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Abstract: A rapid synthesis method is used to form multivariate metal–organic frameworks (MTV-
MOFs) with the UiO-66 structure, where precipitation occurs upon mixing solutions of ligands and
metal salts at temperatures less than 60 ◦C. The materials include mixtures of metals and ligands,
Ce/Zr-UiO-66(1,4-NDC/BDC), Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-
UiO-66(1,4-NDC), and Ce/Ti-UiO-66(BDC-NH2) (NDC = naphthalene dicarboxylate, BDC = benzene-
1,4-dicarboxylate, BDC-NH2 = 2-amino-benzene-1,4-dicarboxylate). Phase purity was determined by
powder X-ray diffraction (PXRD), with a broadening of the profile indicative of nanoscale crystallites,
verified by scanning electron microscopy (SEM). The molar ratio of metals and organic ligands in
Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) was confirmed by X-ray fluorescence (XRF) and solution 1H
nuclear magnetic resonance (NMR) after digestion, respectively. Analysis of the adsorption of dyes by
the MTV-MOFs showed that a pseudo-first-order model accounts for the kinetics. The effectiveness
of photocatalytic degradation of two cationic (methylene blue and rhodamine B) and two anionic
(Congo red and Alizarin Red S (AR)) dyes was studied under UV and visible light. The most effective
photocatalytic degradation was found between 1 and 15 min towards both cationic and anionic dyes
by Ce/Zr-UiO-66(1,4-NDC/2,6-NDC). Measurements of recyclability and photostability showed
retention of crystallinity after five cycles of use and exposure to light for 17 h, as confirmed by PXRD.

Keywords: UiO-66; MTV-MOFs; photocatalytic activities; rapid synthesis precipitation

1. Introduction

In recent decades, metal–organic frameworks (MOFs) have been synthesized with
the stability, high surface area, and porosity needed for practical applications such as
gas adsorption, heterogeneous catalysis, water purification, and photocatalytic degrada-
tion [1,2]. Multivariate MOFs (MTV-MOFs) are formed from mixed metals and/or mixed
linkers within the same framework topology, much like solid solutions in traditional solids,
and this gives additional control over functionality [3]. UiO-66(Zr) (UiO = Universitetet
i Oslo) is the parent of a set of isoreticular materials that has received tremendous atten-
tion for a large range of potential practical applications. In the parent UiO-66 structure,
tetravalent metals such as Zr, Ce, Ti and Hf are present in hexanuclear oxo-clusters 12-fold
coordinated to benzene-1,4-dicarboxylate (BDC) linkers to give the ideal composition
M6O4(OH)4(BDC)6 [4]. Among these tetravalent metal ions, Ce and Ti give promising
candidate materials that can be used for photocatalytic degradation applications in single-
or mixed-metal forms of UiO-66 [5].

Ce(IV) has unoccupied low-lying 4f orbitals and two oxidation states (III, IV) that
can be interconverted in different chemical environments [6]. Unoccupied 4f orbitals are
able to participate in ligand to metal charge transfer (LMCT) and facilitate the transfer of
photogenerated electrons, leading to a minimum rate of electron–hole recombination [7].
Adding a second metal to the oxo-cluster maintains the photogenerated electron for a
longer time by using lattice oxygen (Olatt) to facilitate the internal redox cycle between the
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metals within the ground and excited states [8]. For example, Ti(IV) with low-lying empty
3d orbitals can be used to accelerate the reversible redox between Ce(III) and Ce(IV) [9].
Based on recent studies, Zr in UiO-66 has mostly been used to provide structural stability,
rather than playing a role in redox cycles [10].

The purpose of using chromophores in photocatalysts is to increase the photon re-
sponse under exposure to different wavelengths in both the UV and visible regions of
light [11]. An amino-modified linker has been used for this purpose, and works as a strong
antenna to absorb the photon energy of light (Eabs) and shift it to the visible region (above
350 nm), with a red-shifted absorption edge, giving a narrower band gap [12,13]. In fact,
the position and value of valence and conduction bands can be tuned by the use of electron-
donating and -withdrawing groups on the linkers, such as amino [5]. Some linkers such as
2,6-naphthalenedicarboxylate (2,6-NDC) are photoluminescent and can be triggered for a
longer time compared to simple linkers (such as 1,4-benzenedicarboxylate (BDC)) under
light irradiation; they can also adjust the Eabs to above 350 nm [14]. Photodegradation is an
oxidation process under light irradiation that can be used to break down dyes into non-toxic
products such as CO2 and H2O, as shown in recent works on MOF photocatalysts [15,16].

There are various methods to synthesize Ce(IV) MOFs that contain linkers with
different functionalities, such as by exchanging ligands by a post-synthesis method or
liquid-assisted grinding [17,18]. There are some limitations in the synthesis of MOFs
that contain linkers with reactive functional groups, such as the amino group that can
be oxidized by Ce(IV) during the formation of the MOF [19]. Regarding the reduction in
Ce(IV) during MOF formation, one strategy to minimize this possibility is to use rapid
synthesis methods such as microwave heating or short reflux (15–20 min) to provide an
opportunity to include as much Ce(IV) as possible before the reduction occurs [20,21].

In this work, we investigate the use of precipitation to rapidly form a new series
of MTV-MOF materials with the UiO-66 structure to be studied for the photocatalytic
degradation of dyes, following from our recent work that studied the formation of Ce-
UiO-66 materials [22]. Herein, Ce/Zr-UiO-66(1,4-NDC/BDC), Ce/Zr-UiO-66(1,4-NDC/2,6-
NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and Ce/Ti-UiO-66(BDC-NH2)
are formed with a high yield by mixing suitable precursor solutions. The structures of
the linker precursors are shown in Figure 1. The effects of using multiple metals (Ce, Zr,
and Ti) with electron-donating linkers (1,4-H2NDC, 2,6-H2NDC, and 1,4-H2BDC-NH2) are
investigated for the photocatalytic degradation of both cationic (methylene blue (MB) and
rhodamine B (RhB)) and anionic (Alizarine Red S (AR) and Congo red (CR)) dyes under
UV and visible light irradiation at room temperature.
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Figure 1. The acid form of the organic linkers used to prepare MTV forms of UiO-66 in this work, 
(a) 1,4-H2NDC, (b) 2,6-H2NDC, (c) H2BDC, and (d) H2BDC-NH2. 
Figure 1. The acid form of the organic linkers used to prepare MTV forms of UiO-66 in this work,
(a) 1,4-H2NDC, (b) 2,6-H2NDC, (c) H2BDC, and (d) H2BDC-NH2.

2. Results
2.1. Analysis of Powder XRD

The crystalline MTV-MOFs Ce/Zr-UiO-66(1,4-NDC/BDC), Ce/Zr-UiO-66(1,4-NDC/2,6-
NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and Ce/Ti-UiO-66(BDC-NH2)
were formed with a phase purity, confirmed by powder X-ray diffraction (PXRD)—see
Figure 2a–e. The PXRD patterns were analyzed using the Pawley method and fitted using
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the expected cubic unit cell for the UiO-66 structure (Fm3m). Table 1 shows the fitted
cubic lattice parameterand crystallite domain size as estimated by the Scherrer analysis
method. Each pattern shows a broad profile due to small crystallite domain size, which is
determined to be between 7 and 15 nm. The cubic lattice parameters can be compared with
those of other UiO-66 materials reported in the literature. The pure Ce analogue of UiO-66
is expected to have a larger unit cell dimension than the pure Zr material, and mixed-metal
materials have intermediate values [23]. The size of unit cell of Ce/Zr has been reported
as 21.0652 Å for Zr3.54Ce2.46-UiO-66 by Lomachenko et al. [24], which is smaller than that
of Ce/Zr-UiO-66(1,4-NDC), which was found to be 21.321 (Å) in this study, because the
molar ratio of Ce is equal to that of Zr, i.e., the Ce content is higher here. The 1,4-NDC
linker should give a rise to a similar unit cell parameter to the parent BDC linker; however,
the 2,6-NDC linker features a larger separation between the bridging carboxylates. The
size of the lattice parameter Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) is 21.202 (1) Å. A previous
systematic study on synthesizing Zr with these linkers (1,4-NDC/2,6-NDC) showed that
the molar ratio between ligands can define the structure of this combination, which varies
between UiO-66 and Dresden University of Technology (DUT-52) [25]. In this regard,
a higher concentration of 1,4-NDC compared to 2,6-NDC yields the UiO-66 structure,
consistent with the results here. Butova et al. reported that the size of the unit cell of
Zr-UiO-66(1,4-NDC) is 20.8538(8), which is smaller than the value found in this study [26].

