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Abstract: Lanthanide Metal-Organic Frameworks (LnMOFs), in recent years, have developed into an
interesting subclass of MOFs. While the number of published papers, in particular, were dedicated
to their synthesis and functional properties, along with the application mechanisms of MOFs, only
a few of them have been focused on LnMOFs thin films independently. LnMOFs have become
interesting thanks to their outstanding properties, for example, excellent structural flexibility, tunable
pore size, surface area, functionality, and good chemical stability. Significant progress over the past
two decades in the preparation of MOF films has been achieved, especially towards the development
of green, or at least greener, synthesis approaches. We begin with insight into various types of MOFs
and summarize recent achievements in the production of LnMOF films, along with various film
preparation approaches. Afterward, we briefly discuss the applications of luminescence features of
lanthanide ions in films and their potential as white-light source materials. We also covered films
based on Eu, Tb, and Gd with particular accents on different design approaches. Moreover, specifically,
luminescent features applied for sensing temperature, a variety of ions, gases, and biomolecules are
highlighted. The review ends with a comprehensive conclusion about the state-of-art-potential of
LnMOFs together with an outlook on the future of LnMOF films in future technologies.
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1. Introduction

Porous coordination polymers, commonly known as Metal-Organic Frameworks,
or simply MOFs, are crystalline nanoporous materials, formed by metal ions or metal-
containing clusters bonded by organic linkers, which form various dimensional struc-
tures [1-5]: two-dimensional (2D) [6,7] or three-dimensional (3D) extended network [8-11].
Metal ions of the first-row transition series, such as Cr3*, Fe3*, Co?*, and Zn?*, are com-
monly used as connectors for the formation of MOFs [9]. Thanks to high structural flexibility,
large surface area, along with tunable pore size, MOFs have applications in the fields of
gas sorption [12], separation and storage [13,14], catalysis [15,16], molecular recognition
and sensing [17,18], drug delivery [19], and luminescence and non-linear optics [2,9]. The
recently developed subclass of Metal-Organic Frameworks, known as luminescent MOFs
(LMOFs), show promise for use as light-emitting materials due to their crystalline structure
and unique optical properties [20]. However, the application of LMOFs is not limited only
to luminophores. Luminescent properties pave the way for such MOF materials in the
sensing field as biosensors thanks to low biotoxicity and easy preparation in the form of
thin films (TFs) [21].

Lanthanide (Ln) ions are known for their high coordination numbers and diverse
coordination geometry, which sets them apart from transition metal ions [22,23]. This has
led to a surge of interest in Lanthanide-based Metal-Organic Frameworks (LnMOFs), a
subset of Luminescent MOFs (LMOFs). The exceptional luminescent characteristics of
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Ln ions, including large Stokes shifts, distinct sharp emissions, extended lifetime, and
color purity with high quantum yields in both the near-infrared and visible regions, make
LnMOFs particularly intriguing [5,8,24-26]. In addition, LnMOFs are known for their
features, such as varied topology, modifiable structure, porosity, and surface area. However,
it is important to note that the luminescent attributes of Ln ions are significantly influenced
by the structure of their surrounding coordination environment. This makes them a
fascinating and promising platform for use in chemical sensors [27-31]. The integration of
Ln ions’ properties with the topological attributes of MOFs paves the way for the creation
of new luminescent materials. These could potentially be used in white light sources, such
as Light Emitting Diodes (LEDs) [20,32-34]. Thanks to the narrow absorption cross-section
and limited absorption efficiency of Ln ions and due to the parity-forbidden f-f transitions,
it is still difficult to yield strong luminescence through the direct photoexcitation of Ln ions.
However, this task can be achieved via energy transfer processes, known as “luminescence
sensitization” or the “antenna effect” [21,24,26,35]. The “antenna effect” is based on the
property of organic ligands to act as an antenna—by absorbing completely optical energy
and then transferring it to the coordinated central Ln ions through a molecular energy
transfer mode. Single-Ln®* in LnMOFs demonstrate a basic luminescent behavior. On the
other hand, mixed-Ln3" in LnMOFs display a remarkable capability for adjustable white
light emission and temperature gauging [4,26].

LnMOF-TFs are gaining prominence in various application areas, including optoelec-
tronics, gas separation, catalysis electronic devices, and biomedicine. Thin films, compared
to solution-based powdery substances, offer several unique benefits, such as excellent sta-
bility and portability, adjustable shape and size, real-time detection, non-invasiveness, and
broad applicability in gas/vapor sensing and recycling [2]. The luminescence of MOF-TFs
can be derived from luminescent metal ions or clusters, organic ligands, loaded guest
molecules, and charge transfer: either ligand-to-metal or the reverse—metal-to-ligand [21].
Mixed-crystal LnMOFs (Ln = Eu + Tb, Eu + Tb + Gd) [36], TFs, as opposed to the traditional
method based on single lanthanide ions [36-38], produce more stable and precise lumines-
cent signals. This makes them an excellent choice for self-calibrating luminescent sensors
for a variety of applications [39,40]. Again, compared to sensors that contain only one
luminescent site, the mixed-crystal LnMOFs with a self-referring strategy can amplify the
relative emission ratios, which would improve the luminescent signals and decoding of the
analyzed molecules [40,41]. In the case of films, di- or higher-topic organic linkers can be
employed to act as light-absorbing antennae [42,43]. Films exhibit permanent porosity and
have been utilized for numerous applications, including tunable emission, biosensing [44],
and thermometers [45-47].

It is of great significance to prepare high-quality LnMOF TFs with precise control over
the thickness, morphology, density, crystallinity, roughness, and orientation [5]. Various hy-
dro/solvothermal, sonochemical, microwave-assisted, and electrochemical synthetic strategies
are available [4,5]. The deposition of high-quality LnMOF-TFs is still challenging but offers
potential applications in gas storage, catalysis, sensing, lighting, and solar energy harvesting [48].
Many methods have been developed for film deposition: directly onto bare substrates or func-
tionalized substrates with organic molecules [49]; on seeded substrates; on preformed MOF
nanocrystals; layer by layer [50-52]; and electrodeposition [5,46]. Silicon wafers, glass, indium
tin oxide (ITO), fluoride tin oxide (FTO), and porous aluminum oxide are mostly used
as substrates for LnMOF films [46]. Because of the excellent detection performance and
the turnability of light emission, lanthanide composite hybrid films have drawn a lot of
attention in recent years [32,53-55]. Processing methods that enable the creation of either
pure luminescent materials with specific shape and structure under certain conditions, or
hybrid materials on designated substrates, are of great interest [10]. MOFs are often consid-
ered among the top luminescent materials due to their multiple fluorescent mechanisms,
such as ligand-centered emission and guest-centered emission [34]. LnMOF-TFs represent
a promising category of porous crystalline materials that can be customized for various
practical applications through versatile post-synthetic modifications [56]. Primarily, the
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introduction of lanthanide ions can bring to life their native optical and photonic properties.
Metal-centered luminescence is commonly observed in Ln-FMOFs. The f-f transitions
of lanthanide ions (Ln3*) are parity-forbidden but can be sensitized by organic ligands
through a process known as the “antenna effect” [56].

There are already several excellent reviews published [3-5,8,21,57-59] focusing on the
fabrication of LnMOF films, which also include the idea of mixed matrix membranes [60-63].
This is why the present work aims to comprehensively describe the current progress in
the preparation of MOF-TFs, with a particular focus on those that are the lanthanide-
based, and the green synthesis of LnMOFs as light-emitting materials [20,26] and chemical
sensors with single and/or multiple luminescent centers [64]. A brief perspective of the
application of LnMOFs in light-emitting devices is presented and classified from the
viewpoint of the general luminescence features of LnMOFs. The potential of LnMOFs for
sensing applications is overviewed toward the detection of a variety of anions, cations,
nitroaromatic, and other small molecules in the form of vapors and/or gases.

2. Preparation Methods of LnMOF-TFs

The previously published reviews were mostly focused on the existing and potential
applications, as well as the synthesis methods of MOF-TFs [3,5,8,65]. However, regarding
the fabrication approaches, these reviews focused mostly on hydro/solvothermal (HT/ST)
synthesis, layer-by-layer (LBL) deposition, and electrochemical depositions. According
to [5,25], five types of MOF-TFs can be distinguished based on their production:

1.  Casted MOF-TFs—solvothermally synthesized nanocrystalline powders are cast onto
a pretreated substrate;

2. SURMOFs—Surface-supported Metal-Organic Frameworks—fabricated using the

layer-by-layer method, where the orientation and film thickness can be easily and

precisely controlled;

Electrochemically (electrophoretically) deposited MOF films;

Ultrasonic spray-deposited MOF;

5. MOF-TFs made by using vapor—solid synthesis—ALD/MLD.

For the mentioned techniques, depending on the planned composition and particular
applications, the host surface/deposition substrates, usually Si, Zn, ITO, FTO, and Al;O3,
were used. Taking into account the discussed publications on MOFs in the forms of mem-
branes [62], composite structures [66], and free-standing nanoparticles (NPs) [67], moving
forward, the authors will concentrate on the production of Metal-Organic Framework
Thin Films (MOEF-TFs). They will provide an exhaustive review of the various synthesis
strategies for MOF-TFs, including patterns, and will discuss potential directions for future
advancements and environmentally friendly fabrication.

