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Abstract: UiO-type Zr-BDC MOFs have garnered the interest of the scientific community
due to their exceptional diversity in composition, structure, and chemical environment, as
well as their high thermal and chemical stabilities. This work demonstrates the sustainable
synthesis of a series of nanocrystalline/semicrystalline UiO-66(Zr) metal–organic frame-
works (MOFs) under facile conditions—specifically at room temperature, in water, with
high yield, and without the use of modulators or toxic byproducts. The synthesis involves
either deprotonating the linker or utilizing various ratios of water and DMF as solvents.
The as-prepared materials obtained from both synthesis strategies share key structural
features with conventional UiO-66(Zr) in their short- and medium-range physicochemical
properties, while exhibiting significant differences in crystallinity and textural properties.
Nonetheless, the materials generally lack long-range order (semicrystalline), in particular
these synthesized following the deprotonation strategy. However, the materials prepared
using mixed solvent strategy seem to exhibit characteristics of nanocrystalline UiO-66(Zr).
Overall, both approaches successfully addressed various synthesis challenges related to
the highly sought-after Zr-based metal–organic frameworks (MOFs). Some of these MOF
materials were tested for the photodegradation of rhodamine B (RhB) under mercury light
irradiation, evidencing high photocatalytic efficiency of up to 75 ± 0.078% within 120 min
under the pseudo-first-order model. This suggests an interaction between the photocatalyst
and the RhB dye, involving electron injection from RhB and the ability for ligand-to-metal
charge transfer (LMCT), which enhances the efficient photocatalytic degradation of RhB.
The trapping experiments indicated that superoxide radicals (•O2

−) and photogenerated
holes (h+) are crucial in the photodegradation of RhB. Moreover, the materials showed
good recyclability across five tested cycles. A plausible photocatalytic reaction mechanism
has been proposed to explain these findings.

Keywords: sustainable synthesis; UiO-66-type MOFs; RhB degradation; semicrys-
talline; nanocrystalline

1. Introduction
UiO-66(Zr) MOFs are amongst the most well-known and considerably researched

nanoporous materials. Compared to other MOFs, they are favored for their relatively high
thermal stability (above 500 ◦C), chemical and mechanical resilience, low toxicity, and the
high abundance of their constituent materials. UiO-66(Zr) is made up of [Zr6O4(OH)4]12+

clusters and terephthalate [BDC]2− linkers that act as inorganic nodes and organic spacers,
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respectively. Commonly, they are prepared via a solvothermal approach using expensive and
unsafe solvents at high temperature [1]. The strong coordination in the framework prevents
the attack of guest molecules, like water, maintaining the intact crystal structure [2,3]. Hence,
these types of MOFs are desired for a range of potential applications, such as heterogeneous
(photo)catalysis, gas storage and separation, sensing, etc. [4–8].

Nevertheless, their practical applications have been inhibited by the high costs asso-
ciated with synthesis conditions. These include the necessity for elevated temperatures,
prolonged reaction times, relatively expensive zirconium precursors, the use of non-aqueous
solvents, and specific amounts and types of modulators. These factors render large-scale indus-
trial production unsustainable and have hindered breakthrough applications [4,9–13]. To date,
the use of modulators, functionalized linkers, and/or structure-directing agents/templates
to prepare UiO-66(Zr) in aqueous solution at room temperature has proven to be strategic.
This approach enhances the reproducibility and crystallinity of the materials while allowing
for control over the particle size and defect density in the resulting framework, all without
compromising structural integrity [14–18]. Furthermore, certain research groups have
attempted the effective design and synthesis of UiO-66(Zr) under mild conditions through
various strategies, such as (i) by careful selection of Zr precursors (namely, chloride, oxy-
chloride octahydrate, oxynitrate, acetate solution, sulphate, acetylacetonates, methacrylate
oxo-cluster, etc.) [14,19–22]; (ii) by using different modulators (benzoic acid, formic acid,
trifluoroacetic acid, acetic acid, etc.), which have the same chemical functionalities (car-
boxylate groups) as terephthalate [12,17,23–25]; (iii) by using functionalized linkers (-NH2,
-F4, etc.) [24,26–28]; (iv) by changing the organic linkers (for instance, using H4BTC/H3BTC
instead of H2BDC) [26]; (v) by adding a structural directing agent or template or salting-
in-species during pre- and post-synthesis [29–31]; and (vi) by applying other different
synthesis approaches [13,14,30,32,33].

Materials synthesis at room temperature is more sustainable and even more effec-
tive than the common well-known methods, at least for certain applications [12,20,34].
Nevertheless, sustainable synthesis of UiO-66(Zr) in aqueous or less toxic media without
modulator, structural directing agent, template, or salt effects, and without energy input,
remains a great challenge [13,35,36]. Such methodologies are still scarce and require further
exploration, primarily due to the poor solubility of terephthalic acid in water at room
temperature (only 0.0015 g/100 mL at 20 ◦C) and the aforementioned challenges.