Ce/Zr-UiO-66(1,4-NDC/BDC) and Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) were produced
by a combination of two metals and linkers with equal initial molar ratios, and Ce/Zr-
UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and Ce/Ti-UiO-66(BDC-NH2) were formed
from two metals in a similar proportion, as confirmed by X-ray fluorescence (XRF) and
thermogravimetric analysis (TGA)—see Table 1. The molar ratio of linkers was measured
after digestion by nuclear magnetic resonance (NMR). Most samples were found to have
a moderate number of linker defects, while Ce/Zr-UiO-66(1,4-NDC/BDC) has a non-
defective structure. The NMR analysis of the digested MOF shows that the molar ratio
of 1,4-NDC to 2,6-NDC is 1.45 to 1 (Table 1); therefore, a higher concentration of 1,4-
NDC means that the unit cell is similar to that of the UiO-66 structure—see Table 1. The
material Ce/Zr-UiO-66(1,4-NDC/BDC) represents an attempt to understand the possibility
of combining two linkers with similar lengths and with different metal sizes. As shown in
Table 1, the size of the unit cell of Ce/Zr-UiO-66(1,4-NDC/BDC) is 21.295 Å, which is bigger
than the value in Zr-UiO-66(1,4-NDC/BDC) (20.771 Å) with an equal molar ratio of linkers
(1,4-NDC = BDC, 1:1), as reported by Butova et al. [27]. Therefore, adding the second
metal into Zr-UiO-66 increases the size of the unit cell parameter, with a similar length of
organic linkers. The molar ratio of Ce/Zr in Ce/Zr-UiO-66 (1,4-NDC), Ce/Zr-UiO-66 (1,4-
NDC/2,6-NDC), and Ce/Zr-UiO-66(1,4-NDC/BDC) is equal, and the unit cell parameter
in Ce/Zr-UiO-66(1,4-NDC) is 21.321(8) Å, which is bigger than that of Ce/Zr-UiO-66 in a
similar molar ratio (20.9198(4) Å), as reported by Lammert et al. [23], which is likely to be
because the material studied by Lammert et al. contained a lower amount of Ce(IV).

Substituting Ti in the UiO-66(Ce) structure leads to the broadening of the Bragg peaks
and a shrinking of the unit cell parameter, as reported by Wang et al. [28]. Other reports
show that the unit cell parameters in Ce/Ti-UiO-66 (Ce:Ti = 1:10) and Ce/Ti-UiO-66(BDC-
NH2) (Ce: Ti = 1:1.5) are 21.4179 and 21.4955(Å) [24], respectively. In contrast, the unit cell
parameters of Ce/Ti-UiO-66(BDC-NH2) (molar ratio, Ce:Ti = 3:1) and Ce/Ti-UiO-66(1,4-
NDC) (molar ratio, Ce:Ti = 1:1.72) are 21.5172 and 21.5659 Å, respectively, as shown in
Table 1.
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Figure 2. Fitted PXRD patterns of MTV-MOFs with the UiO-66 structure showing the experimental
pattern (black points), difference plot (green), Pawley fit (red line), and allowed Bragg peak positions
(blue). The space group for all samples is Fm3m. (a) Ce/Zr-UiO-66(1,4-NDC/BDC), (b) Ce/Zr-UiO-
66(1,4-NDC/2,6-NDC), (c) Ce/Zr-UiO-66(1,4-NDC), (d) Ce/Ti-UiO-66(1,4-NDC), (e) Ce/Ti-UiO-
66(BDC-NH2).
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Table 1. Characterization of MTV UiO-66 materials: crystallite size, unit cell parameter from Pawley
refinement against powder XRD patterns zeta potential, BET (surface area) and band gap (DR/UV-
Vis). The UiO-66 chemical formula M6(O)4(OH)4(L)6 was determined by XRF, TGA, and digestion
NMR.

Material Crystallite Size
(nm) a (Å)

Zeta Potential
(mV)

Surface Area
(m2g−1) Band Gap (eV)

Ce3Zr3(O)4(OH)4(1,4-
NDC)2.98(BDC)2.98

(H2O)0.08

9.01 (±0.1) 21.295(5) +18.33 250.23 2.69 ± 0.027

Ce3Zr3(O)4(OH)4(1,4-
NDC)3(2,6-NDC)2

(H2O)0.5

8.90 (±0.5) 21.202(1) +5.50 303.61 2.08 ± 0.014

Ce3Zr3(O)4(OH)4(1,4-
NDC)5.34(H2O)0.33

9.75 (±0.1) 21.321(8) 10.56 212.32 2.00 ± 0.018

Ce2.2Ti3.8(O)4(OH)4(1,4-
NDC)4.51(H2O)0.745

8.67 (±0.1) 21.517(2) −4.25 136.47 1.86 ± 0.017

Ce4.5Ti1.5(O)4(OH)4(BDC-
NH2)4.33(H2O)0.835

15.12 (±0.1) 21.565(9) 4.09 144.08 2.41 ± 0.031

2.2. TGA

The TGA analysis provides information about the chemical formula and number
of ligand defects per cluster. Porous materials can trap solvents, modulators, and water
molecules in their pores, and they are evaporated off at between 50 and 200 ◦C. Water is
typically evacuated between 50 and 150 ◦C. As shown in Figure S1, the MTV-MOFs show
a mass loss at temperatures of 250–400 ◦C, which is related to the dehydroxylation of the
metal clusters. The changes between 400 and 600 ◦C are due to the total combustion of
the organic parts of MOFs, leading to the formation of metal oxide(s). The TGA was used
to determine the number of linkers per hexameric metal cluster with the analysis method
provided in the Supporting Information, and the results are shown in Table 1.

2.3. SEM Images

Freshly synthesized MTV-MOF samples were studied using SEM to minimize particle
agglomeration and to observe the particles’ true size and shape. This showed ultrafine
nanoparticles with primary particle sizes between 10 and 30 nm, although there was
a level of agglomeration that was likely due to the drying of the samples on the SEM
stubs under vacuum conditions. For Ce/Zr-UiO-66(1,4 NDC/BDC), Ce/Zr-UiO-66(1,4-
NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), and Ce/Zr-UiO-66(1,4-NDC) nanoparticles, see
Figure 3a–e. Ce/Ti-UiO-66(1,4-NDC) and Ce/Ti-UiO-66(BDC-NH2) showed comparatively
different size of particles to Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) and Ce/Zr-UiO-66(1,4-
NDC)—see Figure 4c,d.
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2.4. Optical Properties
2.4.1. DR/UV-Vis Spectroscopy

DR/UV-Vis spectroscopy was used to determine the photo-response of the materials
over wavelengths between 200 and 800 nm. As can be seen in Figure 4a, Ce/Ti-UiO-
66(BDC-NH2) showed a photo-response over a wide region of light, which implies that this
sample had a narrow bandgap. As shown in Figure 4a, Ce/Zr-UiO-66(1,4-NDC/2,6-NDC),
Ce/Zr-UiO-66(1,4-NDC) and Ce/Ti-UiO-66(1,4-NDC) had relatively similar levels of light
absorption, compared to Ce/Ti-UiO-66(BDC-NH2) and Ce/Zr-UiO-66(1,4-NDC/BDC),
which showed different spectra. The only difference for Ce/Ti-UiO-66(-BDCNH2) is related
to the use of an electron-donating group (NH2) in the linker, which increased Eabs and led
to a bathochromic shift to above 350 nm [5,29]. The UV region between 200 and 350 nm
indicates that Ce and Ti hexa-oxo clusters have good coordination with the linkers, thus
enhancing the ELMCT [30]. The ELMCT from ligands transfers to the metal via 2p orbitals
of carboxylate groups connected to 4f empty orbitals of Ce(IV) and 3d of Ti(IV) via µ-O3,
and causes a flat plateau over the wavelength between 200 and 400 nm [31]. As shown
in Figure 3a, the intensity and the plateau of the spectra in most samples reveal that the
negative value of the ELMCT received by metal(s) plays a significant role in suppressing the
recombination of photogenerated electrons between ground and excited states [31].