Ll

2.1. Solvo/Hydrothermal Deposition

The solvothermal growth of films is a simple, effective, and low-cost deposition
method that has been widely accepted [5]. The disadvantage of conventional synthesis
is the high cost due to the large organic reactants consumption and waste production [8].
Green modulation synthesis is used for the preparation of nano-sized LnMOFs using
eco-friendly chemicals.

2.1.1. In Situ Direct Growth

In situ, the direct deposition of the LnMOF, Ln-BTC, and mixed-crystal Ln-BTC
films can be easily realized on bare (1) and modified (2) substrates. Both approaches are
visualized in Figure 1. Nanometer-sized MOF-TFs (NMOFs) were prepared on indium-tin
oxide (ITO) glass using a solution of Ln3* in DMF/H,0 or EtOH/H,0 mixed with sodium
acetate (NaOAc) as modulator and followed by spin-coating (SC) or dip-coating (DC)
without any substrate modification. As a result, two smooth continuous films were reported:
Eug 5Tbg5-BTC by SC [68], Tb-BTC by DC [69] and Eug 1 Tbg 9-BTC (MILMOE-3) by DC [40].
A series of reticular Ln-BTC, where Ln = Eu, Gd, and Tb, were directly grown on cotton
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fibers using a room-temperature water-based direct precipitation method [70]. The one-
step direct solvothermal synthesis of LnMOF film is reported for the LnHL, Gdg9Tbo1HL
(H4L = 5-hydroxy-1,2,4-benzenetricarboxylic acid) continuous and smooth films that were
deposited on Gd,O3 substrate [46]. For the first time, LnMOEF-TFs were created using an
in situ direct solvothermal method on a Gd,;O3 substrate. The surface Gd ions from the
GdyO3 substrate not only aid in the formation, but also enhance the quality of the film by
serving as nucleation sites for the growth of an LnMOF [46].

Hydro/Solvothermal deposition
In situ direct growth

v heat
BT & treatment
+ ~. modulator :: 0

\ @) == = solvent ) Ly

., L bare substrate .
Ln® Organic linker LnMOF crystals ~ITO glass LnMOF thin film
Eu, Tb and/or Gd BTC substrate modification

- Pt/SiO/Si

In situ secondary growth

surface in situ
activation w  growth
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glass activated glass UiO-66-NH, film Eu-BDC-NH, film

Figure 1. Schematic depiction of hydro/solvothermal in situ direct growth of LnMOFs (Ln-BTC)
on ITO glass or Pt/SiO, /Si substrates, and the in situ secondary growth of Eu-BDC-NHj film on
activated glass with UIO-66-NH, as a seed layer. The figures were recreated and adapted from those
presented in [40,71-73].

Solvothermal synthesis (ST) is a kind of chemical synthesis performed in the liquid
state in a non-aqueous solvent media at relatively high temperatures and pressures. It is
realized in an enclosed vessel, heated up above the boiling point of the liquid media, which
results in the pressure rise. Hydrothermal synthesis (HT) refers to solvothermal synthesis,
in which the solvent used is water [8,74]. In typical hydro/solvothermal syntheses, the
desired substrate is placed in a solution or mixture of precursors and is subjected to a
reaction at a high temperature. As a result, the formed solid phase is even deposited and
distributed on the surface of the substrate. The hydro/solvothermal growth of MOF-TFs
is simple in preparation, feasible, efficient, and well reproducible deposition method and
thus is commonly used for the production of electronic and optoelectronic devices [75].
A walkthrough of the general process step by step is depicted in Figure 1, in which upon
heating, LnMOFs growth occurs rapidly on the substrate: bare—ITO glass—Eu/Tb-BTC
film [40], one modified with platinum layer on S5iO,/Si wafer—Tb-BTC, Eug 25Gdg 5 Tbg 25-
BTC films, [71,72,76] and one with a seed layer of a UiO-66-NH,—Eu-BDC-NH, film [73].
The XRD data of Ln-BTC films are in good agreement with the tetragonal structure P4322
space group similar to Y(BTC)(H,O) [40,71]. The XRD peaks of the Eu-BDC-NH, film
slightly shifted to a lower degree compared to that of UiO-66-NH,, which is mainly
attributed to the larger ion size of Eu’* compared to the Zr*t [73].

Both the Tb-BTC crystalline (cTbMOF) and amorphous (aTbMOF) films were success-
fully prepared by solvothermal synthesis simply by changing the amount of NaOAc modu-
lator used, that is, 0.4 and 0.7 mmol, respectively, according to our previous work [71]. The
results of the syntheses are presented in Figure 2. Both crystalline and amorphous precursor
solutions were prepared similarly from Tb(NOs3)3-6H,O, the mixture of DMF/H,0/NaOAc,
and as follows, dropped on the surface of the SiO, /Si substrates modified by the deposited
platinum interlayer. SEM and AFM micrographs of crystalline and amorphous films are
presented in Figure 2. As shown in Figure 2a, particles of crystalline TbBTC powder with
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an average size of 300 nm (observed by TEM), were obtained with the use of a 0.4 mmol
NaOAc modulator [71]. The SEM micrographs of cTbMOF (Figure 2b) reveal a straw-sheaf-
like structure, which is in agreement with that reported in the literature [71]. The porous
crystalline film of the synthesized MOF consists of needle-like particles with a variety
of elongated shapes of 80-150 nm in size. The isometric AFM micrographs show that
the topography of the cTbMOEF-TF (Figure 2c¢) film is formed by the uniform clusters of
particles, while the average surface roughness (Sa) of the film was evaluated as 42.1 nm for
the 1 um x 1 um area. Amorphous aTbMOF powder was obtained when the amount of
NaOAc was increased up to 0.7 mmol (Figure 2d). The HR-TEM micrographs reveal no
lattice fringes, confirming its amorphous nature. The SEM image of the MOF film reveals
that the surface of the samples has become quite uneven (Figure 2e). The SEM image
distinctly illustrates the macroporous structure of the fabricated MOF, which is composed
of worm-like nanoparticles that are approximately 100 nm in diameter. In Figure 2f, the
surface roughness for the amorphous aTbMOF-TF is higher—58.1 nm—compared to the
cMOF film for the same scan size.
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Figure 2. TEM images of Tb-BTC powders: (a) crystalline and (d) amorphous. SEM and 2D AFM
images of TbOMOEF-TF thin films: (b,c) crystalline and (e, f) amorphous.

Similarly to the film described in [71], porous transparent mixed Ln-BTC films,
where Ln = Eu/Gd/Tb, with a thickness of ~0.5-1.2 um, were prepared on modified
Pt/SiO,/Si substrates from nanocrystals via green solvothermal synthesis using a mixture
of EtOH/H,0O/NaOAc as a solvent [72]. Three different ratios of lanthanides are chosen
for the preparation of mixed LnMOFs films with the bi-doped concentration of Eu**/Tb%*
ions in Gd-BTC. Figure 3 shows the FTIR spectra of LnMOF (Ln-BTC, Ln = Eu, Gd, Tb,
Eug25GdgsTbgs) powders. In the spectra (Figure 3a), the wide peak at 3435 cm! is
assigned to the v(OH) groups. The effect of acetate groups from sodium acetate on LnMOF
can be noticed in the regions at 2995, 2780, and 2430 cm ™!, which are assigned to stretching
v(C-H) vibrations. In the spectra, the bands in zones 1560-1520 cm ! and 1385 cm ™! were
marked as stretching vibrations of the COO™ groups v,s and vs, respectively. The bands of
corresponding COOH groups designate the complete deprotonation of the carboxylic acid
and the coordination of COO™ groups to the lanthanide center. The peak that appeared
at 565 cm ™! can be assigned to the stretching vibration of Ln-O. Figure 3b shows the
XRD patterns for both samples (powder and film). For TbMOF powder, the results were
compared with the crystallographic data in the Cambridge Database (CIF no. 617492 for
Tb-BTC); the match confirms the expected tetragonal phase for Tb-BTC [71]. Similar to the
XRD of crystalline powder, the Eug 25Gdg 5Tbg 25 MOF film reveals peaks at 10.5, 11.5, 16.1,
21.3, and 29.3° (20), and Pt and Si peaks from the substrate. In Figure 3¢, the photographs
of prepared TbMOF powders and various films (TbMOF and EuGdTbMOF) on Pt/SiO; /Si
substrate were shown. In Figure 3, the TEM morphology of mixed lanthanide LnMOF pow-
der along with SEM microstructure and AFM topography of mixed Eug 25Gdg 5 Tbg 25-BTC
are depicted. As shown in Figure 3d, particles of crystalline MOF powder with an average
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size of 50-100 nm were confirmed by TEM. In Figure 3e, it is visible that the surface of
the film is formed by lace-like and ribbon-like structures with a size of 50-120 nm, which
were consistent with MOF particles. In addition, some MOF crystals exhibit an elongated
hexagonal morphology of 80-120 nm in size. The thickness of the dense continuous film
is estimated to be approximately 1.0 pm. A similar growth mechanism of nano rod-like
structures was recorded in LnMOF film on ITO substrate [40,69]. Figure 3f shows AFM
images of the film prepared by the green method. The surface roughness value (Sa) of the
film was measured as 45.2 nm for a 1 um x 1 um image. The AFM images illustrate that
the average particle size is about 100-300 nm and corresponds to the size of particles in the
film estimated from the SEM micrographs in Figure 3e.
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Figure 3. (a) FTIR spectra, (b) XRD, and (c) photos of LnMOF powders and thin films; (d) TEM,
(e) SEM, and (f) isometric AFM micrographs of Eug 25Gdg 5Tbg 2sMOF thin film prepared by green
hydrothermal synthesis.