In light of the above, one of the aims of this work was to synthesize UiO-type Zr-BDC
MOFs at room temperature using various Zr precursors, employing different synthesis
strategies developed in our research group [10,35,37–39]. Semicrystalline UiO-type Zr-BDC
and nanosized UiO-66(Zr) MOFs were successfully synthesized using Zr oxychloride, Zr
oxynitrate, Zr acetate solution, and Zr chloride at room temperature through the following
two systematic approaches: (1) utilizing water as the sole solvent in the presence of NaOH
as a deprotonating agent, without any modulator, pH adjustment, or other additives;
and (2) using different molar ratios of water and DMF (N,N-dimethylformamide) as the
reaction medium. The later approach is less sustainable due to the involvement of DMF,
which was necessary to ensure the solubility of the linker. In both approaches, different
Zr precursors were tested. The main role of NaOH in the former approach is to improve
both the solubility and the deprotonation of terephthalic acid. In addition, these strategies
aim to create a more sustainable system by reducing the corrosiveness associated with
the formation of harmful byproducts, such as HCl and HNO3, in the synthesis media [10].
Ultimately, these novel and systematic synthesis approaches are designed to meet the
critical 3E (environmental, energetic, and economic) requirements [10,12,18,35,38–42] for
effective industrial implementation.
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In the early 2000s, metal–organic frameworks (MOFs) were proposed as potential pho-
tocatalysts due to their semiconductor properties [43–45]. They can be activated through
irradiation, transferring photogenerated electrons from the organic linker—acting as an
antenna—to the vacant d-orbitals of the metal cluster via a mechanism known as ligand-
to-metal charge transfer (LMCT) [44,46–48]. However, pristine semicrystalline Zr-BDC
or UiO-66(Zr) MOFs exhibited poor photocatalytic activity under visible light irradiation,
similar to other wide band gap semiconductors. This limitation arises from the optical prop-
erties of Zr-oxo clusters, which only absorb UV light, and the rapid recombination rate of
charge carriers [35,49,50]. To overcome these challenges, one approach involves preparing
composites of Zr-based MOFs with specific semiconductors that can address these defi-
ciencies [35,41,42,51,52]. Alternatively, conducting photocatalytic experiments under UV
or mercury light irradiation can enhance photocatalytic performance. This work explores
the latter approach in the degradation of rhodamine B (RhB) dye, which possesses a high
charge transfer capability [53,54]. Our results demonstrate the very good photocatalytic
performance of Zr-based MOFs synthesized through different sustainable methods.

2. Results
2.1. Characterization of the MOF Materials

The intensity-normalized background-removed PXRD patterns of different Zr-BDC
MOFs prepared via different strategies from different Zr precursors are depicted in Figure 1.
The samples prepared in the presence of NaOH as deprotonating agent were called with
the name of the anion precursor that is, Oxychloride, Oxynitrate or Acetate, whereas the
samples prepared from mixture of solvents media were denoted as Precursor-r, where
r stands for the water/DMF molar ratio (Table S1), which was 3, 1, or 0.33. Figure S1a
shows the as-registered XRD patterns (that is, before background removal) of the samples
whose XRD patterns are shown in Figure 1. All diffractograms of the samples prepared
under sustainable conditions have certain features in common regardless the synthesis
strategy or the Zr precursor used. In particular, the major diffraction peak is observed at 2θ
values of approximately 7.4◦ in all cases, which aligns closely with the XRD pattern of the
Nano-UiO-66(Zr) MOF synthesized via the conventional solvothermal approach at 120 ◦C.
This consistent peak indicates that the synthesized material is indeed a nanocrystalline
UiO-66(Zr). This conclusion is supported by comparisons with the experimental XRD
pattern of commercial UiO-66(Zr) [35] and the simulated XRD pattern of UiO-66(Zr) (see
Figure 1). The strategy using NaOH as the deprotonating agent provokes the immediate
formation of a white precipitate as soon as the metal and linker solutions are mixed. Figure
S1b shows the XRD patterns of the Zr-BDC samples prepared with Zr-oxynitrate when
collected after 30 min, 2 h, 24 h, and 48 h, indicating that the sample is already formed and
possesses practically the same XRD pattern with a very short synthesis time. The use of
the Zr acetate precursor produces samples with broader peaks in their diffraction patterns
(Figure 1a). Therefore, the samples achieved through this approach are semicrystalline
UiO-type Zr-BDC MOFs, exhibiting key structural features with conventional UiO-66(Zr)
in their short- to medium-range order with disordered regions but lacking long-range
order. Nonetheless, these MOF materials exhibited significant differences in crystallinity
and textural properties. Affording sustainably prepared UiO-66(Zr) MOFs with improved
crystallinity presumably requires different synthetic approaches, since there have been few
investigations on Zr-based MOFs at room temperature.



Inorganics 2025, 13, 131 4 of 17

Inorganics 2025, 13, x FOR PEER REVIEW 4 of 19 
 

 

 

Figure 1. Intensity-normalized background-removed PXRD patterns of sustainably synthesized 
UiO-type Zr-BDC samples achieved starting from different Zr precursors and by different strate-
gies: (a) by deprotonating the linker with NaOH; (b) by using a mixture of solvents, H2O and DMF, 
with a molar ratio of 1. For comparison purposes, the simulated XRD patterns of UiO-66(Zr), the 
experimental XRD patterns of nanocrystalline UiO-66(Zr) (Nano-UiO-66(Zr)), and commercial 
UiO-66(Zr), are also shown. The as-registered XRD patterns are shown in Figure S1. 

In this context, the driving force for our second sustainable synthesis approach is to 
combat the very low solubility of the linker H2BDC in the synthesis media. Partially sac-
rificing the sustainability of the process, this strategy includes the use of DMF as a 
co-solvent of water, taking advantage of its high capability to dissolve terephthalic acid. 
Thus, nanocrystalline (the crystalline domains being extremely small) UiO-66(Zr) MOFs 
were synthesized at room temperature at different water/DMF ratios (Table S1) using 
various Zr precursors and the diprotic linker (H2BDC) in the absence of any additive 
(such as a deprotonating agent or modulators). In general terms, the PXRD patterns of the 
MOFs obtained using these solvent mixtures (Figure 1b) did indeed exhibit relatively 
better crystallinity for all metal precursors compared with the samples prepared in water 
as the sole solvent (Figure 1a). In addition, the equimolar mixture of solvents showed 
slightly better crystallinity compared with their counterparts (Figure S2). On the other 
hand, we have noticed certain differences in the results obtained depending on the metal 
source. For example, Zr oxychloride and Zr oxynitrate precursors were suitable for the 
formation of nanosized UiO-66(Zr) at all water/DMF ratios (Figure S2a,b), whereas Zr 
acetate solution yielded UiO-66(Zr), the XRD pattern of which contains more broad 
diffraction peaks (Figure 1) probably due to an even more reduced (semi)crystallinity. In 
contrast, Zr-chloride produced the required MOF material only at an equimolar wa-
ter/DMF ratio (Figure 1b and Table S1), and its PXRD shows a broader reflection. 