2.4.2. Estimating the Band Gap from the Tauc Plot

The Tauc method is suitable only for analyzing the spectra of pure semiconductors.
When it is impossible to separate the spectrum into its components, a more precise estima-
tion can be obtained using a baseline method [31]. As shown in Figure 4b, similar outcomes
can be observed in the synthesized materials. The band gap increases in the order Ce/Ti-
UiO-66(1,4-NDC) (1.86 ± 0.017 eV), Ce/Zr-UiO-66(1,4-NDC) (2.00 ± 0.018 eV), Ce/Zr-
UiO-66(1,4-NDC/2,6-NDC) (2.08 ± 0.014 eV), Ce/Ti-UiO-66(BDC-NH2) (2.41 ± 0.02 eV)
and Ce/Zr-UiO-66(1,4-NDC/BDC) (2.69 ± 0.031 eV); see Figure 4c. The reported band
gap of Zr-UiO-66 is between 3.5 and 4.10 eV, which is not useful for photocatalysis [32].
Extensive attempts have been devoted to tuning the band gap in UiO-66, and Yasin et al.
reported that adding Ti into the Zr-UiO-66 structure reduces the band gap to 2.77 eV [33].
The band gaps of Ce/Ti-UiO-66(BDC-H/BDC-NH2) and Ce-UiO-66(BDC-H/BDC-NH2)
have been reported as 2.84 and 1.92 eV, respectively, by Hou et al. for samples formed by
a post-synthesis method [9,34]. Using rapid precipitation in this study reduced the band
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gap of Ce-based UiO-66 to as low as 1.86 eV in Ce/Ti-UiO-66(1,4-NDC). Tuning UiO-66
via the use of hetero-metals and mixtures of organic linkers in this study and other reports
reduced the band gap and increased the photocatalytic activities (see below).

Based on recent studies, missing linkers in UiO-66 play a significant role in decreasing
the band gap, as well as increasing the ELMCT and moving the Eabs to the visible light
region [35]. The ideal UiO-66 ([Zr6O4(OH)4(BDC)6]) is highly coordinated with 12-fold
connected linkers [36,37], and the mismatch of metals and the size of linkers can change the
number of defects, reduce the band gap, and introduce photocatalytic activity, compared
to non-defective UiO-66 [35]. As shown in Figure 4b, the band gap of Ce/Zr-UiO-66(1,4-
NDC/BDC) is obviously larger than those of the other samples studied here, with a value
of 2.69 eV. Missing linkers are seen in many samples; however, Ce/Ti combinations have
the largest number in this series, with the number of missing linkers per cluster between
1.49 and 1.67—see Table 1. The literature shows that the number of defects per cluster can
be between 0.1 and 3, and the modulator and solvent can be bonded to defective sites and
balance the charge deficiencies [4,38,39]. A systematic study showed the use of benzoic acid
to produce a different number of missing linkers per cluster—between 0.87 and 1.68 [39].

2.4.3. PL Spectroscopy

The recombination of photogenerated electrons in excited states was measured by PL
spectroscopy to understand the nature of photocatalytic enhancement (see below). As can
be seen in Figure 4d, the recombination of holes and electrons was extremely small for
Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC) and Ce/Ti-UiO-66(BDC-NH2), and for
Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) it was negligible. The suppression of the recombination
of photogenerated carriers may be due to the narrower band gap, and oxygen vacancies in
oxo-clusters may also contribute [40]. The results for Ce/Zr-UiO-66(1,4-NDC/BDC) show
it achieved the highest values of electron–hole recombination in this series, which may be
due to its non-defective structure. The results shown in Table 1 and Figure 4a–e provide
good evidence that the defective structures achieved the maximum absorption of photons.

2.5. FT-IR Spectroscopy

FT-IR was used to investigate the nature of functional groups in the materials—see
Figure 4e. The region between 400 and 700 cm−1 contains various bands involving metal–
oxygen vibrations, and in the parent UiO-66(Zr), Zr-µ3-O, Zr-OC and Zr-µ3-OH vibrational
modes have been assigned previously [41]. Other reports have noted shifts in these bands
upon the inclusion of Ti [42] or Ce [43]; however, this region is difficult to assign, as
the bands also become broadened upon metal substitution, and it is possible that this
depends on the distribution of the metals within the clusters. The coordinated carboxylate
shows bands at ~1580 cm−1 (asymmetric, νas(COO)) and 1440–1420 cm−1 (symmetric,
νs(COO)) [38,44]. All the materials except Ce/Ti-UiO-66(BDC-NH2) and Ce/Zr-UiO-66(1,4-
NDC/BDC) showed a ν(C=O) band, which can be identified as a residual DMF solvent.
The bending and stretching bands of amino functional groups are located at 1576 and
3346 cm−1, respectively, and bending and stretching peaks of C=O and C-O are observed at
1605 and 3453 cm−1, respectively, which are attributed to carboxylate groups of BDC-NH2.
Based on the non-defective structure of Ce/Zr-UiO-66(1,4-NDC/BDC), as shown in Table 1,
the IR spectra are consistent with carboxylate groups fully connected to metals clusters.

2.6. Surface Area

The surface area in these samples is obviously smaller than those in other reported
MTV-MOFs with the UiO-66 structure because of the use of multiple metals, linkers, and
rapid precipitation, which could lead to some amorphous components. A systematic
study showed that adding a second metal to UiO-66 decreases the surface area from 801
to 317 m2g−1, similar to these materials [45]. Regarding the synthesis method, room
temperature precipitation gives materials with a smaller surface area than those produced
by solvothermal synthesis [21,26,46]. As shown in Table 1, the surface area of these materials
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is between 136.47 and 303.61 m2g−1, and Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) and Ce/Ti-
UiO-66(1,4-NDC) have the highest and lowest values in this series. Ce/Ti bimetallic
derivatives have the smallest surface area in this series—between 136.47 and 144.08 m2g−1.
The use of solvent, time, and heat can produce a larger surface area for UiO-66, between 900
and 1400 m2g−1, but careful activation of the materials is necessary to realize the optimal
surface area, and any defects may lower the value achieved. Although a larger surface
area can enhance the adsorption and catalytic activities of MOFs, Zr-UiO-66(BDC) with a
surface area between 900 and 1100 m2g−1 has weaker photocatalytic activities, with a band
gap between 3.5 and 4.2 eV [47,48]. Based on these results, a small surface area does not
lead to significant changes in photocatalytic activities, which suggests that MOF crystallites
have high surface reactivity. Regarding the results of TGA, PXRD, and nitrogen adsorption,
Ce/Ti-UiO-66(1,4-NDC) and Ce/Ti-UiO-66(BDC-NH2) have the highest volume of unit
cell, the largest number of ligand defects, and the lowest surface area, as shown in Table 1.

2.7. Surface Analysis of Electronic Structure of MTV-MOFs

X-ray photoelectron spectroscopy was used to determine the chemical features of the
surfaces of the samples. Analysis of the spectra shows that the molar ratio of Ce toward
Zr is 1 to 1 in both Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) and Ce/Zr-UiO-66(1,4-NDC), as
consistent with XRF—see Table 1. As shown in Figure 5a–e, the electronic properties of Zr
were not changed in Ce/Zr-UiO-66(1,4-NDC/BDC), which suggests that the presence of Ce
may not be enough to alter the electronic properties of the crystal structure. However, the
electronic properties of the Zr cluster were changed in Ce/Zr-UiO-66(1,4-NDC/2,6-NDC)
and Ce/Zr-UiO-66(1,4-NDC).