2.1.2. In Situ Secondary Growth

Zhang and colleagues pioneered a novel technique called “in situ secondary growth”
for the fabrication of lanthanide MOF films [73]. They successfully utilized this method
to create a Eu-BDC-NHj; film on ordinary glass, using UiO-66-NH,; as the seed layer.
This was achieved by leveraging the matching structure and components of the materials.
This process is depicted in Figure 1. The “in situ secondary growth” strategy is a versatile
method that can be extended to other lanthanide MOFs by selecting appropriate seed layers.
The Eu-BDC-NH2 film exhibited strong characteristics of Eu®>* ion and was employed for
the first time in the fluorescence sensing of gaseous SO, [73].

2.2. Layer-by-Layer Deposition

The layer-by-layer (LBL) assembly method involves the in situ growth of Metal-
Organic Frameworks (MOFs) on various substrates. This process involves repeated cycles
of immersing the substrate into a solution-source of metal ions and a solution-source
of organic ligands [77-80]. Typically, the substrate is modified with a self-assembled
monolayer (SAM), such as an organic linking molecule or metal oxide film. The thickness
of the film can be effectively controlled by the number of growth cycles. While the LBL
method offers several benefits, such as well-controlled thickness, surface roughness, and
mild reactions at room temperature. It also has some drawbacks, including the need for
repeated operations and lengthy reaction times [5,8].

A continuous and well-adhered thin film of EUMOF—Eu-NDC@HPAN, exhibiting
dual-emission was directly cultivated on hydrolyzed polyacrylonitrile (HPAN) using the
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layer-by-layer (LBL) method [81]. This film was employed as a self-calibrating luminescent
sensor for the detection of formaldehyde in aqueous media. Silk fiber was used as the
framework for the successful coating of the dense luminescent MOF-76(Tb), Tb-BTC,
forming a composite MOF-76(Tb)@silk fiber using the LBL method [82]. The prepared
composite is a prospective candidate for the detection of aquatic Cu?*. In the typical
LBL MOF preparation [82], precursor solution 1 consists of Tb3*, DMF, EtOH, and H,O.
Precursor solution 2 is a mixture of H3BTC, DMF, EtOH, and H,O. The silk fibers were
dipped in solutions 1 and 2 for 4 h, alternatively. After each dipping, the silk fiber was
rinsed in ethanol to remove the unreacted precursor. The results of such preparation are
shown in Figure 4.

Layer by layer deposition

Exposing to . Exposing to
o metal solution Washing organic linker i .
substrate Metal solution Tb** Ethanol Organﬁi -l-ih-l'(er Composite
silk fiber TbMOF / silk fiber
Exposing to Exposing to Exposing to Gd-SURMOF
+BTC ligand Eu’solution+BTC ligand Gd*solution+BTC ligand
Eu-SURMOF
30 cycles 9 cycles 30 cycles

substrate
quartz

Figure 4. Schematic representation of the layer-by-layer method used for the preparation of Tb-BTC-
coated silk fibers as MOF-76(Tb)@silk fiber composite (upper part) and Ln-SURMOF film as triple
(Tb, Eu, Gd) layers on a quartz substrate (lower part). Adapted from [82,83].

Chen et al. [83,84] prepared a new set of films using LBL, known as Ln-SURMOFs
(surface-supported MOFs), to produce solid-state white light-emitting devices. The thick-
ness of the transparent multicomponent, mixed Eu/Tb Ln-SURMOFs can be freely con-
trolled. For example, it was reported that Eu-BTC was successfully grown epitaxially on
the surface of a Tb-BTC SURMOF [84]. A three-component approach is similarly developed
for the combination of red, green, and blue (RGB)-light-emitting Eu®*-, Tb%*-, and Gd3*-
containing layers to achieve the combined white light emission [83]. For the preparation of
the triple-layer Tb/Eu/Gd-SURMOF multistage process a combination of three single-layer
Ln-SURMOF depositions was adopted. (1) Tb-SURMOF was deposited on quartz substrate
by LbL growth: the substrates were immersed into a solution of Tb(NO3);3 in ethanol for
12 min and then rinsed with pure ethanol; in the next step, the quartz substrates were
immersed in an ethanolic solution of H3BTC for 12 min and rinsed with pure ethanol
again. This sequence was repeated for 30 cycles. (2) Similar Eu-SURMOF LbL growth was
repeated from 4 to 9 cycles with the use of Eu(NOj3)3; and H3BTC. And (3) a Gd-SURMOF
layer was grown on top of the device employing the same conditions as the Eu and Tb
layers, but for 30 repetitions (Figure 4). The XRD data of the Ln-SURMOFs reveal the
presence of highly crystalline oriented films with a sharp diffraction peak at 8.52° (20) [83].

2.3. Electrochemical Deposition

In comparison to the high temperature (HT) and solvothermal (ST) methods, elec-
trochemical deposition (ECD) offers several benefits for the fabrication process of MOF-
TFs [8,85-89]. These include a shorter growth time and the affordability of the required
equipment. The continuous production process makes it appealing for industrial use, par-
ticularly for mass production. The reaction process is more controllable and reproducible.
However, there are relatively few studies on lanthanide MOF thin films prepared using the
ECD method [85-89] (Figure 5). This method does have some limitations that restrict its
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application, such as challenges in growth control. The preparation of MOF films requires
large quantities of chemicals and solvents, which can lead to environmental pollution and
increased costs.

Electrochemical deposition
Catodic electrodeposition
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Figure 5. Schematic illustrations of electrochemical deposition of LnMOF films: cathodic electrode-
position of Eu-NDC, Eu-TDC, and Tb-SA films (separately) on FTO, adapted from [85-87]. Anodic
electrodeposition of Ln(OH)3 layers on FTO and their microwave conversion to Ln-BTC films (Ln = Eu,
Tb), adapted from [88]. Electrophoretic deposition of Eug 45Tbg 55-BTC film, adapted from [89].

2.3.1. Cathodic Electrodeposition

Electrochemical deposition, or simply ECD, includes cathodic (CED) [85-87], anodic
(AED) [88] and electrophoretic (EPD) [89] depositions. It is a method that allows for the
rapid fabrication of MOF-TFs with good electrical contact and mechanical adhesion between
the deposited MOEF-TF and the conductive substrate [90-92]. For cathodic deposition in
Figure 5, both precursor ligands and metal ions are required to be present in the electrolyte,
and the MOF thin film deposits on the surface of the cathode. For example, a pair of
electrodes, a graphite rod as the anode and fluorine-doped tin oxide (FTO) conductive
glass as the cathode, can be used for deposition of the nano-flake MOF—Eu-NDC TF [85]
on the cathode from the blend of DMFE, Eu(NO3)3-6H;0 and 2,6-naphthalene dicarboxylic
acid during the galvanostatic electrolysis at a constant current. Similarly, this method has
succeeded in the fabrication of an Eu-TDC film from a solution of Eu(NOj3)3 and thiophene-
2,5-dicarboxylic acid [86] and MOF terbium-succinate (Tb-SA) thin film [87], as shown
in Figure 5, from the solution of Tb(NO3)3 and succinic acid in DME, respectively. The
XRD signals of Tb-SA film agree with the simulated XRD pattern of Holmium-SA [87].
The Eu-NDC, Eu-TDC, and Tb-SA films could be used as highly selective sensors for
picric acid, nitrophenols, and Cu?* ions, respectively. The other LnMOF films on the FTO
substrate, e.g., Tb-BDC (sensor for Cu?* ions) [93], Eu-HBPTC film (sensor for carbonate
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ions; BPTC = benzophenone-3,3’,4,4'-tetracarboxylate) [94], and white-light-emitting Ln-
HMA-TFs (Ln = Eu3*, Gd3*, Tb3*; H3HMA = hemimellitic acid) [95] were fabricated by the
same approach.

2.3.2. Anodic Electrodeposition

In the case of anodic deposition (AED), the MOEF-TFs are formed on the anodic site.
Here the electrolyte contains only the precursor organic ligands. The metal ions required
for the MOF construction originate from the anode itself [96,97]. A series of MOFs were
prepared on the ITO glass metal through an anodic deposition. Zn-BTC film was grown on
Zn-ITO in a mixed BTC and tetrabutylammonium tetrafluoroborate (TBABF,) solution in
water/ethanol [97]. Also, pure zinc as a counter-electrode was used. Also, Zn-PBDC film
(BPDC = 4 4-bipyridine, 2,2"-bipyridine-5,5'-dicarboxylic acid) can be prepared in a similar
way [97].