However, the resulting precipitate obtained through the mixture of solvents strategy 
required a much longer reaction time (from 24 h to 96 h, depending on the amount of 
DMF) than the MOFs obtained using water as the sole solvent, which were formed in-
stantaneously (Figure S1b). 

10 20 30 40 50 60 70

Acetate

Oxychloride

In
te

ns
ity

 / 
a.

u.

2θ / ο

UiO-66(Zr) Simulated

Nano-UiO-66(Zr)

Oxynitrate

UiO-66(Zr)-com

(a)

10 20 30 40 50 60 70

UiO-66(Zr)-Simulated

In
te

ns
ity

 / 
a.

u.

(b)
UiO-66(Zr)-com

Acetate-1

Oxychloride-1

Chloride-1

Oxynitrate-1

Nano-UiO-66(Zr)

2θ / ο

 

Figure 1. Intensity-normalized background-removed PXRD patterns of sustainably synthesized UiO-
type Zr-BDC samples achieved starting from different Zr precursors and by different strategies: (a) by
deprotonating the linker with NaOH; (b) by using a mixture of solvents, H2O and DMF, with a molar
ratio of 1. For comparison purposes, the simulated XRD patterns of UiO-66(Zr), the experimental
XRD patterns of nanocrystalline UiO-66(Zr) (Nano-UiO-66(Zr)), and commercial UiO-66(Zr), are also
shown. The as-registered XRD patterns are shown in Figure S1.

In this context, the driving force for our second sustainable synthesis approach is
to combat the very low solubility of the linker H2BDC in the synthesis media. Partially
sacrificing the sustainability of the process, this strategy includes the use of DMF as a
co-solvent of water, taking advantage of its high capability to dissolve terephthalic acid.
Thus, nanocrystalline (the crystalline domains being extremely small) UiO-66(Zr) MOFs
were synthesized at room temperature at different water/DMF ratios (Table S1) using
various Zr precursors and the diprotic linker (H2BDC) in the absence of any additive
(such as a deprotonating agent or modulators). In general terms, the PXRD patterns of the
MOFs obtained using these solvent mixtures (Figure 1b) did indeed exhibit relatively better
crystallinity for all metal precursors compared with the samples prepared in water as the
sole solvent (Figure 1a). In addition, the equimolar mixture of solvents showed slightly
better crystallinity compared with their counterparts (Figure S2). On the other hand, we
have noticed certain differences in the results obtained depending on the metal source. For
example, Zr oxychloride and Zr oxynitrate precursors were suitable for the formation of
nanosized UiO-66(Zr) at all water/DMF ratios (Figure S2a,b), whereas Zr acetate solution
yielded UiO-66(Zr), the XRD pattern of which contains more broad diffraction peaks
(Figure 1) probably due to an even more reduced (semi)crystallinity. In contrast, Zr-
chloride produced the required MOF material only at an equimolar water/DMF ratio
(Figure 1b and Table S1), and its PXRD shows a broader reflection.

However, the resulting precipitate obtained through the mixture of solvents strategy
required a much longer reaction time (from 24 h to 96 h, depending on the amount of DMF)
than the MOFs obtained using water as the sole solvent, which were formed instantaneously
(Figure S1b).

For comparison, UiO-66(Zr) was prepared using a solvothermal approach with zirco-
nium oxychloride octahydrate in DMF as a solvent at 120 ◦C for 24 h (the Nano-UiO-66(Zr)
sample). This synthesis method, as described elsewhere [35], led to a sample whose diffrac-
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tion pattern is not so different to that of the UiO-66(Zr) obtained at room temperature
(Figure 1b). This similarity in diffraction patterns suggests that both synthesis methods
yield comparable structural features for the UiO-66(Zr) materials. The effect of synthesis
approach, reaction media, and the source of metal precursors in attaining better crystalline
MOFs is evidenced by the relatively good matching of their XRD patterns with that of the
commercial or simulated UiO-66(Zr). From the results depicted in Figures 1, S1 and S2, the
considerable width of the characteristic XRD peaks indicates the nanocrystalline nature of
the materials. Similar reports were found during the synthesis of UiO-66(Zr) using different
approaches in water [1]. In general, achieving effective crystalline materials with narrow
XRD reflections that resemble the reported patterns of conventional UiO-66(Zr) [1,55]
and commercial UiO-66(Zr) is feasible using a mixed solvent approach. However, this
process proves challenging when employing sustainable methods, which often result in
semicrystalline Zr-BDC materials. The difficulty arises from the need for precise conditions
to promote crystallinity while maintaining sustainability in the synthesis process. The
encounter of metal dissolved in water Mn+ with deprotonated carboxylate-based linker
molecules R(COO2

−)m provokes the instantaneous precipitation (rather than a crystalliza-
tion event) of a solid metal carboxylate which has scarce chance to grow, as nucleation
is completely favored over crystal growth. However, in the mixture of solvents strategy,
the initially colorless solution starts to become cloudy after certain time, and then the
cloudiness gradually becomes opaquer with time. In the latter case, nucleation and crystal
growth phenomena can coexist, giving rise to nano-scaled UiO-66(Zr) crystals, which are
more crystalline than the semicrystalline Zr-BDC entities.