The presence of high percentages of Ce(III) on the surfaces of all materials was likely
due to the reduction in Ce(IV) by mother liquor (DMF and warm water) during the
synthesis; see Table 2 [49,50]. The features in the Ti spectrum were shifted in Ce/Ti-UiO-
66(BDC-NH2), likely due to changes in the electronic properties of Ti, which remained
unchanged in Ce/Ti-UiO-66(1,4-NDC). The amino group had a serious impact on the
reduction of Ce(IV) into Ce(III) during the MOF formation, which may have caused some
further changes in the electronic properties of Ti in Ce/Ti-UiO-66(BDC-NH2) in comparison
with Ce/Ti-UiO-66(1,4-NDC); see Table 2.

Post-synthesis modification has been used previously to form Ce-UiO-66 with BDC-
NH2 linkers, and XPS showed the ligand exchange did not modify the electronic prop-
erties [9]. The amounts of Ce(III) and Ti(III) are important because both metals can be
oxidized to their +4 oxidation state under exposure to different light sources [24]. The
presence of Ce(III) and Ti(III) enhanced the ELMCT and shifted the Eabs to the visible light
region. The O 1s spectral region shows the availability of oxygen vacancies (OV) derived
from the lattice oxygen (Olatt), which aids the internal transfer of electrons within the
oxidized and reduced states to produce (•OH) and superoxide (•O2

−) free radicals—see
Figure 5b [40]. Based on previous studies, incorporating Ti into UiO-66(Zr, Ce) influences
the degree of hole–electron recombination [24,51], compared to Ce/Ti-UiO-66(1,4-NDC)
and Ce/Ti-UiO-66(BDC-NH2). As shown in Figure S2a–i, the C 1s spectrum of Ce/Ti-
UiO-66(BDC-NH2) shows features at 285 (C–C/C–H), 286 (C–O), 287 (C=O), 288 (C=O–O)
and 290 eV (carbonates)—see Figure S2a–e. The presence of C-N/NR4

+ in the spectrum
confirms that the amino group survived in Ce/Ti-UiO-66(BDC-NH2) [52], consistent with
the FT-IR results (Figure 5e and Figure S2e). The oxygen 1s spectrum of Ce/Zr-UiO-66(1,4-
NDC/BDC) has a different shape compared to those of the other four MTV-MOFs—see
Figure S2. The lattice oxygen (Olatt), adsorption (Oads), and surface-active oxygen (Osur)
show signals that appear between 534.38 and 530.35 eV—see Figure S2f–j [40]. The intensity
of lattice oxygen (Olatt) in the XPS spectra indicates the presence of OV in the crystal struc-
ture, which allows the internal transfer of electrons between the valence and conduction
bands in metals to produce (•OH) and superoxide (•O2

−) radicals [40]. The generation of
radicals has previously been detected experimentally for UiO-66 photocatalysts [53]. The
surface adsorption is tuned by the amount of Osur, which can dominate the photocatalytic
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activities [54]. The signals of Olatt and Osur have lower and higher intensities in Ce/Zr-
UiO-66(1,4-NDC/BDC), respectively, which can impact surface adsorption compared to
other samples. The N 1s signals appear between 399 and 402 eV, and have been assigned to
the C–N of NH2 functionality in Ce/Ti-UiO-66(BDC-NH2)—Figure S2k.
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Table 2. XPS elemental compositions (%) of Ce 3d, Zr 3d, Ti 2p, Ce/Zr-UiO-66(1,4-NDC/BDC),
Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and Ce/Ti-
UiO-66(BDC-NH2).

Sample Elemental Composition and Oxidation State (Atomic %)

Ce N Zr Ti Ce(III) Ce(IV) Ce(III)/Ce(IV) Ti(III) Ti(IV) Ti(III)/Ti(IV)

Ce/Zr-UiO-
66(1,4-

NDC/BDC)
1.3 1.8 65.3 34.7 1.9 - - -

Ce/Zr-UiO-
66(1,4-

NDC/2,6-
NDC)

2.1 - 2.6 - 63.2 36.8 1.7 - - -

Ce/Zr-UiO-
66(1,4-NDC) 2.1 - 2.3 - 71.4 28.6 2.5 - - -

Ce/Ti-UiO-
66(1,4-NDC) 2.4 - - 3.9 66.3 33.7 2.0 47.1 52.9 1.2

Ce/Ti-UiO-
66(BDC-NH2) 2.0 1.1 - 1.1 61.2 38.8 1.6 72 28 2.6

2.8. Adsorption

The photocatalytic degradation of dyes by MTV-MOFs was measured for two cationic
and two anionic dyes at room temperature. In separate experiments, the photocatalytic
degradation was measured in the dark, under UV and visible light irradiation. As can
be seen in Figure 6a–d, Ce/Zr-UiO-66(1,4-NDC/BDC) showed a moderate level of pho-
tocatalytic activity towards anionic dyes (almost 50% degradation in 60 min); however, it
showed the lowest photodegradation activity towards cationic dyes. Ce/Zr-UiO-66(1,4-
NDC/BDC) showed an ability to adsorb anionic dyes. As shown in Figure 6c,d, adsorption
increased for AR and CR compared to cationic dyes, which may be because the surface
charge of Ce/Zr-UiO-66(1,4-NDC/BDC) is positive (+18 mV), as determined by zeta po-
tential measurements—see Table 3. Previous systematic studies of the surface charge of
UiO-66 shows that it can vary with pH between +40 (acidic solution) and -30 (basic so-
lution) mV, and at pH 5, it is +18 mV [55], which is consistent with the surface charge
of Ce/Zr-UiO-66(1,4-NDC/BDC), also measured at pH = 5. Both the value and positive
surface charge play a significant role in surface adsorption in porous materials.

Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) showed the greatest degree of adsorption towards
cationic dyes—25 and 80 percent in 60 min for MB and RhB, respectively. The surface
adsorption increased with anionic dyes to almost 100 percent in 60 min for CR, and a similar
adsorption ability was seen for AR—see Figure S3a–d. Ce/Zr-UiO-66(1,4-NDC) showed
a higher rate of adsorption for MB and CR and a lower rate for RhB and AR compared
to Ce/Zr-UiO-66(1,4-NDC/2,6-NDC). Ce/Zr-UiO-66(1,4-NDC) absorbed 100 percent of
MB in 50 min; however, it showed weak adsorption towards RhB, with 65 percent in
1 hour—see Figure 6e–h. The adsorption differences between MB and RhB may be because
of the interaction between functional groups in methylene blue and the surface of Ce/Zr-
UiO-66(1,4-NDC). The surface adsorption behaviors were similar for anionic dyes, with
100 and 30 percent adsorption in 60 min for CR and AR, respectively—see Figure S3e–h.
Ce/Zr-UiO-66(1,4-NDC) weakly interacted with AR for dye adsorption and photocatalytic
degradation. As shown in Figure S3i–l, Ce/Ti-UiO-66(1,4-NDC) achieved good surface
adsorption towards methylene blue—60 percent in 1 hour. The sizes of pores in UiO-66 are
not sufficient to trap the large dye molecules, and therefore dye adsorption is likely to take
place on the surface [56].
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Table 3. Parameters for kinetic models of adsorption of cationic and anionic dyes by the UiO-66 series
at 25 ppm.