While most of the MOF-TFs can be obtained utilizing metal or a metal-film electrode,
it is still quite a challenge and a question of price to electrochemically deposit lanthanide
metals as the electrodes for the fabrication of luminescent thin films. The team of Li
et al. [88,98] developed a microwave-assisted electrochemical deposition technique for
LnMOF-TFs (Figure 5). In their works, a dense and homogeneous Ln(OH)3 (Ln = Eu, and
Tb) layer was first formed on the FTO electrode after eight cycles of AED from the solution
of Ln(NO3)3. Subsequently, the formed Ln(OH); layer was converted to LnMOEF-TFs by the
use of microwave irradiation in a vessel containing the solution of TPO linker (TPO = tris-4-
carboxylatephenyl phosphineoxide). It is also possible to combine the microwave-assisted
ECD with lithography and obtain patterned LnMOEF-TFs using this strategy by patterning
poly(dimethylsiloxane) (PDMS) films on FTO glass. These patterned TFs have strong lumi-
nescence properties, which are of great interest in the fields of color displays, luminescent
sensors structural probes, anticounterfeiting barcodes, prints, and watermarks [8,88].

2.3.3. Electrophoretic Deposition

The electrophoretic deposition (EPD) process is based on the surface charge of the MOF
particles suspended in the liquid media. Thus, it is possible to deposit the MOF-TFs from
colloidal MOF suspension onto one of the electrodes immersed in the solution/suspension.
It can be achieved by applying a fixed voltage between electrodes, and driven by the electric
field, the MOF particles will move toward the oppositely charged electrode and form a thin
and mostly dense layer [99-101]. Figure 5 shows how LnMOFs-TFs of Tb-BTC, Eu-BTC,
and Eug 45Tbg 55-BTC were successfully and rapidly deposited on an unmodified substrate
(zinc plate) in 5 min, achieving a thickness of about 33.5-67 um. The XRD data of the
Tb-BTC MOFs, are in agreement with the simulated La(BTC)(H2O)g [89]. The as-prepared
Tb-BTC films exhibited exceptional sensitivity toward the detection of nitrobenzene and
Cr** in solution along with trinitrotoluene and nitrobenzene in gaseous samples. Two
types of dual-emitting Ln@UiO-66-Hybrid MOFs [102] with luminescent ligand and lan-
thanide metals integrated into a UiO-66-type structure and deposited on FTO by EPD were
found to be suitable for ratiometric temperature-sensing [102]. The temperature range and
relative sensitivity for Tb@UiO-66-Hybrid and Eu@UiO-66-Hybrid films were 303-353 and
303-403 K, along with 2.76 and 4.26% K1, respectively.

2.4. Ultrasonic Spray Deposition

As a member of an emerging group of strategies applied for MOF-TF fabrication and
deposition, ultrasonic spray deposition should be mentioned [103-105]. Ultrasonic spray
deposition, as a time-saving, low-cost, and new route for the fabrication of luminescent
MOF films, can be considered an advancement in the integration of LnMOFs in future
optical devices [5,48].

The schematic representation of the process is depicted in Figure 6. Here, two or more
precursor solutions are used: (1) the source of metal ions and (2) the source of organic
ligands. These solutions are atomized by separated ultrasonic nebulizers to form ultrafine
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mists, which are further transferred by gas flow, mixed, and deposited onto the prepared
substrate surface. This allows solvents to evaporate and MOFs to crystalize and form
matrix-free TFs. This strategy allowed for the deposition of Tb,(BDC)3, where BDC = 1,4-
benzenedicarboxylate, MOF-TFs on a variety of substrates, including glass, while retaining
photoluminescent properties [48]. The temperature of the substrate plays a crucial role in
the TFs formation process and thus impacts its final structure, morphology, and luminescent
properties. It was found that low substrate temperatures resulted in the formation of films
with higher luminescence intensities [48]. The XRD patterns of the Tb3(BDC)3 MOF films
deposited onto a glass slide at different temperatures have a structure according to the
respective JCPDS card (00-157-1127) [48]. The ultrasonic spray deposition approach proved
itself as a cheap, promising, easily scalable, one and can be considered as a breakthrough
for bringing MOFs to the commercial application in future optical devices.

Ultrasonic spray deposition

T oo, .-BDC”
air - ’ : air
Wi : i
o = ' BDC* —
Utrasonic 111111 glass  Utrasonic Ln-BDC film
nebulizer 120 - 220°C nebulizer Tb,(BDC), film

Atomic layer deposition/molecular deposition

Eu(thd), NH,TA precursor

precursor O/OOO induced
' growth
o ekt — ;7§
hydroxyl-terminated %" % %~ -
surface of 1111
Si/SiO, substrate 160 and 230°C Eu-NH,TA film

Figure 6. Scheme of the ultrasonic spray deposition equipment used for the preparation of Tb-BDC
film on a glass slide with the adjustable process temperature from 120 to 220 °C. Adapted from [48].
Scheme of atomic layer deposition/molecular layer deposition for hybrid EuMOF film based on
Eu-NH,TA film. Figures Used were adapted from [106,107].

2.5. Atomic Layer Deposition/Molecular Layer Deposition

The Atomic Layer Deposition (ALD) technique is widely used in thin-film deposition
due to its high precision and flexibility. As a state-of-the-art industrial thin-film deposition
technique, it offers a simple way to control the film thickness at the atomic level and is
available for the preparation of multilayer structures [8]. ALD equipment is expensive and
the process is slow, which increases operating costs. Due to its small size, a microreactor
can offer several advantages, including the rapid mixing of reactants. The use of a smaller
volume of liquid enables a more ecological synthesis and reduces production costs.

It was used in seed-assisted secondary growth for MOF-TFs along with the metal
precursor TFs. ALD can be directly employed to fabricate MOF-TFs via a vapor-solid
reaction [8,106]. In a general fabrication process, the source of metal and organic precursors
for the desired MOFs in the gaseous form are sequentially blown onto the surface of a
substrate with a pulse of gas, where it reacts and forms the solid layer. Crystalline hybrid
MOF-TFs of Eu-NH;-TA, where TA = 2-aminoterephthalic acid (NH,-TA), with a thickness
of 22 pm were prepared by Atomic/Molecular Layer Deposition (ALD/MLD) on Si/SiO,
substrate (Figure 6) [106,107]. Here, 3-diketonate complex precursor europium(Ill)-tris-
(2,2,6,6-tetramethyl-3,5-heptanedionate, Eu(THD)3 reacted with NH»-TA. The single-step
synthesis proceeds without the need for a modulator. This procedure is a solvent-free green
route, which does not require any post-synthesis treatment [107].
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2.6. Composite Hybrid Films

The composite hybrid LnMOEF-TFs were fabricated using modification by carbon dots
(CDs) [67]; a variety of polymers, such as polyvinylidene difluoride PVDF [67,108]; ethyl
cyanoacrylate (glue adhesive, marked as EVOB) [62]; polylactic acid [66]; polymethyl-
methacrylate (PMMA) [109,110]; along with a post-synthetic modification (PSM) with butyl
methacrylate (BMA), which was initiated by benzoyl peroxide (BPO) [56]. Figure 7 depicts
the various film preparation processes. EuyTb;_4(L) and UiO-66(Zr&Eu) MOF films on
glass were prepared using PMMA and PVDE, respectively, as a binder [108,110]. PMMA or
PVDF were dissolved in DMF solution (for better dispersion of MOF powders).

Composite hybrid films
Nanoparticles (NPs) based films
’»‘i}k “‘]'70' .",

Hydrothermal Hydrothermal om 80"

carbonization . PR = 980 synthesis = v
W& —— i B+ XL+t ——D .CDS@EUMOF film

** 160°C 3h J Eu CDs 140°C 48h ;
CDs 1,10-phen H,btec substrate
PVDF

|. step Il. step

Mixed Matrix Membranes (MMMs)
s .
—_— T —, A
EVOB@Eu-TDC Dropping on Evaporating in air Peeling off
MOF ink ITO glass Eu-TDC MMMs

Eu-TDC MMMs

Polymeric based hybrid films

Eu-BHM-COOH
ke i
S YT K Tb-BHM-COOH

Eu,./Th, ,-BHM-COOH

L? \T} + T
ligand + BV + Tb"
BHM-COOH Y Solvothermal deposition
COOH UiO-66(Zr§(!Eu) film
2-FBA
+ ZrCl, + Eu(NO,), W —
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e ) . o T
b"ﬁliq S + EUCl, + TbCl, e *i'rans'foarén't'"'
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':ma - X . 0.\':, r N\O)\ o‘\
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Eu-’“ . R
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ZnMOF-5-NH, —}EuZnMOF 5- NH—b EUMOF-L+ BMA sl - ______
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Figure 7. Schematic illustrations of preparation composite polymeric hybrid films (in descending order):
CDs@Eu-MOF/PVDF TFs; Eu-TDC Mixed Matrix Membranes in EVOB membrane; polylactic acid
(PLA)-based Ln-BHM-COOH-PLA films (Ln = Eu, Tb, Eug 24 Tb 76); UiO-66(Zr&Eu)/PVDF films on the
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glass; transparent Eu,Tb;_4(L)@PMMA films; and post-synthetic modification (PSM) of Eu-MOF-
L@PBMA film. Adapted from [56,62,66,67,108,110].