The thermogravimetric profiles of the samples synthesized at 120 ◦C (the Nano-
UiO-66(Zr) sample) and the commercial UiO-66(Zr) sample, along with the nanosized
UiO-66(Zr) MOFs synthesized with zirconium oxychloride at room temperature, are shown
in Figure 2. The profiles include those synthesized using two different strategies, with
one synthesized in water with NaOH (the oxychloride sample) and the other synthesized
with a water/DMF molar ratio of 1 (the oxychloride-1 sample). These profiles provide
insight into the thermal stability and weight loss characteristics of the various UiO-66(Zr)
materials under different synthesis conditions. Some other TGA curves of Zr-BDC samples
are shown in Figure S3 and discussed in the Supporting Information. Table S2 collects
some quantified data of different TGAs. The TGA curve of the Zr-BDC samples prepared
from Zr acetate or Zr oxynitrate were quite similar to their counterparts prepared with
Zr oxychloride. All the thermograms are in good agreement with previous reports made
elsewhere [35] and show similar thermal stability to the commercial UiO-66(Zr) (Figure 2).
Moreover, Table S3 presents the linker deficiencies of the most relevant UiO-66(Zr) samples
from this study, calculated from the TGA profiles shown in Figure S3a,b, following the
methodology described by Lillerud et al. [17]. The linker deficiency is notably high for the
nanocrystalline sample of Nano-UiO-66(Zr), reaching a value of 1.6, corresponding to a
molecular formula of Zr6O7.6(BDC)4.4 when excluding OH groups. This sample exhibits a
significant OH content, as indicated by the notable weight loss observed just above 200 ◦C
(see Figures 2 and S3), which likely contributes to the high linker deficiency. In contrast,
the UiO-66(Zr)-type materials prepared at room temperature also exhibit significant linker
deficiencies, of approximately 1.3 (Table S3). This deficiency may be attributed to the
semicrystalline nature of the MOF and the precipitation process that forms it, which
typically results in the generation of defects within the resulting materials.

Figure 3 illustrates the N2 sorption isotherms of the UiO-66(Zr)-type Zr-BDC samples
synthesized from Zr oxychloride, Zr oxynitrate, and Zr acetate solution as Zr precursors, at
room temperature and in water as the sole solvent, as well as the isotherm of a UiO-66(Zr)-
type materials prepared through the mixture of solvents approach (water/DMF ratio of 3).
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The specific BET surface area and other textural parameters are listed in Table S4. The
porosity of the materials depends on the type of Zr precursor and the synthesis approach
(Figure 3 and Table S4). The porosity of the as-synthesized materials is in a good agreement
with previously reported works [35], but deviates to a certain extent from the report made by
Cavka and co-workers [1] due to their semicrystalline nature. Moreover, the N2 isotherms
of all UiO-66-type materials display not only N2 adsorption indicative of microporosity
but also significant N2 adsorption in the mesoporous region, characterized by notable
hysteresis loops. This behavior suggests that the materials possess mesoporosity, which is
further corroborated by the pore size distribution (PSD) of some selected samples (the same
samples whose isotherms are presented in Figure 3), as illustrated in Figure S4. Unlike
the commercial UiO-66(Zr) sample, the samples prepared at room temperature exhibit a
certain level of mesoporosity (or at least some external surface area in the mesoporous
range), though they do not reach the exceptional mesoporosity of the Nano-UiO-66(Zr)
sample. The observed external surface area in the samples prepared at room temperature
is presumably due to the agglomeration of semicrystalline nanodomains, forming larger
micron-scale particles, as shown by the SEM and TEM images presented in Figures S5–S7.
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Figure 2. TGA curves of commercial UiO-66(Zr) (gray line), a nanosized UiO-66(Zr) (green), linker
H2BDC (black), the Zr-BDC MOFs obtained sustainably from Zr oxychloride (red), and the one
synthesized at a water/DMF ratio of 1 (dark red), also prepared at room temperature.
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Figure 3. N2 adsorption–desorption isotherms of UiO-type Zr-BDC MOFs synthesized in water with
Zr oxychloride (red line), Zr oxynitrate (blue), and Zr acetate (purple), as well as the one prepared
through the mixture of solvents approach (with water/DMF of 3) (dark blue). Isotherms of the
nanocrystalline UiO-66(Zr) (red) and commercial UiO-66(Zr) (grey) are included for comparison
purposes. Adsorption points are represented by full symbols whereas empty symbols correspond to
desorption points.
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The UV–Vis diffuse reflectance spectroscopy results (Figure S8 and Table S5), provide
further evidence about the optical absorption, bandgap, and band alignments of samples
obtained under both the sustainable and mixture of solvents approaches (see Section S6 of
the Supplementary Materials). As expected, the bandgaps of the series of UiO-type Zr-BDC
materials prepared at room temperature were very similar, with all of them in the range of
3.70–3.85 eV. Similarly, the FTIR-ATR spectra of the different RT-prepared Zr-BDC samples
in this work are practically equal (Section S7 and Figure S9 of Supplementary Materials).

Figure 4 displays the photoluminescence (PL) spectra of the selected photocatalysts.
The order of PL emission intensity among the UiO-type samples is as follows: oxychloride-
1 > oxynitrate-1 > oxychloride > acetate-1 > oxynitrate. This trend suggests that the
mixed solvents synthesis strategy, combined with the use of zirconium oxychloride as
the Zr source, results in photocatalysts that exhibit the lowest recombination rates of
photogenerated electron and hole pairs. This reduced recombination is advantageous for
photocatalytic applications, as it enhances the efficiency of charge carrier utilization.
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Figure 4. Photoluminescence (PL) spectra of UiO-type Zr-BDC MOFs prepared with different Zr
precursors and with two different synthesis strategies.

2.2. Photocatalytic Degradation of Rhodamine B Dye

Rhodamine B (RhB) dye was chosen as a target organic pollutant to examine the pho-
tocatalytic potential of the RT-synthesized Zr-BDC samples with different Zr sources under
mercury lamp irradiation. The effect of various factors, such as pH, catalyst load, contact
time, and initial RhB concentration, on RhB dye photocatalytic activity were evaluated at
room temperature (see Section S8 and Figure S10 of the Supplementary Materials).

