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Abstract: UiO-66, a zirconium-based metal-organic framework, was synthesized using a one-step
spray synthesis method to investigate the effects of preheating the precursor solution and Zr sources
on crystallinity. Using ZrCly with water as a modulator requires preheating at 80 °C for 120 min
or 120 °C for 30 min for the spray synthesis of UiO-66 to form secondary building units (SBUs). By
contrast, the use of Zr(OnPr), with acetic acid (AcOH) as a modulator allowed the spray synthesis of
UiO-66 and UiO-66-NH, without preheating because of the rapid formation of SBUs with AcOH.
The spray-synthesized UiO-66 using Zr(OnPr) exhibited a BET surface area of 1258 m?/g and a CO,
adsorption capacity of 3.43 mmol/g at 273 K and 1 bar, while UiO-66-NH, exhibited a BET surface
area of 1263 m? /g and a CO, adsorption capacity of 6.11 mmol/g under the same conditions.

Keywords: secondary building units; preheating; CO, adsorption

1. Introduction

Metal-organic frameworks (MOFs) comprising metal ions or metal clusters as nodes
and multitopic organic ligands as linkers represent an emerging class of porous crystalline
materials with diverse applications, including gas storage and separation, catalysis, drug
delivery, and sensing [1-5]. Zirconium MOFs (Zr-MOFs) are a subclass of MOFs comprising
zirconium oxide clusters (ZrsO4(OH)4) and secondary building units (SBUs) as nodes [6].
UiO-66 (UiO = University of Oslo), the first Zr-MOF that utilized 1,4-benzenedicarboxylate
(BDC?™) as alinker[7],is a promising candidate for industrialization and commercialization
owing to its exceptional thermal, acidic, aqueous, and mechanical stabilities, which are
attributed to its robust Zr-O bond [7,8].

To facilitate the commercialization of MOFs, including UiO-66, it is imperative to
develop scalable, sustainable, and cost-effective production processes [9,10]. Solvothermal
synthesis in a batch system, in which raw materials are dissolved in an organic solvent and
then heated, is a common method for the lab-scale synthesis of MOF. However, scaling up
a batch process presents challenges because of the dependence of heat and mass transfer on
the reactor size. Continuous processes, such as flow reactors [11-13], countercurrent mixing
reactors [14], continuous stirred-tank reactors (CSTR) [15], and spray synthesis [16—-19], offer
the advantages of maintaining consistent conditions and reducing time and energy costs.

Copyright: © 2024 by the authors.

Inspired by the well-known spray-drying technique, the spray synthesis process in-
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volves the crystallization of MOF particles in sprayed droplets of a precursor solution
during solvent evaporation [16-19]. This technique has several advantages compared to
solvothermal synthesis: continuous production in one step, high yields, low product mois-
ture content, unnecessary separation of the product from the solvent, and reduced reaction
time. Several MOFs have been successfully synthesized using this method by directly
spraying a precursor solution [16,17]. However, the spray synthesis of UiO-66 assembled
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from polynuclear SBUs remains challenging, because it requires the pre-formation of SBUs
with an organic linker before assembly. The fast evaporation time of the spray synthesis
is not sufficient to form SBUs and assemble them into UiO-66 using a precursor solution
without any treatment. Hence, the spray synthesis of UiO-66 requires preheating the
precursor solution before spraying as SBUs are formed during preheating [16]. Although
the spray synthesis process reduces the number of steps required, preheating requires
additional steps and energy consumption. Therefore, the spray synthesis of UiO-66 without
preheating is desired.