Pseudo-First Order Pseudo-Second Order

MOF Dye k1 (min−1) qe (mg·g−1) R2 k2
(g·mg−1min− 1) qe (mg·g−1) R2

Ce/Zr-UiO-66(1,4-
NDC/BDC) MB 5.6 × 10−2 26.13 0.995 1.3 × 10−2 33.11 0.998

Ce/Zr-UiO-66(1,4-
NDC/2,6-NDC) MB 5.2 × 10−2 15.93 0.996 4.8 × 10−2 38.31 0.998

Ce/Zr-UiO-66(1,4-
NDC) MB 6.0 × 10−2 45.40 0.998 1.9 × 10−2 15.22 0.991

Ce/Ti-UiO-66(1,4-NDC) MB 6.2 × 10−2 55.74 0.998 0.26 15.36 0.991
Ce/Ti-UiO-66(BDC-

NH2) MB 6.2 × 10−2 44.61 0.995 5.6 × 10−3 17.06 0.991

Ce/Zr-UiO-66(1,4-
NDC/BDC) RhB 5.9 × 10−2 72.31 0.994 4.3 × 10−3 96.15 0.993

Ce/Zr-UiO-66(1,4-NDC-
2,6-NDC) RhB 2.3 × 10−2 48.8 0.997 3.5 × 10−2 26.95 0.995

Ce/Zr-UiO-66(1,4-
NDC) RhB 4.3 × 10−2 110.91 0.998 2.6 × 10−3 37.82 0.993

Ce/Ti-UiO-66(1,4-NDC) RhB 5.0× 10−2 91.89 0.995 1.7 × 10−2 10.52 0.996
Ce/Ti-UiO-66(BDC-

NH2) RhB 6.1 × 10−2 55.37 0.997 1.4 × 10−2 30.211 0.995

Ce/Zr-UiO-66(1,4-
NDC/BDC) CR 4.9 × 10−2 109.04 0.995 9.1 × 10−3 31.25 0.991

Ce/Zr-UiO-66(1,4-
NDC/2,6-NDC) CR 2.8 × 10−2 105.74 0.999 3.3 × 10−2 14.28 0.986

Ce/Zr-UiO-66(1,4-
NDC) CR 5.4 × 10−2 110.91 0.998 1.0 × 10−2 29.69 0.990

Ce/Ti-UiO-66(1,4-NDC) CR 7.5 × 10−2 132.49 0.995 1.6 × 10−2 16.28 0.984
Ce/Ti-UiO-66
(BDC-NH2) CR 4.9 × 10−2 82.39 0.995 1.0 × 10−2 30.41 0.990

Ce/Zr-UiO-66(1,4-
NDC/BDC) AR 2.4 × 10−2 115.10 0.997 2.3 × 10−2 22.75 0.961

Ce/Zr-UiO-66(1,4-
NDC/2,6-NDC) AR 6.4 × 10−2 96.58 0.992 4.1× 10−2 11.89 0.986

Ce/Zr-UiO-66(1,4-
NDC) AR 5. 3 × 10−2 34.01 0.996 1.3 × 10−2 60.20 0.998

Ce/Ti-UiO-66(1,4-NDC) AR 4.1 × 10−2 71.82 0.998 3.2 × 10−2 76.05 0.998
Ce/Ti-UiO-66(BDC-

NH2) AR 9.3 × 10−2 67.27 0.990 3.8 × 10−2 12.58 0.954

2.9. Kinetic Modeling of Adsorption

The rate and capacity of dye adsorption in the MTV-MOF series were investigated by
the use of pseudo-first- and pseudo-second-order kinetic models—see Figures 7 and 8, and
Table 3. As can be seen in Table 3, almost all followed the pseudo-first-order model due to
higher values of R2, compared to the pseudo-second-order model. The value of qe for all
MTV MOFs towards CR was, on average, greater than other dyes, which may be because
all samples except Ce/Ti-UiO-66(1,4-NDC) had a positive surface charge—see Table 3. The
values of qe for the MTV-MOFs series towards CR are between 82.39 and 132.49 mg·g−1,
and those of k1 are between 2.8 and 7.5 × 10−2 min−1, which are favorable compared to
other studies. Zhao et al. studied the capacity and rate of adsorption of various dyes by
Ce-UiO-66 (with BDC as linker), and found an adsorption capacity of 168.5 mg·g−1 for RhB
and 144.8 mg·g−1 for MB, which are rather higher than those of the samples of this study,
and their rate constants calculated by the pseudo-first-order model were 0.1071 min−1 and
0.0879 min−1, respectively [57]. Another study found the equilibrium adsorption capacity
of MB by Ce-UiO-66 to be somewhat lower at 49 mg·g−1, with a k1 that was also lower, at
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1.4 × 10−2 min−1, while for CR, an equilibrium adsorption capacity of 123 mg·g−1 with
k1 = 1.3 × 10−2 min−1 was reported [57]. The observed values of equilibrium adsorption
capacity in Ce/Ti-UiO-66(1,4-NDC) were the highest for UiO-66 derivatives. However, the
reported values of equilibrium adsorption capacity for cationic dyes (MB and RhB) in other
studies are higher than our results [58].
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Based on other studies, the highest reported values of qe for Ce-UiO-66 towards MB
and RhB are 144.8 and 168.5 (mg·g−1), respectively, which are higher than those of the
MTV-MOFs series studied here; however, the value of k1 reported for Ce-UiO-66 is smaller
than our finding [58]. The qe values of Ce-UiO-66 (50 mg) towards CR and MB were
reported as 123 and 49 (mg·g−1) [58], respectively, which are lower than those of Ce/Ti-
UiO-66(1,4-NDC (30 mg)) towards the same dyes. In addition, the adsorption capacity of
MB by Ce/Zr-UiO-66(1,4-NDC) was found to be 52.97 mg·g−1 in 30 mg/L of adsorbent.
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As shown in Table 1 and Figure S4a–e, the surface areas of Ce/Zr-UiO-66(1,4-NDC/BDC),
Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and
Ce/Ti-UiO-66(BDC-NH2) were 250.23, 303.61, 212.32, 136.47, and 144.08 m2g−1, respec-
tively. The surface areas of the MTV-MOFs series synthesized by rapid precipitation
were smaller than those of the MOFs produced by other methods, such as microwave or
solvothermal [23,59]. The formation of a highly crystalline material requires an extended
synthesis time; however, defective materials, such as those that contain missing linkers,
may have larger surface areas [60]. The band gap in Ce/Ti-UiO-66(1,4-NDC) is greater
than in Ce/Ti-UiO-66(BDC-NH2), despite NH2 being an electron-donating group, and it
is unable to enhance the photocatalytic activities in UiO-66. In addition, the band gap of
Ce/Zr-UiO-66 was found to be smaller than that of Ce/Ti-UiO-66(1,4-NDC); therefore,
the use of different metals likely plays a significant role in controlling the photocatalytic
activities. The surface area and surface charge of Ce/Zr-UiO-66(1,4-NDC/BDC) were
250.23 m2g−1 and 18.33 mV, respectively. As shown in Table 1 and Figure 8, Ce/Zr-UiO-
66(1,4-NDC/2,6-NDC) was defective with respect to missing linkers, and had the largest
surface area among the MTV-MOF series, which led to a high capacity and rate of adsorp-
tion, especially towards anionic dyes; see Table 3. Ce/Ti-UiO-66(1,4-NDC) was the only
sample with a negative surface charge and a higher adsorption capacity towards cationic
dyes; however, it had the smallest surface area in this series.