Figure 5 shows the degradation of RhB by some of the Zr-BDC catalysts prepared
at room temperature in this work. Thus, the samples prepared in water using NaOH as
deprotonating agent with Zr oxychloride, oxynitrate, and acetate as Zr precursors were able
to remove 66%, 41%, and 53% of RhB, respectively, after 120 min of the reaction (Figure 5a).
On the other hand, the counterparts prepared through the solvent mixture strategy using
either Zr oxychloride or Zr oxynitrate as Zr sources became even more photoactive, with
75% and 69% of RhB degradation under pseudo-first-order model (Table S6), respectively
(Figure 5b), along with rate constant values of 0.011 and 0.009 min−1, respectively. Mean-
while, the acetate-1 and chloride-1 samples evidenced lower photocatalytic efficiencies
(45 and 44%, respectively) (Figure 5b). This decomposition efficiency is comparable with
earlier reports, where UiO-66(Zr) materials were used for the removal of other dyes [56–58],
or where other MOFs were employed in the photodegradation of the same dye, namely
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RhB (Table S7). It is remarkable that the Zr-BDC materials prepared at room temperature
by both synthesis strategies lead to a different kinetics of RhB degradation according to the
pseudo-first order kinetic model (Figure S11a,b). Thus, the materials prepared by linker
deprotonation in water are able to remove a greater amount of the dye in shorter times,
probably because of their mesoporosity/external surfaces, as detected by the N2 isotherms
(Figure 3 and Table S4), making easier for the dye molecules to access the active centers.
Meanwhile, the samples prepared using the solvent mixture strategy, particularly those
synthesized with Zr oxychloride or oxynitrate—the most active samples—exhibit a steeper
slope over a longer period in the degradation kinetics. Moreover, the observed degradation
during the light-off phase (Figure 5a,b) is attributed to adsorption and not to photocatalytic
activity. When the light is turned off, the RhB’s adsorbed molecules on the photocatalyst
surface suffer gradual photodegradation. Additionally, the porous structure of the material
may facilitate this adsorption, further enhancing the removal of RhB dye from the solution.
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Figure 5. Kinetics of RhB degradation by Zr-BDC prepared at room temperature with different
Zr precursors in water/NaOH (a) or in water/DMF (b). The reaction conditions were as follows:
mercury lamp as a light source (85 W), the distance between the top of the reactor and the lamp was
10 cm, catalyst loading of 60 mg L−1, RhB concentration of 10 mg L−1, and 120 min of reaction time.

The reusability of the photocatalyst is a primary concern for industrial applications
and related practical uses. Therefore, the reusability of the most active photocatalyst,
oxychloride-1, was evaluated through five repeated cycles under identical reaction condi-
tions (Figure 6a). The photocatalytic discoloration efficiencies for the first five cycles were
75.4%, 71.2%, 68.5%, 65.6%, and 63.9%, respectively, strongly suggesting the feasibility of
recycling these materials. The slight weight loss of approximately 2–3 mg in each cycle
could explain the decrease in discoloration efficiency from 75.4% to 63.9%, as this results
from the use a reduced amount of catalyst to degrade the same volume and concentration
of aqueous RhB solution. Additionally, the same sample was tested under dark conditions,
where an RhB adsorption of 36.6% was observed after 120 min, compared to 75.4% under
light irradiation (Figure 6b). This indicates that mercury lamp radiation is crucial for achiev-
ing such high dye degradation. While adsorption is vital for facilitating the photocatalytic
process—since dye molecules must first be adsorbed onto the material’s surface before
photodegradation—the substantial improvement in degradation efficiency under light
confirms the significant role of the mercury lamp in driving the photocatalytic reaction. In
contrast, a blank experiment (with no catalyst) showed almost negligible degradation. In
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summary, this as-synthesized Zr-BDC photocatalyst is easily recyclable and maintains high
discoloration efficiency for RhB.
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Figure 6. (a) RhB degradation given by the oxychloride-1 sample in five consecutive cycles. (b) Kinet-
ics of % RhB degradation given by oxychloride-1 under mercury lamp irradiation and under dark
conditions. (c) Effect of the trapping agents (scavengers) on the photocatalytic reaction of RhB by
the oxychloride-1 sample under mercury lamp irradiation. Reaction conditions: catalyst loading of
60 mg of UiO-66(Zr) (1:1), RhB concentration of 10 mg L−1, 120 min of reaction time, pH = 10, and a
mercury lamp as a light source (85 W); the distance between the top of the reactor and the lamp was
10 cm.

To understand the contribution of the possible photoactive species, sodium sulphate
(Na2SO4), sodium hydrogen carbonate (NaHCO3), and methanol/water (MeOH/H2O)
were used as the trapping agents/scavengers for superoxide radicals (•O2

−), photogener-
ated holes (h+), and hydroxyl radicals (•OH) in RhB solution (Figure 6c) [35,59,60]. These
different quenching experiments were also carried out using the oxychloride-1 sample as a
photocatalyst under the same reaction conditions. The photocatalytic discoloration of RhB
dye decreased upon the addition of methanol/water (60.1%), suggesting that hydroxyl
radicals (•OH) have certain influence on the RhB discoloration process. Meanwhile, after
adding sodium sulphate and sodium hydrogen carbonate scavengers into the solution,
the photocatalytic activity was significantly affected (51.4 and 48.3%, respectively). This
indicates that the superoxide radicals and photogenerated holes (h+) are the dominant
active intermediates. In addition, hydroxyl radicals were also involved in the discoloration
process of RhB to water and carbon dioxide compared with superoxide radicals (•O2

−),
which were not [61].