2.6.1. Nanoparticle-Based Films

Figure 7 shows the two-step synthesis process of novel fluorescent CDs@Eu-
MOEF/PVDE-TFs prepared by the simple combination of solvothermal synthesis and in-situ
growth process [67]. First, a certain amount of carbon dots was solvothermally synthesized,
then Hybtec = 1,2,4,5-benzenetetracarboxylic acid and 1,10-phen = 1,10-phenanthroline
monohydrate were added and used as ligands—FEu3" as the metal skeleton, and PVDF as
the flexible substrate [67]. XRD reveals that the diffraction peaks of Eu-MOF and CDs@Eu-
MOF are basically the same, indicating that the CDs have no impact on the crystal structure
of Eu-MOF due to the small size of CDs and their embedding into the MOF [67]. CDs@Eu-
MOFs/PVDF film can be used to detect nitrobenzene and 4-nitrophenol in both methanol
solution and gaseous state.

2.6.2. Mixed Matrix Membranes

Luminescent mixed matrix membranes (MMMs) were synthesized by mixing ethyl
cyanoacrylate solution, also known as 502 glue, by the brand EVO BOND (marked as
EVOB) and micro-powder of Eu-TDC, where TDC is thiophene-2,5-dicarboxylate. The
mixed slurry was then dropped on ITO glass and air-dried for 2 h to form luminescent
MMMs (Figure 7). The XRD patterns of Eu-TDC MMMs contain the peaks of Eu-MOF and
EVOB, indicating that the integrities of the MOF particles were well maintained during
the preparation of the film [62]. The Eu-TDC MMM-based sensor can efficiently detect
antibiotics of the nitroimidazole family (NIABs) in aqueous systems and provides excellent
luminescent stability [62].

2.6.3. Polymeric-Based Hybrid Films

A series of luminescent Eu** /Tb®**-MOFs were prepared using BHM-COOH—a novel
ligand containing 12 carboxyl groups [66]. These MOFs can be used as a reliable bimetallic
Ln-MOF luminescent sensing platform by simply combining a polylactic acid (PLA) layer
as substrate with a Eug 24Tbg 7s-BHMCOOH film (Figure 7). This platform outperforms the
traditional MOF-based ones applied for Fe3* ions detection [66].

The novel smart thermometer based on dual-emitting solid film has been fabricated by
mixing UiO-66(Zr&Eu) and PVDF. Here, UiO-66(Zr&Eu) was modified by replacing Zr**
in clusters with Eu®*, using 2-Fluorobenzoic acid (2-FBA) as a template (Figure 7) [108].
Similarly, a ratiometric luminescent thermometer was developed based on a transparent
flexible film containing Eu®*/Tb?* lanthanide complexes in a PMMA-matrix, which was
constructed via the solution casting method (Figure 7) [109,110]. The film with a 1:1
Eu3*/Tb*" molar ratio exhibits an excellent temperature-dependent behavior in the range
of 77 to 297 K.

2.6.4. Postsynthetic Modification

Postsynthetic modification (PSM) was employed to improve the processing and ap-
plication potentials of luminescent MOF-based hybrid polymeric films [56]. In particular,
ZnMOF-5-NH,; frameworks, as shown in Figure 7, were modified with Eu3* to create red-
emitting centers. Then, methacrylic anhydride was introduced, which reacted with amino
groups of Eu-ZnMOF-5-NH,, so Eu-MOF-L with unsaturated bonds was obtained by a
PSM strategy. And finally, BPO-initiated copolymerization took place between Eu-MOF-L
and butyl methacrylate (BMA). The resulting Eu-MOF-L@PBMA film is homogeneous,
elastic, flexible [56], and has multiple luminescent centers. It can be applied both as a
white-light-emitting material and as a sensor for VOC and amines.
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2.7. Differences between Pure and Composite Films

LnMOF films have clear advantages over powder sensors, including portability, robust
stability, and recyclability [72]. Single-Ln** LnMOFs exhibit basic luminescent phenomena,
while mixed-Ln3" LnMOFs demonstrate a significant capability for adjustable white light
emission and temperature measurement [8]. Pure MOFs are promising sensing materials
due to their extremely large surface area and porosity, which can enhance surface reactions
with analytes [25]. The integration of MOF materials with high specific surface area, regular
pore size, and adjustable structure with polymers is crucial for the creation of composite
films with multiple applications [58]. The multi-color luminescence of Eu-MOF-L@PBMA
polymeric hybrid films can be tuned by optimizing critical parameters to function as a
white-light emitting device. Additionally, the film is used for the detection of volatile
organic vapors [56].

MOFs come in various structures, such as nanocrystals, nanospheres, nanosheets,
needles, thin films, membranes, and glasses [61]. Among these structures, LnMOF-TFs have
garnered significant attention due to their immense potential in advancing nanotechnology
applications in lighting, optical communications, photonics, and biomedical devices [61].
Porous nano-sized MOFs have certain advantages over traditional nanomaterials. The
structural and compositional diversity allows for the fabrication of LnMOF films of different
compositions, shapes, sizes, and physico-chemical properties [8].

3. Luminescent Properties of LnMOF-TFs
3.1. Structure of Ligands Involved in Coordination with Lanthanide Ions

The luminescent properties of lanthanide ions highly depend on the structural details
of their coordination environment. The large variability of Ln ion-ligand combinations
in MOFs enables multiple possible luminescence processes and has already led to a large
number of luminescent materials. LnMOFs built using coordination bonds between Ln
ions and organic ligands are hopeful materials due to their porous crystalline structures,
rich mixtures, and simple preparation [71]. The availability of various building blocks of Ln
ions and organic ligands allows access to fascinating structures, novel topologies, and the
direct manipulation of their physical and chemical properties [8]. Organic linkers, through
which lanthanide ions or nodes are connected, generally contain functional groups that are
capable of forming coordination bonds, such as carboxylate, phosphate, sulfonate, amine,
etc. [1].

The benzenetricarboxylate ligand is often used to prepare LnMOF films, e.g., Tb-
BTC [71]. 1,3,5-benzenetricarbocylic acid (H3BTC) possesses three carboxylic groups with
multifarious coordination modes and could be regarded as a good candidate for an organic
four-connected node [71]. The TbMOF (Tb-BTC) complex is a 3D open framework, and each
asymmetric unit contains one eight-coordinated Tb>* ion, one BTC ligand, two coordinated
DMF molecules, and one free guest water molecule H,O as Tb(BTC)(DMF),.H,O [71].
Each Tb®* ion is coordinated with eight oxygen atoms from four BTC ligands through two
chelating bidentate carboxylate groups, two monodentate carboxylate groups, and two
terminal DMF molecules. The empirical formula is C15H19N>OgTb [71].

For the preparation of LnMOF films are commonly used ligands with the following
structure: p-benzenedicarboxylate (BDC) [93]; BDC-NH, [73]; succinate (SA) [87]; bro-
momethylbenzene, dimethyl 5-hydroxy isophthalate (BHM-COOCH) [66]; benzophenone-
3,344 -tetracarboxylate (BPTC) [94]; 2,6-naphthalene dicarboxylate (NDC) [81]; thiophene-
2,5-dicarboxylate (TDC) [86]; etc. The structure of BTEC and 1,10-PHEN as ligands, and
Eu®* as the metal skeleton [67], which adds a certain amount of carbon dots in novel
composite film (CDs@Eu-MOF), are shown in Figure 7. A BHM-COOCHj3; ligand was
synthesized for the preparation of Eu,Tb;_,-BHM-COOH [66]. Additional structures of
the ligands HoNDC 2-FBA [108] and BDC-NHj; [56] are observed in schematic illustrations.

Photoluminescent MOFs with the same lanthanide ion possess similar emission bands
due to the state transitions characteristic for the particular cation: °Dy for Eu** and °D,
for Tb3* [20,39,93]. Notably, different lanthanides can be combined in one MOF, thus
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resulting in a combination of different emission spectra and luminous colors. The reported
photoluminescence obtained in LnMOFs can be concluded as three types: lanthanide-
centered luminescence, ligand-based, and guest-induced.

3.2. Lanthanide-Centered Luminescence

The luminescence of lanthanide ions originates from the energy transfer processes, also
known in the literature as the “antenna effect” or “luminescence sensitization” (LS) [21].
The mechanism of LS within LnMOF-TFs is comprised of three steps: (1) light is absorbed
by ligands around the lanthanide center; (2) energy is transferred to the lanthanide ions,
and (3) luminescence is generated by the lanthanide ions (centers). White light-emitting
Tb1pEu;-HMA LnMOEF-TFs were fabricated via electrodeposition, and they show good
photoluminescence with a satisfactory CIE coordinate of (0.33, 0.34) [95], which has been
realized by electrodeposition for the first time. The average lifetime values achieved were
0.273 ms for Eu-HMA and 0.286 ms for Tb-HMA. The prepared new TFs show strong
luminescence of Eu** and Tb** and are characterized by an efficient Tb3*-to-Eu®* energy
transfer. Since then, a variety of MOF-TFs, such as EUMOF, TbMOF, and mixed LnMOE-TFs,
have been reported [95].