This study aimed to investigate the effects of preheating on the spray synthesis of UiO-
66 and propose a procedure for spray synthesis without preheating. Zirconium chloride
(ZrCly) and zirconium propoxide (Zr(OnPr),) served as Zr sources, with H,O and acetic
acid (AcOH) acting as modulators to control the crystal nucleation and growth rates of
UiO-66 [20]. The obtained samples were analyzed by X-ray diffraction, which revealed that
UiO-66 could be spray synthesized without preheating using Zr(OnPr)4 and AcOH. UiO-
66-NH, was successfully spray synthesized using this method, and the CO, adsorption
properties of the spray-synthesized UiO-66 and UiO-66-NH; were evaluated.

2. Materials and Methods
2.1. Chemicals

Zirconium(IV) chloride (ZrCly), zirconium(IV) propoxide (Zr(OnPr)y, ~70% in 1-
Propanol), terephthalic acid (H,BDC), and 2-aminoterephthalic acid (H,BDC-NH;) were
purchased from TCI Chemicals (Tokyo, Japan). N, N-Dimethylformamide (DME, 99%),
acetic acid (AcOH, 99.7%), hydrochloric acid (HCl, 37% in HyO), and nitric acid (HNO3,
60-62%) were purchased from Fuji-film Wako Pure Chemical Co. (Osaka, Japan). All the
reagents were used without further purification.

2.2. Precursor Solution of UiO-66 Using ZrCly as a Zr Source

ZrCly (0.35 g, 1.50 mmol) and H,BDC (0.250 g, 1.50 mmol) were dissolved in DMF
(13.5 g, 185.3 mmol) and deionized H,O (0.812 g, 45.1 mmol) in a Teflon bottle. The
mixture was heated at 80 °C for the precursor solution of spray synthesis and at 120 °C for
batch synthesis. The batch-synthesized samples were collected by centrifugation, washed
with fresh DMF, and then with ethanol. After ethanol washing, the samples collected by
centrifugation were then dried at 80 °C for 6 h.

2.3. Precursor Solution of UiO-66 and UiO-66-NH; Using Zr(OnPr)y as a Zr Source

A 0.200 g of ca. 70% solution of Zr(OnPr), in n-propanol (0.140 g, 0.427 mmol) was
added to a cosolvent of DMF (18.0 g, 246.3 mmol) and AcOH (3.60-11.36 g, 59.8-189.3 mmol).
To confirm the effect of pH, HNO; was added to adjust the pH to 1.6 by replacement
of AcOH (AcOH/Zr molar ratio of 440) in the Zr solution. The resulting Zr solution
was stirred at 500 rpm for 20 min at room temperature. The organic linker solution
was prepared by dissolving H,BDC (0.071-0.178 g, 0.427-1.22 mmol) or H,BDC-NH,
(0.193-0.464 g, 1.07-2.56 mmol) in DMF (5.55 g, 76.0 mmol). The two solutions were mixed
and immediately applied to a spray apparatus. For batch synthesis, mixtures with molar
ratios of Zr: organic linker: AcOH: DMF of 1:2.5:440:756 for UiO-66, and 1:5:440:756 for
UiO-66-NH, were stirred at 500 rpm for 24 h at room temperature.

2.4. Spray Synthesis of UiO-66 and UiO-66-NH;

UiO-66 was synthesized using a homemade apparatus for spray synthesis [19,21,22].
The apparatus, as schematically depicted in Figure S1 in Supplementary Materials, com-
prised a two-fluid nozzle (MMA-10, Everloy, Hyogo, Japan), spray chamber, heating tube,
and filter holder. The precursor solution, prepared as outlined below, was fed into the
two-fluid nozzle via a syringe pump at a flow rate of 1 mL/min, and clean air was simulta-
neously sprayed at a flow rate of 12 L/min. The sprayed droplets were heated in a heating
tube at 180 °C. The samples were collected using a glass filter. The collected samples were
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washed via ultrasonication in DMF and ethanol to eliminate residual precursors. After
washing by ethanol three times, the samples collected by centrifugation were then dried at
80 °C for 6 h.