2.10. Photocatalytic Activities

As shown in Figures 6c and 9a, Ce/Zr-UiO-66(1,4-NDC/BDC) gave the weakest
photodegradation. It also has the highest value of band gap among the samples studied
here, and the smallest number of missing ligands, which must play a significant role in
its weakest performance, as shown in Table 1 and Figure 6a,b. Other samples exhibited
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promising photocatalytic activity and could decolorize MB between 2 and 15 min under
UV radiation, with Ce/Zr-UiO-66(1,4-NDC) having an exceptional capacity to bleach MB
in only 2 min. The low electron and hole recombination and small band gap (1.84 eV) of
Ce/Zr-UiO-66(1,4-NDC) may have been responsible for the photocatalytic activity. Ce/Ti-
UiO-66(1,4-NDC) and Ce/Ti-UiO-66(BDC-NH2) decolorized MB in 5 min and Ce/Zr-
UiO-66(1,4-NDC/2,6-NDC) in 15 min. Based on visible light assessment, the trend of
photodegradation performance is comparable to that of UV light (Figure 9a), and the
process took relatively longer, between 10 and 25 min—see Figure 9b. RhB was decolorized
by Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) in 2 min, and by other samples in 7.5 to 12 min,
which shows there were no significant changes between UV and visible light in this MTV-
MOFs series—see Figure 9c. In contrast to MB decolorization, Ce/Zr-UiO-66(1,4-NDC/2,6-
NDC) presented a very promising photocatalytic capacity to decolorize RhB in only 1 min,
although the rest of the materials showed a strong photocatalytic degradation between
1.5 and 7.5 min—see Figure 9d. The explanation for the strong photocatalytic activities
in Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) is likely to be the maximum value of electron and
hole suppression, defective structures, the use of 2,6-NDC as a photoluminescence linker,
and the narrow band gap of 2.10 eV—see Figure 7b and Table 1. Based on the previous
studies of the photocatalytic activities of MOFs, the time required for RhB decolorization
is typically between 10 min and a few hours [61]. The samples studied here showed
an exceptional performance in the degradation of cationic dyes; however, they showed
different behaviors towards anionic dyes, except Ce/Zr-UiO-66(1,4-NDC/BDC). Ce/Ti-
UiO-66(BDC-NH2) achieved good photodegradation under UV and visible light irradiation,
decolorizing CR in 3 and 7.5 min, respectively, due it possessing the largest band gap
of this series as well as a defective structure. However, other samples showed weaker
photocatalytic activities, with results between 7.5 and 50 min under UV, and between 20 and
60 min under visible light—see Figure 9e,f. Ce/Ti-UiO-66(1,4-NDC) achieved a promising
photocatalytic activity, and it bleached AR in 7.5 and 30 min under UV and visible light
emission, respectively. Ce/Zr-UiO-66(1,4-NDC) did not make any progress in 60 min
under the two sources of light. Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) and Ce/Ti-UiO-66(BDC-
NH2) achieved similar activities under different light sources—see Figure 9g,h. It seems
Ti can increase photocatalytic activity and surface adsorption. In contrast, Ce/Ti-UiO-
66(BDC-NH2) showed weak dye adsorption; however, it presented strong photocatalytic
activities towards both cationic and anionic dyes under both UV and visible light irradiation.
Additionally, the electron-donating functional groups on the linkers decreased the Eabs,
increased the ELMCT, and transferred to the clusters, thus enhancing the photocatalytic
activity—see Figure S3m–p.

To the best of our knowledge, Ce-NNU-15 achieved the fastest reported rate of decol-
orization of RhB, with 95 percent after 12 min [61]; however, Ce/Zr-UiO-66(1,4-NDC/2,6-
NDC) took only a minute to decolorize RhB completely. TiO2/GO (graphene oxide) is one
of the most effective photocatalysts, and can decolorize 90 percent of MB in 20 min under
UV [62], compared to the samples reported herein, which can bleach 100 percent of MB
between 2 and 15 min. Hierarchical CuS–Bi2CuxW1−xO6−2x nanocomposite materials have
been used to decolorize CR under visible light irradiation in 60 min [63]. In contrast, all sam-
ples in this study showed a strong ability to decolorize CR between 7.5 and 25 min under
UV irradiation, with Ce/Ti-UiO-66(BDC-NH2) having the shortest (7.5 min) and Ce/Zr-
UiO-66(1,4-NDC/2,6-NDC) having the longest (25 min) decolorisation time. Another study
showed that doping Bi3+ in TiO2 nanoparticles increases the photocatalytic capacity, en-
abling them to decolorize 80 percent of AR in 60 min under visible light emission [64];
however, all the MTV-MOFs reported here could bleach 100 percent of AR between 30 and
40 min.
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Figure 9. Photocatalytic dye measurements of MTV-MOF series (Ce/Zr-UiO-66(1,4-NDC/2,6-NDC),
Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(BDC-NH2), and Ce/Ti-UiO-66(1,4-NDC)) in cationic (MB,
RhB) and anionic (CR, AR) dye solutions under UV and visible light, (a) MB-Vis, (b) MB-UV,
(c) RhB-Vis, (d) RhB-UV, (e) CR-Vis, (f) CR-UV, (g) AR-Vis, and (h) AR-UV.

2.11. Recyclability

Based on the good photocatalytic performances of Ce/Zr-UiO-66(1,4-NDC/2,6-NDC),
Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC), and Ce/Ti-UiO-66(BDC-NH2), the mea-
surements of photo-stability and recyclability were determined over 17 h and five cycles,
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respectively, as shown in Figure 10a–h. All samples were stable under UV exposure for
17 h. PXRD confirmed the structural stability, showing that the structures were retained
after decolorization; see Figure S5a–d. However, the intensity of Bragg peaks was re-
duced. Ce/Zr-UiO-66(1,4-NDC) showed promising recyclability under UV and visible
light irradiation, and the samples remained unchanged after each cycle compared to other
materials—see Figure 10b.
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Figure 10. Five runs of recyclability of MTV-MOFs at room temperature (a) Ce/Zr-UiO-66(1,4-
NDC/2,6-NDC) in RhB under visible light, (b) Ce/Zr-UiO-66(1,4-NDC) in MB under visible light,
(c) Ce/Ti-UiO-66(BDC-NH2) in CR under visible light, (d) C/Zr-UiO-66(1,4-NDC) in MB under UV
light, (e) Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) in RhB under UV light, (f) Ce/Ti-UiO-66(1,4-NDC) in CR
under UV light, (g) Ce/Ti-UiO-66(1,4-NDC) in AR under UV light and (h) Ce/Ti-UiO-66(1,4-NDC)
in AR under visible light.
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3. Materials and Methods
3.1. Sample Preparation
3.1.1. Materials

Chemical reagents: ammonium cerium nitrate ((NH4)2Ce(NO3)6, Merck); titanium(IV)
isopropoxide (Sigma-Aldrich, Gillingham, UK) 97%; zirconium(IV) chloride (ZrCl4, Sigma-
Aldrich, Gillingham, UK) 99.5%; benzene-1,4-dicarboxylic acid and 2-amino benzene-1,4-
dicarboxylic acid (Fisher Scientific, Loughborough, UK) 99%; naphthalene-1,4-dicarboxylic
acid (Sigma-Aldrich, Gillingham, UK) 94%; naphthalene-2,6-dicarboxylic acid (Sigma
Aldrich, Gillingham, UK) 99%; potassium hydroxide (Sigma-Aldrich, Gillingham, UK) 90%
were used as provided.

Solvents: DMF (N,N-dimethylformamide, Scientific Laboratory Supplies Ltd, West
Bridgford, UK) 99.8%; triethylamine (Sigma-Aldrich, Gillingham, UK) 99.5%; acetic acid
(Merck) 100%; ammonium fluoride (Sigma-Aldrich, Gillingham, UK) 99% and deuterium
oxide (Sigma-Aldrich, Gillingham, UK) 99.9% were used as supplied. A Simplicity UV
ultrapure water purification system (Merck Millipore, Burlington, Massachusetts, USA)
was used to produce deionized water (18 MΩ cm).

3.1.2. Preparation of MTV-MOFs

Ce/Zr-UiO-66(1,4-NDC/BDC)

ZrCl4 (0.116 g, 0.5 mmol) and 1,4-H2NDC (0.108 g, 0.5 mmol) were dissolved in
15 mL DMF, and H2BDC (83 mg, 0.5 mmol) was added to the solution and sonicated in an
ultrasound bath (240 W) to obtain a transparent solution. Then, 5 mL of acetic acid was
added into 10 mL of warm water (52 ◦C). Ce(NH4)2(NO3)6 (0.15 g) was dissolved in 2 mL
of water separately (23 ◦C). Then, these two solutions were added to each other. An orange
precipitate appeared rapidly. The solid sample was washed three times with acetone. The
pristine sample was collected by centrifugation, washed 3 times with acetone (4000 rpm for
3 min), and dried at 100 ◦C, and the yield was 95%.

