmed the anion-r interaction
E 5 = . . )
g A = g g between the negatively charged amino group on the composite
" g 3 S5 E; o §0 g 2 z and PAHSs. In addition, the absorption of (Ar-N) in the FT-IR
32 = 2 @ S .
ﬁ g 2 ?2 gg g S _g g .8 % spectrum of the hybrid increased after PAH extraction.
< | © =} =5 Q = 9} . . P
g8 2 g % 5 E’ SE 3 3 § & Moreover, thf} absorption peak correqundmg t(? C=C in the
nanocomposite spectrum was also noticed to increase after
extraction confirming the n-r interaction between the compo-
o site and PAH, as presented in Fig. 6(E).>®
o
B B Z Z [y 2 [
S| g § g g g g g £
s|L 2 2 2 £ 2 g 2 ‘o .
218 8 3 2 2 %2 % % Further modification to enhance the
gl 8 3 3 2 & & T 3 analytical performance
<|®m = = = = H = =\ 9\
Promising features of MOFs and CNTs together were found to
o = ° E _ enhance the sensitivity of analyte detection in comparison
g g kS s = with the use of MOFs and CNTs alone (Fig. 7(A)).>® Although
g 2 2 ° = & g
g = g 9 3 o E g different organic linkers have been utilized for synthesizing
2] = s} =) 3 . .
51289= < & E£2 0508 £0-507% MOFs (Fig. 8), more enhancement could still be recorded
EIZEC8 T Eo5EQEEZS £Igre :
§ SE8 5@ S mom? SrCE @E LT RE = when the nanohybrid is fabricated with other nanomaterials
N 8 X =l e~ = ag B 0.8 » . . .
o 63.5 25 g°E Esgﬁg:\é* o:& 23E g;i and/or different structures of functional groups (Fig. 7(B))."*
o) %,ﬁ %,g f%, ﬂ*% g é’ ZZ3 %,ﬁ TEZEZ & For instance, Yan et al applied reduced graphene oxide
1 - N 0 N = . .
S |O0S0dE&D 04 L0CA0OEI&TACE (RGO) to MOF-CNT nanocomposites to improve the electro-
chemical sensing performance, where GO could facilitate elec-
§ § o tron transfer and prevent MOF accumulation.>® An electro-
Z 9 g E 5 chemical biosensor of nitrite was improved by involving the
%) = . . .
g % ggg cytochrome ¢ enzyme due to its role in electron transfer in
> g - <=7 oxidoreductase enzymes in organisms.>' Other approaches for
: < = . L .
g 3 & E % % =  MOF-CNT nanocomposite fabrication were utilized for enhan-
32 Q E . . L
|z ,:% % £ E ) g @ ,_é “&g cing the conductivity of electrosensors such as using iron

E b= . B g’ %“ O § = % & ;%E <  oxide (Fe;0,) nanoparticles that can facilitate electron transfer
Q — Q . . . . o, . .

§ g % % = g E & g o E %’ LZJ = due to their inverse spinel structure,’” in addition to immobi-

= =AE L. . . . . .

- g 5 E % Ew = 2 % & 2T 5 lizing gold-silver core shell nanoparticles in which their plas-
g . = 5 == ; . . . . . .

2|2 E ; 2 E % % i g % é} 3 g monic properties contribute to interaction with a wide range

= B2 =

el Z18 3 2 sl =z R 5 & 25 ofanalytes. %%
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Nitrogen-doped carbon nanotubes (NCNTs) have also been
reported to promote the electron transport properties for the
electrochemical sensitive detection of phenolic acids.*
Moreover, NCNTs showed an increase in the porosity and
active sites of the sorbent to enhance the extraction. Guo et al.
utilized the gluing method to coat a stainless steel wire with
zeolitic imidazole framework-67 (ZIF-67) derived NCNTCs used
in solid phase microextraction (SPME) for seven polychlori-
nated biphenyls (PCBs) through the use of gas chromatography-
mass spectrometry (GC-MS), as shown in Fig. 9.° ZIF-67 was
found to be poorly immobilized on the steel wire to be used as
a sorbent for SPME. In order to overcome this problem,
Hajializadeh et al. prepared an SPME stainless steel wire via
layer-by-layer electrodeposition and incorporated the conductive
polymer polyaniline (PANI). This polymer is utilized in anticor-
rosive coating on various metals due to the inter-chain hydro-
gen bonding which makes it difficult for a solvent to pass
through the chains and, hence, stabilizes the fiber coating.*®
The fabricated stainless steel wire was then tested to extract
PAH in aqueous samples and subjected to gas chromatography-
flame ionization detection (GC-FID). Chen et al utilized a
similar strategy for enhancing the extraction efficiency of
UiO-66-CNT towards PAH in water, which was detected by high-
performance liquid chromatography (HPLC).*® A summary of
the current studies is outlined in Table 1. The general chemical
structures of analytes detected recently with MOF-CNT nano-
composites are presented in Fig. 9.

Concluding remarks

MOF-CNT nanocomposites have attracted the attention of
researchers for analytical applications due to their multi-reac-
tive sites toward the analytes. MOFs can interact with the ana-
lytes through the metal sites and/or the functional groups of
the organic linkers, whereas CNTs interact with the analytes
via n-n interactions and van der Waals forces. In the current
mini-review, we highlighted the recent approaches to produce
MOF-CNT nanocomposites. Characterization by various tech-
niques was also demonstrated to confirm the different strat-
egies of nanocomposite synthesis. A summary of different
recent fabrications for the nanocomposites and their analytical
application versus different analytes was presented.

From a near-future perspective, further studies are still
needed to investigate other factors that influence the sorbent/
sensor interaction with analytes such as pore volume and pore
size. For example, ZIF-67 has been widely used in MOF-CNT
nanocomposites; in spite of that, neither the effect of poly-
morphism nor the microstructures of other zeolitic imidazo-
late frameworks, ZIFs, have yet been studied in analytical
chemistry.

Additionally, a further nanohybrid modification can be
applied to increase the porosity, such as immobilizing by the
sol-gel technology.

Particular attention has been paid to the stability of the
MOF-CNT nanocomposites. Although some examples under
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harsh chemical conditions (acidic or alkaline media) are
reported, such as AITCS-1, which showed strong chemical re-
sistance in aqua regia solution over 24 h,"* and PCN-601,
whose structure was not distorted upon alkaline treatment in a
saturated NaOH solution at 100 °C,** more studies are still
needed to intensively examine the stability of MOF-CNT nano-
composites to optimize the best analyte extraction and detec-
tion and hence avoid the difficulties in nanocomposite re-
cycling/regeneration.

More developments are needed to functionalize CNTs with
polar groups in order to enhance their dispersion in organic
solvents and water samples. More efforts are still required to
approach green chemistry in MOF-CNT synthesis.
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