In order to understand the photogenerated charge separation, it is imperative to esti-
mate the flat band potentials and band gap energies of the photocatalysts involved [35]. The
photocatalytic process was started by the absorption of photon energy (from the mercury
lamp) equal to or greater than the band gap of the oxychloride-1 sample (hν ≥ 3.83 eV),
while the photogenerated electrons came from the RhB dye material. To elucidate the
photocatalytic activity, the valance band (VB) and conduction band (CB) edge position
of the oxychloride-1 photocatalyst were estimated using the EVB = X − Eo + 0.5Eg and
ECB = EVB − Eg equations, where Eg is band gap energy, EVB is VB energy, ECB is CB energy,
and X is the absolute electronegativity of semiconductor. The X value of oxychloride-1 is
6.2 eV. Eo is the energy of free electrons on the hydrogen scale, i.e., 4.5 eV [35]. The band
gap value of oxychloride is 3.83 eV (Table S5), whereas the values of the CB and VB for
oxychloride-1 are −0.22 eV and +3.62 eV (vs. NHE), respectively. However, the electrons
in the CB of oxychloride-1 cannot reduce dissolved oxygen to superoxide radicals fully
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by itself due to the CB potential (−0.22 eV vs. NHE) being slightly more positive than
that of the potential of O2/•O2

− (−0.33 eV or −0.33 V vs. NHE) [62–64]. Interestingly,
the electron on the LUMO of RhB can transfer to the LUMO of the BDC linker in Zr-BDC
oxychloride-1 due to the largest charge transfer ability of RhB under irradiation [53,54],
and the electron directly moved to the Zr-oxo cluster via ligand to metal charge transfer
(LMCT). This simultaneously creates the electronic interaction between oxychloride and
RhB dye in solution [65], causing the reduction of Zr4+ to Zr3+. Noticeably, LMCT is the
principal mechanism to prevent electron–hole recombination, in which the excited electrons
are transferred from the organic linkers to the metal nodes [66]. These injected and/or
transferred electrons react with O2 molecules on the surface of oxychloride-1 to form super-
oxide anion radicals via reduction to degrade RhB to water and carbon dioxide products,
due to the high intervalence potential of Zr3+/Zr4+, redox behavior, or the negative ELMCT

of the oxychloride-1 MOF. In addition, thanks to the presence of RhB, the photogenerated
charge separations are facilitated, resulting in efficient photocatalytic decolorization of RhB.
The photogenerated holes in the VB of oxychloride-1 is sufficient to react with the adsorbed
water molecules to produce hydroxyl radicals due it having a greater positive potential
value than the standard redox potential (•OH/H2O = +2.8 eV or +2.8 V vs. NHE) and
•OH/OH− (+2.38 eV or +2.38 V vs. NHE) [63,64,67]. For RhB dye, the CB and VB energy
values are −1.42 eV and +0.96 eV (vs. NHE), respectively [54].

Based on this information, the plausible methods of electron transfer were proposed
in Figure 7. Since oxychloride-1 comprise higher valance edge potential (+3.62 eV vs. NHE)
associated with the redox potentials of •OH/H2O of +2.8 eV vs. NHE and •OH/OH− of
+2.38 eV vs. NHE, it easily oxidizes H2O and OH− to hydroxyl radicals (•OH), indicating
that the photoinduced holes on the VB of oxychloride-1 facilitate the photocatalytic reaction.
The photogenerated holes and hydroxyl radicals of oxychloride-1 as well as the transferred
electrons on surface of CB of photocatalysts are crucial reactive intermediates for oxidizing
and reducing RhB dye directly under mercury lamp irradiation [68], which is in good
agreement with the results of quenching experiments.
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3. Materials and Methods
3.1. Reagents and Chemicals

Zirconium oxychloride octahydrate (ZrOCl2·8H2O, Sigma Aldrich, >99.9%, St. Louis,
MO, USA), zirconium oxynitrate hydrate (ZrO(NO3)2·xH2O, Sigma Aldrich, >99.9%,
St. Louis, MO, USA), zirconium chloride (ZrCl4, Alfa Aesar, 99.5+%, St. Quentin Fallavier,
France), zirconium (IV) acetate solution in dilute acetic acid (C8H12O8Zr, 15.0–17.0% gravi-
metric of Zr, Sigma Aldrich, >99.9%, St. Louis, MO, USA), terephthalic acid (C8H6O4,
Acrōs organics, 99.7%, Geel, Belgium), sodium hydroxide (1.0 M NaOH), acetone (C3H6O,
Scharlab, Scharlau multi-solvent, HPLC grade, Barcelona, Spain), N,N-dimethylformamide
(DMF, Scharlau multi-solvent, HPLC grade, Barcelona, Spain), methanol (CH3OH, Panreac
AppliChem, 99.5%, Barcelona, Spain), ethanol (C2H5OH, Scharlau, gradient HPLC grade,
Barcelona, Spain), and rhodamine B dye (RhB, C28H31ClN2O3, Sigma Aldrich, ≥99.9%,
Bangalore, India) were purchased and used without further purifications. A commercial
UiO-66(Zr), purchased from Strem Chemicals, was used for comparison purposes.

3.2. Synthesis of MOFs

The sustainable synthesis of semicrystalline UiO-type Zr-BDC MOF using an equimo-
lar ratio of zirconium oxynitrate and H2BDC linker was carried out in water in the
presence of NaOH as a deprotonating agent at room temperature. Typically, 1.399 g
of ZrO(NO3)2·xH2O (6.05 mmol) was dissolved in 28 mL of distilled water (solution 1) and
1.01 g of H2BDC (6.05 mmol) was dissolved in 22 mL of distilled water in separate Pyrex
glasses. Then 13 mL of NaOH solution (1.0 M) was slowly added to the linker suspension,
then stirred for 30 min until a clear solution (solution 2) was obtained. Solution 1 was
transferred dropwise into solution 2, and then the white resultant suspension was stirred
for 24 h at room temperature; the white solid was called Oxynitrate. A similar product was
obtained by using zirconium oxychloride (sample Oxychloride) [35], and zirconium (IV)
acetate solution (sample Acetate) precursors under the same experimental conditions, while
zirconium chloride is scarcely soluble in water and it was not considered in this approach.
The formed solid precipitate was centrifuged at 2500 rpm for 15 min and washed with
distilled water (three times, ×3) and subsequently with ethanol (twice, ×2). Some other
samples were prepared over a period shorter than 24 h to study the effect of the kinetics.