Ce/Zr-UiO-66(1,4-NDC/2,6-NDC)

(NH4)2Ce(NO3)6 (0.269 g, 0.5 mmol) and ZrCl4 (0.116 g, 0.5 mmol) were dissolved in
2 mL of water (23 ◦C), using an ultrasonic bath (240 W) to make a transparent solution. 2,6-
H2NDC (0.108 g, 0.5 mmol) was dissolved separately in 15 mL DMF using an ultrasound
bath (240 W) for 5 min to obtain a clear solution and 1,4-H2NDC (0.108 g, 0.5 mmol) was
added to the solution and sonicated for 2 more minutes. Then, 2.5 mL acetic acid and
9 drops of KOH (10 M) were added to 15 mL of water (60 ◦C). Then, the solutions of
metal and of linker were added to the acetic acid/KOH solution. A yellowish precipitate
immediately appeared. The pH of the solution was 5 and the temperature of the mixture
was 50 ◦C. The sample was collected by centrifugation, washed 3 times with acetone
(4000 rpm for 3 min for each), and dried at 110 ◦C. The yield was 56%. To remove unreacted
precursors from the as-synthesized MOF, the sample was stirred in 15 mL water for 20 min
at room temperature, and the yield was 91%.

Ce/Zr-UiO-66(1,4-NDC)

(NH4)2Ce(NO3)6 (0.269 g, 0.5 mmol) and ZrCl4 (0.116 g, 0.5 mmol) were dissolved in
2 mL water (23 ◦C). 1,4-H2NDC (0.216 g, 1 mmol) was dissolved separately in 15 mL DMF
using an ultrasound bath (240 W) to obtain transparent solutions. The, 5 mL acetic acid
was added to 5 mL water (59 ◦C). Then the solutions of metal and of linker were added
to the warm acetic acid aqueous solution. A yellowish precipitate immediately appeared,
and the pH and temperature of the solution were 5 and 48 ◦C, respectively. The pristine
sample was collected by centrifugation, washed 3 times with acetone (4000 rpm for 3 min
each time), and dried at 110 ◦C, giving a yield of 81%.

Ce/Ti-UiO-66(1,4-NDC)

Ce(NH4)2(NO3)6 (0.269 g, 0.5 mmol) was dissolved in 1.5 mL water (23 ◦C) and 1,4-
H2NDC (0.216.19 g, 1 mmol) was dissolved in 7 mL DMF. Then, 0.1 mL of titanium(IV)
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isopropoxide (0.505 mg, 11 mmol) was added to the solution and dispersed using an
ultrasound bath (240 W) for 10 min. Then, 3 mL acetic acid and 1 mL KOH (10 M) were
added to 15 mL of water at 60 ◦C. Then, the first two solutions (metals and linker) were
added to the warm solution of acetic acid/KOH, leading to an orange precipitate. The
pH and temperature of solution were 5 and 49 ◦C, respectively. The pristine sample was
collected by centrifugation, washed 3 times with acetone (4000 rpm for 3 min for each), and
dried at 110 ◦C. The yield was 85%.

Ce/Ti-UiO-66(BDC-NH2)

Ce(NH4)2(NO3)6 (0.269 g, 0.5 mmol) was dissolved in 1.5 mL of water (23 ◦C) and
H2BDC-NH2 (0.188 g, 1 mmol) was dissolved in 7.5 mL DMF. Then, 0.2 mL of titanium(IV)
isopropoxide (0.221 mg, 4.2 mmol) was added to the solution and dispersed using an
ultrasound bath (240 W) for 10 min. Then, 3 mL of acetic acid and 1 mL KOH (10 M)
were added to 15 mL of water at 60 ◦C. Then, two solutions (metals and linker) were
added to the third solution. A brown precipitate immediately appeared, and the pH
and temperature of the solution were 5 and 50 ◦C, respectively. The pristine sample was
collected by centrifugation, washed 3 times with acetone (4000 rpm for 3 min each), and
dried at 110 ◦C. The yield was 75%.

3.2. Experimental Methods
3.2.1. Characterization and Analysis

Powder X-ray diffraction (PXRD) measurements were conducted on a Panalytical
Empyrean (Malvern Panalytical, Malvern, UK) diffractometer, using copper Kα1/2 radia-
tion with a mean wavelength of 1.5418 Å. Data were collected between 5 and 50◦ 2θ. The
powdered material was compacted onto a flat silicon holder. GSAS-II software (version
4760) was employed for profile fitting of the PXRD patterns, to ascertain unit cell met-
rics [65]. Fourier transform infrared spectroscopy (FT-IR) on a Bruker ALPHA Platinum
ATR device (Bruker (UK) Ltd., Coventry, UK) was used to detect specific organic functional
groups. Each reading involved 8 combined scans within a 4000–600 cm−1 range. Thermo-
gravimetric analysis (TGA) was performed on a Mettler Toledo STARe system (Leicester,
UK) from 26 to 1000 ◦C in an air atmosphere at a 50 mL/minute flow. Samples of about
10 mg were placed in a ceramic crucible. Scanning electron microscopy (SEM) was executed
on a Zeiss Gemini (Karl Zeiss, Oberkochen, Germany), operating at 3 kV and a resolution of
1 nm at 1 kV and 0.6 nm. UV-Vis diffuse reflectance spectroscopy (DRS) was recorded using
a Shimadzu UV-2600 device (Kyoto, Japan), with BaSO4 as the standard. These UV-Vis
readings were taken at ambient temperature, spanning 200–800 nm at a rate of 200 nm/min.
X-ray photoelectron spectroscopy (XPS) was used to identify the surface metal oxidation
states and band gaps of the samples using a Kratos AXIS Ultra DLD (Manchester, UK) in
a UHV system with a base pressure below 1 × 10−10 mbar. The sample was excited with
X-rays from a monochromated Al K a source (1486.7 eV), with the photoelectrons being
detected at a 90◦ take-off angle with respect to the sample surface. Curve fitting analysis
was conducted with the CasaXPS software (version 2.3.25), using Voigt (a combination of
Gaussian and Lorentzian) line profiles and Shirley baselines for every region [66].

Photoluminescence (PL) spectroscopy measurements were taken with a Renishaw Via
Reflex Raman Microscope (Wotton-under-Edge, UK) to establish an excitation wavelength
at 325 nm operating at 0.1% intensity, roughly 0.006 mW. Each assessment took 10 s across
two scans. Nitrogen (N2) adsorption studies were conducted on a Micromeritics ASAP2020
(Tewkesbury, UK) gas absorption device. Every sample was degassed in the range of 150
to 200 ◦C for 12 h, depending on its stability, to eliminate any residual solvents within
the cavities. The surface area calculation was performed at 77 K over 7 h, based on the
variations in relative pressure as per the Brunauer–Emmett–Teller (BET) methodology. Zeta
potential measurements were carried out using an Anton–Paar Litesizer 500 and Omega
cuvettes (Graz, Austria). Experiments were performed at a consistent 25 ◦C following a 5 s
temperature stabilization phase.
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1H NMR spectra were measured using a Bruker AVIII HD-300 MHz spectrometer
(Coventry, UK). D2O and ammonium fluoride were used to digest MOFs before running
an analysis to determine the relative amounts of mixed linkers. D2O was used as the NMR
reference solvent throughout the measurement, and the scan duration was 3 min. For the
analysis of all the 1H NMR spectra described, the TopSpin software (version 4, Bruker
Corporation, Coventry, UK) was used.