3.3. Ligand-Based Luminescence

The Eu-BDC-NH, film was prepared by the new approach, namely the so-called “in
situ secondary growth”. It exhibits strong characteristic Eu3* emission, which can be
quenched by SO, gas [73]. The obtained Eu-BDC-NH, film has a wide range of potential
applications, such as sensors, LEDs, solar cells, and TF transistors.

3.4. Guest-Induced Luminescence

Based on the large specific surface area and good absorption ability, MOFs often are
used as a sorption platform; they can be used as a support or host for a variety of guest
substances. Among the important ones will be the luminescent species, such as fluorescent
quantum dots, dyes, and lanthanide ions/complexes. Very recently, fluorescent composites,
such as CDs@Eu-MOEF/PVDF and several materials from the QD@MOFs family, received
great interest for their potential in chemical sensing, fluorescence imaging, and display
lighting [67].

4. Light-Emitting Devices

The LnMOF thin films have a wide range of potential applications. Those of the most
interest include sensors [111,112] and light-emitting devices (LEDs) [113]. Over the last decade
materials science has focused on the development of solid-state white light (SSWL)-emitting
materials, mainly thanks to their long operation lifetime and excellent efficiency [83]. These
efforts resulted in the development of a new type of LnMOF-TFs—surface-supported MOFs,
also known as Ln-SURMOFs. It can be fabricated LBL to combine several single light-
emitting layers into composite solid-state white light-emitting devices [83]. For this reason,
a deliberate design for SSWL performance was achieved by multiple emitting layers and
the addition of three colors according to the RGB concept (red, green, and blue). The
Tb/Eu/Gd-SURMOF RGB device shows CIE x,y coordinates close to ideal for white light
(0.331, 0.329) excited by 360 nm (Figure 8) [83]. Prepared Ln-SURMOFs can be excited by
different wavelengths (320 and 360 nm), and since the spectra exhibit excitation depending
on maxima, this leads to a variation of the resulting chromaticity, as ascribed in Figure 8a.
When observing the emission of a single Eu-SURMOF at 617 nm, the excitation spectrum
displays a broadband shoulder at 250 nm, which is attributed to 7* <7/ 7*<—n ligand-based
transitions [83]. Eu-SURMOF produces a magenta-colored emission that comprises both
the ligand 7*—7t/n*—m transitions and the typical Eu** °Dy—’Fj (J = 0-4) transitions, with
5Dy—"F, being the most intense and located at 617 nm. The high relative intensity of
the ligand-based emission suggests an inefficient energy transfer process from the excited
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states of the ligand to Eu®* ions. The coordination polyhedron (LnO8) undergoes changes
attributed to 7*<—m/7m*<—n ligand-based transitions.
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Figure 8. Comparison of Ln-SURMOF and LnMOF films: (a) excitation and emission spectra of
white light-emitting Tb/Eu/Gd-SURMOF film; (b) emission spectra for three LnMOF films; (c) decay
curves for LnMOF films; (d) illustration of CIE color diagram and chromaticity coordinates obtained
for LnMOF (black) and Ln-SURMOF (white). Graphs are recreated based on data from [72,83].

Similar emission spectra were recorded for the Eu/Gd/TbMOF-TFs films prepared
by the solvothermal method with three different concentrations of Eu, Gd, and Tb and are
shown in Figure 8b. The spectra include the bands typical for Eu®*, ascribed to transitions
from the °Dy excited state to the 7F] (J = 0-4) ground states [72]. All films also exhibit bands
at 486 and 542 nm characteristic for °Dy—’Fg and °Dy—Fs transitions of Tb3*, respectively.
The decay curves for the Eu®* ions for all films are shown in Figure 8c. The increase in
the mol fraction of Eu in the film (from 0.25 up to 0.5) results in the improvement of the
mean lifetime by more than five times and thus increases the quantum efficiency (1) (about
30.3%) compared to the similar Gd-based film (with a mol fraction of Gds). The mean
lifetime values for the samples Gdg5-, Tbg 5-, and Eug 5-based films were 0.220, 0.440, and
1.170 ms for Eu®* emission (°Dy—’F, transition) and 0.210, 0.220 and 0.530 ms for Tb>*
emission (°Dy—’Fg transition), respectively.

The CIE chromaticity coordinates for different Eu/Tb/Gd-SURMOF and LnMOF
films fabricated both by LBL and solvothermal deposition are gathered in Figure 8d for
comparison. When excited by 300 nm light, the films with a fraction of Gdg 5 and Tby 5 refers
to CIE coordinates in the red region due to the higher intensity of europium emission bands.
When the excitation wavelength was changed to 394 nm, those CIE coordinates were (0.280,
0.310). Tb3*- and Eu®*-centered transitions were observed and dominated in the single- and
double-layer Tb/Eu-SURMOFs. In the triple-layer setting, both hypersensitive transitions
exhibit higher intensities in comparison to the double- and single-layered Ln-SURMOFs,
which is a condition to yield white light emission in MOF systems [84]. Upon excitation
at 360 nm [83], the emission spectrum of the triple layer Tb/Eu/Gd-SURMOF (Figure 8a)
exhibits almost ideal white light emission, showing CIE x,y coordinates of (0.331, 0.329)
corresponding to the center of the CIE diagram (see Figure 9d) and representing a real
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RGB-SURMOF architecture. The corresponding values for a perfect white light emitter
are (0.333, 0.333). The values of determined luminescence parameters of LnMOF films
prepared by various methods are presented in Table 1.
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Figure 9. (a) Luminescence intensity of Eug4Tbg74-BHM-COOH-PLA film (Aex: 314 nm): blank
(black column), another single metal ion (red column), and add Fe3+ (purple column). (b) Decay
curve of film in presence or absence of Fe3* jons [66]. (¢) Emission spectra of Tbo-CPON-PMMA film
toward different anions. (d) Comparison of luminescence intensities of °Dy — ”F5 transition at 545
nm for film in different anions [114]. Graphs are recreated based on data from [66,114].

Table 1. Luminescent properties of white light-emitting LnMOF thin films.

Deposition Used CIE Coordinates Eu’t — b3+ — o
Eu/Gd/Tb/MOF Method Substrate x;y) T (ms) T (ms) n (%) Ref
Tb-HMA ECD FTO - - 0.286 38.42 [95]
Eu-HMA ECD FTO - 0.273 - 4.66 [95]
Tb1pEu-HMA ECD FTO 0.330; 0.340 - 0.735 11.41 [95]
Tb19Gd;-HMA ECD FTO - - 0.449 47.79 [95]
Eu-MOF-L@PBMA PSM glass 0.293; 0.299 - - - [56]
Tb/SE[}lIéﬁgE TC LBL quartz 0.331; 0.329 - - - [83]
Eu0.25Gd0‘5Tb0‘25—BTC HT green Pt/Si02 /Sl 0.520; 0.300 0.220 0.210 7.7 [72]
Eu5Gdg25Tbg 5-BTC HT green Pt/SiO, /Si 0.590; 0.300 0.440 0.220 21.5 [72]
Eug 5Gdg25Tbg 25-BTC HT green Pt/SiO, /Si 0.280; 0.310 1.170 0.530 30.3 [72]

Eu-HMA, Tb-HMA, TbygEu;-HMA, and Tb19Gd;-HMA films realized by electrodepo-
sition [95] provide an effective platform for energy transfer between the lanthanide ions due
to the short intermetallic distances. TbigEu;-HMA film shows good photoluminescence
with satisfactory CIE coordinates of (0.33, 0.34). When the polymeric hybrid of Eu-MOF-
L@PBMA-TFs are excited at 335 nm, the emission coordinates situate at (0.2929, 0.2985),
which corresponds to the almost ideal white light chromaticity at (0.330, 0.330) [56].

5. Application of LnMOF Films as Sensors

LnMOFs have been widely studied in various sensor applications due to their high
porosity, surface area, and the particular luminescence of Ln®* ions. Most of the LnMOF-
based sensors show luminescence intensity changes, including luminescence enhancement-
turn-on response and quenching—turn-off response, as a detected signal for the analytes
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recognition. Eu** and Tb®" are commonly used as luminescent centers in LnMOF sensors
because of their strong red emission at ~614 nm and green emission at ~541 nm, respec-
tively [20,115]. Synthetic innovations enabling the development of MOF thin films have
produced a range of sensing technologies capable of the selective detection of a variety of
analytes, including ions, small molecules, gases, temperature, and biological analytes of
interest using optical, electrical, and acoustic techniques [3]. Recently reported luminescent
LnMOFs films as sensors fabricated by various methods are listed in Table 2.

Table 2. Applications of LnMOF thin films as luminescent sensors.