Alternatively, nanosized UiO-66(Zr) was successfully synthesized at room temper-
ature using different water/DMF molar ratios of solvents, keeping constant the solvent
molar ratios across the various zirconium precursors, all without deprotonating agents,
modulators, or other additives. This strategy maintained the same metal/linker molar
ratio (Table S1). For the synthesis, 0.322 g (1 mmol) of zirconium oxychloride octahy-
drate was dissolved in either 2.7 mL (150 mmol) (solution 1) or in 1.8 mL (100 mmol)
(solution 2) or in 0.9 mL (50 mmol) (solution 3) of distilled water or in 7.30 g (100 mmol)
DMF solvent (solution 4) under stirring for 30 min. Simultaneously, 0.166 g (1 mmol) of
terephthalic acid (H2BDC) was dissolved in either 3.65 g (50 mmol) (solution 5) or in 7.30 g
(100 mmol) (solution 6) or 10.96 g (150 mmol) (solution 7) or 7.30 g (100 mmol) (solution 8)
of DMF. Thus, solution 1 was transferred into solution 5. In the same regard, solution 2 was
transferred into solution 6, solution 3 into solution 7 and solution 4 into solution 8 drop-
wise to obtain the sought-after product, namely UiO-66(Zr)-DMF. Unlike the first strategy,
the formation of precipitate was not instantaneous right after mixing both solutions; the
mixture required a few minutes to become cloudy and a longer time (from 24 h to 96 h,
with increasing DMF/water molar ratio) to complete the precipitation. The precipitate
was collected via centrifugation at 3750 rpm for 15 min, and the solid was washed with
water (three times, ×3), ethanol (twice, ×2) and soaked in acetone several times overnight.
Finally, the thus-obtained solid was dried at 80 ◦C overnight. Similar experiments were
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conducted using other Zr precursors, such as Zr-oxynitrate, Zr-chloride, and Zr-acetate.
The products were denoted as Precursor-r, where r stands for the water/DMF molar ratio
(Table S1), which was 3, 1, or 0.33. For comparison, a nanocrystalline UiO-66(Zr) was
prepared using zirconium oxychloride octahydrate precursor under solvothermal methods
and labeled as Nano-UiO-66(Zr) [6]. In addition, commercial UiO-66(Zr) was used as a
reference material (UiO-66(Zr)-com).

3.3. Materials Characterization

The synthesized materials were characterized using various advanced techniques.
Powder X-ray diffraction (PXRD) using a Philips X’PERT diffractometer (PANalytical,
Almelo, The Netherlands) equipped with an X’Celerator detector and Cu Kα radiation
(λ = 1.5418 Å) was employed to identify the crystalline structure and phase purity. N2

sorption properties were measured at −196 ◦C using a Micromeritics instrument, namely an
ASAP 2420 device (Micromeritics Instrument Corporation, Norcross, GA, USA). Typically,
before measurements of any isotherms, approximately 100 mg of each sample was prepared
and outgassed at 150 ◦C for 16 h under high vacuum. Thus, the surface area of the materials
was estimated using the Brunauer–Emmet–Teller (BET) method. Micropore and external
surface area was determined by the t-plot method. The total pore volume were measured
at relative pressure p/p0 of 0.98. Thermogravimetric analysis (TGA) was performed using
a Perkin-Elmer TGA7 instrument (PerkinElmer, Waltham, MA, USA), in the temperature
range of 30 ◦C to 900 ◦C under air flow and at a constant heating rate of 20 ◦C min−1.
Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDS) were
carried out using a Hitachi Tabletop Microscope TM1000 (Hitachi High-Technologies
Corporation, Tokyo, Japan) with a tungsten filament electron gun to detect the morphology
and elemental composition of materials. FTIR-ATR (PerkinElmer, MA, USA) spectrometry
was employed to identify the functional groups of as-synthesized samples. UV–Vis diffuse
reflectance spectroscopy (DRS) measurements were made using a Varian Cary 5000 double-
beam UV–Vis near-IR spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
The collected spectra of the photocatalysts were converted to their Kubelka–Munk function,
i.e., F(R) versus wavelength. Photoluminescence (PL) spectra were determined using a
SHIMADZU, RF-5301PC (LABQUIP, Manchester, UK) spectrofluorophotometer.

3.4. Photocatalytic Experiments

The photocatalytic degradation of RhB was performed using the as-synthesized UiO-
type Zr-BDC MOFs prepared from different Zr precursors through both a sustainable
approach and by using a mixture of solvents (water and DMF) under the irradiation of a
mercury vapor lamp. Typically, 60 mg of the as-synthesized photocatalyst was dispersed
into 100 mL of an RhB (10 mg L−1) aqueous solution in a 250 mL beaker at room tempera-
ture with continuous stirring under dark condition for 30 min to achieve an adsorption–
desorption equilibrium before starting the irradiation. During the photocatalytic process,
the suspension in the reactor was irradiated with 85-watt mercury lamp as a light source
with a continuous oxygen supply under stirring. Then, 4 mL of the solution was removed
at the specified time and centrifuged, and its absorbance was measured (A0 in the dark
after 0 min, and At after 20 min intervals). For comparison, the dark and blank (with no
catalyst) experiments were also carried out under similar protocol.

To evaluate the reusability of the selected photocatalyst, five consecutive cycles were
conducted under optimized reaction conditions. The solid catalyst was separated by
centrifugation after each cycle and washed with water (three times, ×3) and ethanol
(twice, ×2) to remove the retained RhB dye and then dried at 60 ◦C overnight. In addition,
the contributions of active species in the photocatalytic reaction were evaluated by following
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the previous reports [35,59], using various scavengers, such as 10 mL of 0.1 M each of
sodium sulphate, sodium hydrogen carbonate, and methanol/water separately, which were
introduced into the RhB solution before the addition of the photocatalyst to trap superoxide
radicals (•O2

−), photogenerated holes (h+), and hydroxyl radicals (•OH), respectively.