3.2.2. Photodegradation Studies

MOFs were evaluated by examining the degradation of two cationic dyes (methylene
blue and rhodamine B) and two anionic dyes (Congo red and Alizarin red s (AR)) under
both UV and visible light at ambient temperature. A 6 watt handheld UV lamp (UVGL-55,
Analytik Jena AG, Jena, Germany) with a 254 nm wavelength was used for UV light tests,
while a 400 W portable halogen light (SFD limited BA22-Arundel UK) served as the visible
light source. For every trial, 35 mg of MOF was mixed in 150 mL solutions of varying
concentrations of the dyes. The photocatalysts were first dispersed using an ultrasonic bath
for a minute, with Ce/Ti-UiO-66(BDC-NH2) subjected to an additional 3 min to prevent
particle agglomeration.

During the photocatalytic test, MOFs and dye solutions were continuously mixed
using a magnetic stirrer to ensure uniformity. UV and visible light analyses typically
spanned 10 min, but the interval was occasionally shortened to 20 s to capture rapid
degradation shifts. To remove MOF particles, the solution underwent centrifugation for
5 min at 13,100 rpm. Residual solution absorbance changes during degradation were
recorded with a Perkin Elmer Lambda XLS/XLS+ (Waltham, MA, USA) using the formula:

A =
C0 − Ct

C0
× 100 (1)

where C0 and Ct are the initial concentration and the concentration at time t, respec-
tively [67].

Adsorption tests took place in darkness, mirroring the photocatalytic evaluations
under light conditions. To determine adsorption rates and capacities between the dyes
and UiO-66 in darkness, pseudo-first- and pseudo-second-order kinetic models were
employed [68].

The adsorption capacities (qe and qt) of the UiO-66 series in dye solutions were esti-
mated using the following equations.

Adsorption capacity (qe) at equilibrium concentration:

qe =
(C0 − Ce)V

m
(2)

Adsorption capacity at time (qt):

qt =
(C0 − Ct)V

m
(3)

C0 is the initial concentration at time of start (t = 0), and Ct is concentration at reaction
time (t). Ce, m, and V are equilibrium concentration, the mass of adsorbent (in g), and the
volume of solution (in L), respectively.

The pseudo-first-order used took the form:

log (qe − qt) = log qe
k1

2.303
t (4)

qe and qt are the amount of dye adsorbed at equilibrium and at time t, respectively, and
(mg/g) and k1 (min−1) are the rate constant. The value of k1 was determined from plots of
log (qe − qt) versus t.
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The pseudo-second-order took the form:

t
qt

=
1

k2q2
e
+

t
qe

(5)

k2 (g·mg−1min−1) is the rate constant for adsorption. A plot of t/qt versus t gives the values
of qe and k2.

4. Conclusions

This study used the precipitation method to synthesize MTV-MOFs with a UiO-66
structure with mixtures of metals and mixtures of linkers to modify the photocatalytic
properties of the materials. The adsorption of dyes by MTV-MOFs followed the pseudo-
first-order kinetic model and showed good adsorption capacities. All samples showed a
promising photocatalytic activity, photostability, and recyclability. The incorporation of a
second metal in the MOF structure can enhance the photocatalytic activities, which can be
furthered by using electron-donating groups on the organic linkers, while the defective
structures showed a good photocatalytic activity, compared to non-defective structures.
Using multiple reactive metals (Ce and Ti) and electron-donating linkers (BDC-NH2), the
electronic properties can be tailored to suppress the recombination of photogenerated
electrons among the excited states, reduce the band gap, and prolong the photogenerated
electrons. Rapid precipitation directly forms UiO-66 with Ce, Ti, and BDC-NH2—to our
knowledge, this is the first time that this combination of metals and linkers has been
reported. The lowest band gap in the MTV-MOFs reported is 1.86 eV for Ce/Ti-UiO-66(1,4-
NDC), which also had the lowest hole–electron recombination and the highest rate of
photocatalytic activity. Other samples showed higher band gaps between 2.00 and 2.68 eV.
Most samples can decolorize cationic and anionic dyes between 1 and 30 min under UV and
visible light irradiation. In future work, it would be useful to investigate the mechanism
of dye degradation to understand how the properties of the materials might be further
optimized. The rapid precipitation suggests a scalable method of MTV-MOFs production
for future work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11120455/s1. Figure S1: The thermogravimetric analysis
(TGA) curves of MTV-MOFs series showing the continuous weight loss until ca. 500 °C, (a) Ce/Zr-
UiO-66(1,4-NDC/BDC), (b) Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), (c) Ce/Zr-UiO-66(1,4-NDC), (d)
Ce/Ti-UiO-66(1,4-NDC), (e) Ce/Zr-UiO-66(NH2). thermal decomposition step is labelled X1 and X2
which is first mass loss(solvent, modulator, and water), and total ligand combustion, respectively.
M1 and M2 are the theoretical and actual masses of MTV-MOFs, respectively; Figure S2: XPS
spectra of C 1S: (a) Ce/Zr-(1,4-NDC/BDC), (b) Ce/Zr-(1,4-NDC/2,6-NDC), (c) Ce/Zr-UiO-66(1,4-
NDC), (d) Ce/Ti-UiO-66(1,4-NDC), and (e) Ce/Ti-UiO66(NH2). O 1s: (f)Ce/Zr-(1,4-NDC/BDC), (g)
Ce/Zr-(1,4-NDC/2,6-NDC), (h) Ce/Zr-UiO-66(1,4-NDC), (i) Ce/Ti-UiO(1,4-NDC), and (j) Ce/Ti-
UiO66(NH2), N 1s: (k) Ce/Ti-UiO66(NH2);Figure S3: Photocatalytic activities, Ce/Zr-UiO-66(1,4-
NDC/BDC), Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC),
and Ce/Ti-UiO-66(NH2) measured under UV, visible, and in MB, RhB, CR, and AR in 60 min;
Figure S4: Nitrogen adsorption(black)–desorption(red) isotherms of MTV-MOFs, Ce/Zr-UiO-66(1,4-
NDC/BDC), Ce/Zr-UiO-66(1,4-NDC/2,6-NDC), Ce/Zr-UiO-66(1,4-NDC), Ce/Ti-UiO-66(1,4-NDC),
Ce/Ti-UiO-66(NH2); Figure S5: PXRD after 5 cycles and 17 hours of UV stability of MTV-MOFs,
(a) Ce/Zr-UiO-66-(1,4-NDC/2,6-NDC), (b) Ce/Zr-UiO-66(1,4-NDC), (c) Ce/Ti-UiO-66(1,4-NDC),
(d) Ce/Ti-UiO-66(NH2); Figure S6: 1H-NMR spectra obtained after digestion of Ce/Zr-UiO-66(1,4-
NDC/BDC); Figure S7: 1H-NMR spectra obtained on the Ce/Zr-UiO-66(1,4-NDC/2,6-NDC); Table
S1a: Details of the deconvolution and ranges of energies of the features in the XPS spectrum of
Ce/Zr-UiO-66(1,4-NDC/BDC) including binding energy, the nature of bonding in samples, and their
percentages; Table S1b: Details of the deconvolution and ranges of energies of the features in the XPS
spectrum of Ce/Zr-UiO-66(1,4-NDC/2,6-NDC) including binding energy, the nature of bonding in
samples, and their percentages; Table S1c: Details of the deconvolution and ranges of energies of
the features in the XPS spectrum of Ce/Zr-UiO-66(1,4-NDC) including binding energy, the nature of
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bonding in samples, and their percentages; Table S1d: Details of the deconvolution and ranges of
energies of the features in the XPS spectrum of Ce/Ti-UiO-66(1,4-NDC) including binding energy,
the nature of bonding in samples, and their percentages; Table S1e: Details of the deconvolution
and ranges of energies of the features in the XPS spectrum of Ce/Ti-UiO-66(NH2) including binding
energy, the nature of bonding in samples, and their percentages; Table S2: The number of protons,
value of peak integrals, and calculation of the molar ratio of linkers in Ce/Zr-UiO-66(1,4-NDC/BDC)
and Ce/Zr-UiO-66(1,4-NDC/2,6-NDC).
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