Growth/Coating Film Thickness

LnMOF Film Method Substrate Target Analyte (um) Ref.
Eu-BQDC ST/ECD ITO Hg?* 10 [116]
Tb-BDC ECD FTO CuZt 2 [93]
Tb-SA ST/ECD FTO Cu?* 1 [87]
Tb-BTC LBL Silk fiber Cu?* 10 [82]
Tb-BTC ST/EPD Zn plate Cr®*, NB; TNT 55 [89]
Eug 04 Tbg 76-BHM-COOH-PLA ST/drop-cast glass Fe3+ - [66]
Eu-HBPTC ST/ECD FTO CO52- - [94]
Tb-CPON-PMMA ST/SC glass Cr,0;%~ - [114]
Tb-BTC ST/DC ITO Organic solvents 7 [69]
Eu-NDC@HPAN HT/LBL HPAN Formaldehyde 2-4 [81]
Eu-BDC-NH, ST glass Gaseous SO, 1 [73]
Eu@UMOF-LA PSM AL O3 NH; 50 [117]
Eu-MOF-L@PBMA PSM glass Organic vapors - [56]
Tb-BTC ECD Al DNT - [118]
Eu-TDC ECD FTO Nitrophenols 7 [86]
Eu-NDC ECD FTO PA, TNP 0.05 [85]
CDs@Eu-PHEN-BTEC/PVDF ST PVDF NB, 4-NP - [67]
Gdg o Ty HL ST GdyO;3 thj;:;ﬁ'ter 10 [46]
UiO-66(Zr&Eu)/PVDF HT;/DC glass Smart 30 [108]
’ thermometer
Eug5Tho5(L)1@PMMA ST glass theiarf:)ﬁ'ter - [110]
Eug1Tbyg-BTC ST/DC ITO Pharmaceuticals 4 [40]
Eu-TDC MMMs ST ITO Pharmacedticals - [62]
EuO_047Tb0_953H2L@PVDF ST/SC glass I%E/)z}/allll?ailgr - [119]

5.1. Cations Sensing

Detecting the metal ions with high precision and sensitivity is of great significance
in environmental and biological studies, especially transition metal cations, such as Zn?*,
Cu?*, Fe*, and Fe?*, which are essential for a healthy metabolism. A highly luminescent Eu-
BQDC film (BQDC = 2,2-biquinoline-4,4-dicarboxylate) was prepared by electrodeposition
in combination with subsequent solvothermal synthesis. It exhibits high sensitivity and
selectivity toward Hg?* [116]. While similarly prepared on FTO substrates, Tb-BDC [93]
and Tb-SA [87] TFs are selective toward Cu?* in DMF solutions. The lifetime of Tb-BDC film
and Tb-BDC + Cu?* were 1.023 and 0.934 ms, respectively. Photoluminescent measurements
demonstrated that Tb-SA films were relatively water-stable and had a fast response to Cu?*
ion aqueous media. The lifetime of Tb-SA + Cu?* (1.088 ms) was decreased compared to
Tb-SA (1.148 ms). The new Tb-BTC composite (MOF-76@silk fiber) was developed LBL for
utilization in the colorimetric and fluorescent detection of aquatic Cu®* with a detection
limit down to 0.5 mg/L [82]. The quenching effect of this composite in the condition of
Cu?* was first reported with a very high selectivity and sensitivity. Luminescent Tb-BTC
film prepared by EPD on the zinc plate was successfully used for the detection of Cr>* ions
in a water solution [89].
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Eug 24Tbg 76-BHM-COOH-PLA TFs were successfully applied as sensors for Fe3* [66].
To study the selectivity of the LnMOF-TFs toward Fe®*, sensing experiments with intro-
duced interferents—one or more other metal ions—were carried out. As shown in Figure 9a,
the sensitivity of Eug 24Tbg 76-BHM-COOH-PLA LnMOE-TF toward Fe3* (quenching per-
formance) is not influenced by the presence of other cations. It confirms the potential of
the mentioned LnMOF-TF for application as a highly selective luminescent sensor for Fe3*
in an aqueous media. Also, the concentration-dependent lifetime test was conducted to
investigate the mechanism of quenching: as a result, the lifetime of the film (t = 0.60 ms) in
the aqueous system does not change with the increasing of Fe>* concentration (Figure 9b).
This ruled out the cause of dynamic quenching, indicating that the fluorescence quenching
process is static quenching.

5.2. Anions Sensing

The Tb-CPON-PMMA polymer composite film, where CPON = 5-(4-carboxy-phenoxy)-
nicotinic acid, composed of Tb-CPON and PMMA exhibits superior luminescent properties
compared to pure LnMOF [114]. The Tb-CPON-PMMA film exhibits an excellent sensitivity
toward CryO72~, with a high selectivity and detection limit of 5.6 ppb, which is much
lower than the maximum contamination standard of 100 ppb in drinking water. The
calculated luminescence lifetime of Tb-CPON was 1.032 ms, and the overall quantum
yield was determined to be 62.7%. Figures 9c and 9d show the luminescence emission
spectra and relative intensities of the prepared films in the presence of different anions,
respectively. The sensitivity of the Tb-CPON-PMMA toward CryO7%~ manifests itself in
the quenching effect.

Another luminescent Eu-HBPTC thin film, where BPTC = benzophenone-3,3’,4,4’-
tetracarboxylate, was successfully fabricated by EPD in an anhydride system and is highly
selective toward carbonate ions in aqueous media [94].

5.3. Small Molecules, Gas, and Vapor Sensing

Sensing based on measuring the luminescent properties has proven to be an excellent
detection technique for a variety of chemical substances, including gases and nitroaromatics
thanks to its speed and cost-effectiveness. The nanosized Tb-BTC LnMOE-TFs prepared by
dip-coating on ITO glass exhibited the highly sensitive and selective detection of organic
solvents [69]. Eu-NDC@HPAN deposited on HPAN by the LBL method was used as a
self-calibrating luminescent sensor for detecting small molecules, such as formaldehyde,
in an aqueous media [81]. The Eu-BDC-NH, TFs on glass exhibit strong characteristic
Eu3* emissions, which can be fast and remarkably quenched by the presence of SO, [73].
The limit of detection (LOD) for SO; is calculated to be 0.65 ppm at a response time of 6 s.
Transparent Eu@UMOF-Eu-LA film fabricated by the PSM method can selectively recognize
and detect NHj3 in indoor polluted air with a detection limit of 9 ppm, which is lower than
the minimum injuring concentration of 35 ppm [117]. Polymeric hybrid Eu-MOF-L@PBMA
TF functionalized by versatile post-synthetic modification was utilized for the detection
of volatile organic vapors, especially organic amines [56]. The luminescent films prepared
by electrochemical deposition showed potential toward the detection of nitroaromatic
explosives; Tb-BTC on an Al plate has been successfully tested for the detection of 2,4-
dinitrotoluene (DNT) [118]. The luminescence lifetime of the sample changed from 0.48 ms
to 0.58 ms when the layer was exposed to DNT vapors. Eu-TDC on FTO was used for
nitrophenols and nitrobenzene detection in the vapor state [86]. The luminescence signal of
Eu-NDC on an FTO film was strongly quenched by picric acid traces with good selectivity
over other nitroaromatic explosives [85].

CDs@Eu-MOEF/PVDF thin film was prepared using 1,2,4,5-benzenetetracarboxylic
acid (H4BTEC) and 1,10-phenanthroline monohydrate (1,10-PHEN) as ligands by the
solvothermal method and modified by carbon quantum dots (CDs) by in-situ growth. The
CDs@Eu-MOF composite film has strong red fluorescence along with good stability in
methanol and shows high selectivity and sensitivity to nitrobenzene (NB) and 4-nitrophenol



Inorganics 2023, 11, 376

19 of 27

(4-NP) [67]. The CDs@Eu-MOF/PVDF film can be used to detect nitrobenzene and 4-
nitrophenol in both methanol solvent and gaseous state. The LOD for nitrobenzene and
4-nitrophenol in liquid are 0.2807 mg/L and 0.0168 mg/L, respectively, while in gaseous
form, it is 0.346 mg/L and 0.0136 mg/L, respectively. Figure 10a shows that the selectivity
exhibited by the film is consistent with the selectivity result of the powder. This indicates
that CDs@Eu-MOEF-PVDF film can be used to detect NB and 4-NP. The material retains
a good luminescence signal measured in MeOH. The luminescence spectra of CDs@Eu-
MOEF/PVDF film in different concentrations of NB in MeOH were measured and presented
in Figure 10b.
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Figure 10. (a) Intensities of the luminescence of CDs@Eu-MOF/PVDF film immersed in different
organic solvents and (b) fluorescence response of film in different concentrations of nitrobenzene (NB)
solution [67]. (c) Temperature-dependent emission spectra (Aex = 360 nm) of UiO-66(Zr&Eu)/PVDEF
film conducted in the temperature range from 237 to 337 K and (d) the corresponding CIE picture of
film at a different temperature [108]. Graphs are recreated based on data from [67,108].
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5.4. Temperature Sensing