4. Conclusions
This work provides new and valuable insights into the sustainable synthesis of UiO-

type semi-crystalline Zr-BDC metal–organic frameworks (MOFs) using equimolar ratios of
various zirconium precursors and terephthalic linker (H2BDC) through different systematic
approaches at room temperature. Our synthesis methods are more competitive, being
notably easier, more economical, rapid, and sustainable compared to conventional synthesis
methodologies. The physicochemical properties of the as-synthesized materials revealed
that they are nanosized materials with excellent thermal stability and relatively high specific
surface areas, paving the way towards a pilot-scale fabrication of these materials. Moreover,
the UiO-66(Zr) sample prepared using Zr oxychloride as the Zr precursor in a mixture of
solvents (water/DMF at a molar ratio of 1) showed the best photodegradation of RhB under
mercury light irradiation. The trapping experiment confirms that both superoxide radicals
and photogenerated holes (h+) are the dominant active species. The selected photocatalyst
is easily recyclable and shows high discoloration efficiency for RhB even after five repeated
cycles. This capability allows the photocatalyst to be reused effectively across different
cycles, making it a promising candidate for practical applications in dye degradation and
environmental remediation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics13050131/s1, Figure S1: (a) Before background-
removed normalized PXRD patterns of sustainable synthesized UiO type Zr-BDC prepared from
Zr-oxychloride, Zr-oxynitrate, and Zr-acetate. (b) PXRD patterns of the Zr-BDC prepared from
Zr-oxynitrate after 30 min, 2 h, 24 h and 48 h. The simulated XRD pattern of UiO-66(Zr) and the
experimental XRD patterns of UiO-commercial and nanocrystalline UiO-66(Zr) prepared at high
temperature (sample Nano-UiO-66(Zr)) is shown for comparison purposes; Figure S2: PXRD pat-
terns of Zr-BDC prepared with (a) Zr-oxychloride and (b) Zr-oxynitrate with different water/DMF
molar ratio of solvents. PXRD patterns of a commercial UiO-66(Zr) and a nanocrystalline UiO-66(Zr)
prepared at room temperature (sample Nano-UiO-66(Zr)), as well as the simulated PXRD pattern
of a UiO-66(Zr), are shown for comparison purposes; Figure S3: TGA curves of Zr-BDC samples
prepared with Zr-oxychloride (red), Zr oxynitrate (blue) and Zr acetate (purple). TGA profiles of a
commercial UiO-66(Zr) (gray), solvothermally-prepared Nano-UiO-66(Zr) (green) and protonated
H2BDC linker (black) are shown for comparative purposes; and (b) The normalized TGA profiles of
conventional UiO-66(Zr) (the commercial one, gray), the nanocrystalline UiO-66(Zr) (green) and the
semicrystalline UiO-66(Zr)-type material (sample Oxychloride) (red) for linker deficiency calculation;
Figure S4: Pore size distribution curves from the adsorption branches of the isotherms of Zr-BDC
samples prepared at room temperature shown in Figure 4: in water with Zr-oxychloride (red), Zr
oxynitrate (blue) and Zr acetate (purple), and in a mixture of solvents (water/DMF molar ratio of 3).
PSD profiles of a commercial UiO-66(Zr) (gray), solvothermally-prepared Nano-UiO-66(Zr) (green)
and protonated H2BDC linker (black) are shown for comparative purposes; Figure S5: SEM micro-
graphs of the sample Oxychoride with magnifications of 16,000 (a) and 30,000 (b) magnifications.
Micrographs registered in a microscope Philips XL 30 SEM; Figure S6: SEM micrographs of the
sample Oxychloride-3 registered with different magnifications. Micrographs registered in a Tabletop
TM-1000 Microscope (Hitachi); Figure S7: TEM micrographs at different magnifications of the sample
Oxychoride. Micrographs registered in a JEOL 2000FX microscope operated with an accelerating
voltage of 200 kV; Figure S8: (a) DR-UV-vis spectra and (b) Tauc plots of UiO type Zr-BDC prepared at
room temperature starting from Zr oxychloride, Zr oxynitrate and Zr acetate by two different method-
ologies: in NaOH/water and in mixture of solvents with water/DMF molar ratio of 1. In Figure S6b,
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dotted green lines indicate the different projections of the UV-vis signal to estimate the band gap of
each sample by cutting with the X-axis; Figure S9: FTIR-ATR spectra of the Zr-BDC samples prepared
at room temperature with Zr oxychloride under different synthesis strategies/conditions (a) and with
different Zr precursors under given conditions (mixture of solvents with a water/DMF ratio of 1).
The corresponding FTIR-ATR spectra of the commercial UiO-66(Zr) (grey line) and Nano-UiO-66(Zr)
(green) are shown in both Figures for comparison purposes; Figure S10: Kinetics of RhB degradation
as a function of (a) pH and (b) catalyst loading. Reaction conditions: mercury lamp as a light source
(85 W), the distance between the top of the reactor and the lamp was 10 cm, RhB concentration
of 10 mg L−1, and 120 min of reaction time under mercury light irradiation; Figure S11: Plots of
ln(C0/Ct) versus reaction time for RhB degradation using various photocatalysts under mercury
lamp irradiation. A blank experiment (without catalyst) is included (dark grey) for comparison, illus-
trating the reaction kinetics; Table S1: Different water/DMF molar ratio in the synthesis of Zr-BDC at
room temperature using different Zr precursors; Table S2: Thermogravimetric analysis profiles of
as-synthesized UiO type Zr-BDC and UiO-66(Zr) samples at room temperature using different Zr
precursors in different approaches; Table S3: Quantitative data were obtained from the TGA traces
using the methodology described in previous work; Table S4: Textural properties of the different
Zr-BDC samples; Table S5: Band gap of the synthesized MOFs photocatalysts; Table S6: The average
degradation efficiency of RhB after 120 min under mercury lamp irradiation; Table S7: Comparison of
our Zr-BDC photocatalysts versus other reported ones in the degradation of RhB; References [69–81]
are cited in the Supplementary Materials.
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