Luminescence-based sensors for temperature determination have achieved great at-
tention based on their advantages, which include noninvasiveness, high accuracy, and
spatial resolution—and (maybe) the most important, the ability to work in strong electro or
magnetic fields [20], which makes impossible to use electronics for these purposes. The
prepared polymer-MOF hybrid membranes show good temperature-sensing behavior. The
maximal intensity ratio of the 5Dy —7F5 (Tb3*) to °Dy—"F, (Eu®*) transitions can be linearly
related to the temperature in the range from 90 up to 240 K [120]. UiO-66(Zr&Eu)/PVDF
can be used as a smart thermometer for the detection of temperature change in the tem-
perature range from 237 to 337 K [108]. The relative sensitivity of the film is 4.26% K~ at
337 K, which is the highest reported to date for MOF materials at this temperature. It can
be explained by the unique energy transfer between the ligand and Eu®* in the clusters.
The temperature-dependent photoluminescence spectra of UiO-66(Zr&Eu)/PVDF were
recorded in the range from 237 K to 337 K under excitation of 360 nm and are depicted in
Figure 10c. The film showed satisfying temperature sensing characteristics. In addition,
when changing the temperature from 237 K to 337 K, the films exhibited a shift from
pink emission to blue emission, which suggested that the temperature variation could be
distinguished also via the naked eye (Figure 10d).
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The Gd ¢Tbg 1 HL film on GdyO3 can be used as a thermometer in the range from 110
to 250 K, and a relative sensitivity up to 0.8% K~1, whereas the compound Gdg g9Tbg o1 HL
with a lower Tb content resulted in a relative sensitivity up to 4.4% K~! at 110 K [46].
Transparent Eug 5 Tby 5(L) I@PMMA film consisting of Eu3* /Tb®* lanthanide complexes and
polymer PMMA exhibits a brilliant temperature-dependent luminescent behavior from 77 K
to 297 K, enabling it to be a candidate for new ratiometric luminescent thermometers [110].
The combined Eu®* /Tb**-based thermometer displays higher photo and thermostability
compared to the pure complexes.

5.5. Sensing of Biomolecules

In recent years, the analysis of various pharmaceuticals, drugs, their derivates, and
further metabolites has become a thing of high priority due to their both actual and pos-
sible long-term impact on biological /environmental systems [40,62,119,121-125]. Optical
sensing has been considered a promising technique as it could offer sensitive, facile, and
fast assays. Wang et al. [119] reported the first ratiometric luminescent sensor based on
a new water-stable LnMOF polymer thin film (Eug 947 Tbg 953 MOF@PVDF) prepared by a
combination of solvothermal synthesis and spin-coating on the glass substrate, offering
high sensitivity and selective detection towards the potential COVID-19 drug favipiravir.
The associated MOF drug quenching effect is found to be selective towards other potential
COVID-19 drugs.

The Eu-TDC-based MMMs as a sensor can efficiently detect nitroimidazole and other
antibiotics from the same family, such as dimetridazole and metronidazole (NIABs), in an
aqueous system due to its excellent luminescent stability [62]. The Eu-TDC MMMs have
the advantages both of polymers and MOFs, which provide high flexibility and extend
their applicability. The Eu-TDC MMM:s are not affected by other antibiotics or ions when
detecting NIABs in water solutions and show lower LODs (0.58 mg/L for metronidazole
and 0.51 mg/L for dimetridazole) with a wider linear range. The mechanism operating in
NIAB-sensing is considered to be a strong inner filter effect between the Eu-TDC MMMs
and NIABs. The overlaps between the absorption spectra of antibiotics and the excitation
spectrum of Eu-TDC MMMs are shown in Figure 11a. We can see that NIABs (320 nm)
have greater spectral overlaps with Eu-TDC MMMs (324 nm) than other antibiotics.

The LnMOF-TF compound was synthesized using a solvothermal method and subse-
quently employed to fabricate the mixed-crystal Eug 1 Tbg9-BTC TF by dip-coating it on an
ITO substrate [40]. The film’s luminescence varies depending on the guest molecules, mak-
ing it an excellent candidate for self-referencing and self-calibrating luminescent sensors.
This is achieved by establishing a fingerprint correlation between each pharmaceutical
molecule and the corresponding change in emission intensity. The intensity ratio exhibits
a linear relationship with the pharmaceutical concentration within a certain range. The
Eug 1Tbg9-BTC film emits light of different colors, which are in good agreement with
the calculated chromaticity coordinates on the basis of the CIE chromaticity diagram
(Figure 11b).

Compared to the most luminescent MOF sensors based on powders, films can be easily
reused after washing with the proper solvent. The Eu-TDC MMMs are expected to have
recycling properties due to their stability in aqueous media [62]. The reproducibility of
Eu-TDC MMMs was determined by recording the fluorescence intensity of the film in an
aqueous solution of 0.2 mM dimetridazole and blank solution after it was washed with tap
water. As shown in Figure 11c, the MMM sensor exhibits an “ON/OFF-ON” switching
pattern with almost no change in the fluorescence intensity of the Eu-TDC MMMs after
being repeated five times, indicating that Eu-TDC MMMs have excellent reusability. The
used Tb-CPON-PMMA strips [117] were washed with distilled water several times, and
then the corresponding luminescence intensities were recorded (Figure 11d). The recorded
relative intensities after five cycles showed the luminescence intensity could be maintained
after five detection/washing cycles. These results indicate that the Tb-CPON-PMMA-based
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sensor may be one of the new generations of sustainable test assays for dichromate ions
detection, even on-site “in the field”.

104 // 7

2 Cycles 3 4 a 1 2 Cycles 3 # 8

Figure 11. (a) UV-vis absorption spectra of different nitroimidazole antibiotics and excitation spec-
trum of Eu-TDC MMMs [62]. (b) CIE chromaticity coordinates of Eug1Tbgg-BTC thin film in the
presence of different pharmaceutical analytes [40]. (c) Reusability of the Eu-TDC MMMs toward
the detection of metronidazole in aqueous media [62]. (d) Relative intensities for composite Tb-
CPON-PMMA film reused for several cycles [114]. Graphs are recreated based on data obtained
from [40,62,114].

The fluorescence signal of the Eu-TDC thin film can be recovered by washing it with
methanol, which restores the fluorescence intensity to its original state [86]. The rinsed film
can then be reused to detect nitrophenol TNP. The results indicate that the fluorescence
intensity and quenching ability of the Eu-TDC thin film remain largely unchanged even
after five cycles of use. Similarly, the UiO-66(Zr&Eu)/PVDF film thermometer [108] exhibits
a stable optical characteristic, as evidenced by the unaltered intensity ratio when subjected
to temperature cycles ranging from 237 K to 337 K. Furthermore, the temperature sensing
performance of the polymer films surpasses that of the powders, and the sensor can be
reused up to three times without any loss in performance.

6. Conclusions and Future Outlook

This review summarizes the recent progress in luminescent LnMOF-TFs based on Eu,
Tb, and Gd from the point of view of preparation techniques and modification methods,
along with applications in sensors and light-emitting devices. Many reviews already
mapped the preparation of LnMOF films but only as a subclass of other MOF films. Covered
here are recent technologies based on LnMOF-TFs that have the potential to significantly
benefit energy, manufacturing, and environmental sectors.

The preparation of highly oriented single-crystal and polycrystalline LnMOF-TFs
poses a significant challenge. The methods employed to assemble luminescent LnMOF-TFs
form the basis of these challenges. Despite the potential benefits, the commercialization of
MOF films is expected to be difficult in the near future due to the requirements for cost-
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effective scale-up production. Currently, there is no perfect technique that can satisfy all the
requirements for commercialization. Most of the reported methods for fabricating LnMOF
thin films are only applicable to specific MOFs under laboratory conditions. Therefore,
it is crucial to explore more facile and flexible methods for LnMOF thin film fabrication.
Direct synthesis and secondary growth strategies based on traditional hydro/solvothermal
synthesis remain the most widely used methods. However, other techniques, such as
LBL deposition, ECD, EPD, DC deposition, and SC deposition, are prevalent in the manu-
facturing of LnMOF films. LBL deposition enables the fabrication of various film types,
offering excellent control over film thickness and enabling the creation of complex MOF
heterostructures. The ECD method allows for the rapid fabrication of defect-free films with
controllable thicknesses. The ALD technique provides an easy way to control film thickness
at an atomic level and is suitable for fabricating multilayer structures.

Recent advancements in continuous flow microreactors and process automation have
opened up new opportunities for advancing progress in LnMOF synthesis. The use of less
liquid volume allows for greener synthesis, reducing production costs. Current progress in
using automatic methods for LnMOF synthesis has demonstrated promising results in the
preparation of composite hybrid films.

Luminescent LnMOEF-TFs have received great attention in a wider range of applications,
both as light-emitting devices and sensors. The LnMOFs based on Eu, Tb, and Gd' their
combinations, and different ligands have been reported, making it possible to integrate
these MOFs into practical and useful devices. Lanthanide complexes and LnMOF films
have efficacious utility as prospective white light-emitting materials. Ln-based LEDs with
excellent color purity have become increasingly common.

This review also covers the recent research progress on luminescent LnMOF films and
their applications in sensing cations, anions, small molecules, nitroaromatic explosives,
gases, vapors, temperature, and biomolecules. The sensing functionality of LnMOF films
is based on their luminescence changes in response to different analytes. However, the
sensing performances are significantly influenced by the film thickness.

This review summarized and analyzed existing manufacturing technique progress in
recent years for luminescent LnMOF films and their applications as light-emitting devices
and sensors. It is believed that these advances will definitely extend the applications of
LnMOFs to optoelectronic devices and are likely to create impactful innovation in the field
of LnMOF films.
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