2.5. Characterizations

Powder X-ray diffraction (XRD) patterns were measured using Miniflex 600 (Rigaku
Corp., Tokyo, Japan) with Cu Ko radiation (wavelength: 1.5406 A), an acceleration voltage
at 40 kV, step size of 0.02°, and scan speed of 10°/min. Nitrogen adsorption—desorption
measurements were conducted using an automated micropore gas analyzer (AUTOSORB-
1-MP, Quantachrome Instruments, Boynton Beach, FL, USA) at 77 K after sample activation
at 180 °C and 0.1 Pa for 6 h. The specific surface areas of the samples were calculated
from nitrogen adsorption isotherms using the Brunauer-Emmett-Teller (BET) method in
the range of 0.01 < P/Pj < 0.05. The micropore volumes were calculated using the ¢-plot
method. The pore size distribution was determined using the Barrett-Joyner-Halenda
(BJH) method. CO, adsorption measurements were conducted using AUTOSORB-1-MP
with a thermostat (CryoSync, Quantachrome Instruments, FL, USA) at 273 K and 298 K
after sample activation at 180 °C and 0.1 Pa for 6 h. The isosteric heat of adsorption (Qs:)
was calculated using the Clausius—Clapeyron equation:

Jln P
Qut = R(M>w 1)

where R is the gas constant, P is the pressure, w; is the CO, uptake, and T is the temperature.
Thermogravimetric-differential thermal analyses (TG-DTA) were conducted in air up to
600 °C (10 °C/min) on a TG/DTA6200 (Hitachi High-Tech Corp., Tokyo, Japan).

3. Results
3.1. Spray Synthesis of UiO-66 Using ZrCly as a Zr Source

Figure 1 shows the XRD patterns of the samples spray-synthesized UiO-66 at different
preheating times and temperatures. The sample without preheating exhibited a broad
peak at 8.2°, indicating that UiO-66 was not synthesized [20,23]. As the preheating time
increases, the peak splits into two peaks at 7.3° and 8.5°, which are attributed to the (111)
and (200) planes of the UiO-66 crystal structure, respectively. These peaks became sharper
for preheating times of 60 min or longer, and additional peaks associated with other planes
emerged, which aligned well with the simulated patterns. Higher preheating temperatures
(120 °C) yielded UiO-66 in a shorter time of 30 min. However, without H,O addition to
the precursor solution, UiO-66 was not obtained even after preheating for 120 min at 80 °C
(Figure S2). The effect of the temperature on droplet heating was also studied. Figure S3
shows the XRD patterns of the UiO-66 spray synthesized at different temperatures in the
heating tube. The crystallinity of UiO-66 decreases with increasing temperature in the
heating tubes.

To confirm that UiO-66 was crystallized in droplets, a solvothermal reaction in the
batch process was conducted at 120 °C with different heating times. Figure 2 shows the
XRD patterns of the samples, revealing that UiO-66 was obtained when the heating time
exceeded 16 h. Within the initial 2 h heating time, the solution remained transparent,
and the particles could not be collected by centrifugation. This suggests that UiO-66
crystallization occurred not during preheating, but through droplet evaporation. The
samples obtained at heating times of 4 and 6 h exhibit a broad peak at 8.2 °C, indicating
that UiO-66 was not crystallized during this period.

Figure 3 shows SEM images, nitrogen adsorption isotherms, and pore size distribution
of the batch-synthesized UiO-66 and the spray-synthesized UiO-66 with preheating at
80 °C for 120 min before and after washing using ZrCly as the Zr source. Hereafter, these
three samples are referred to as b-UiO-66(Cl), unwashed-sp-UiO-66(Cl), and sp-UiO-66(Cl).
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Figure 1. XRD patterns of spray-synthesized UiO-66 with different preheating times and temperatures
using ZrCly as the Zr source.

Figure 2. XRD patterns of the samples obtained by a solvothermal reaction using ZrCly as the Zr
source in a batch process with different heating times.
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Figure 3. (a—c) SEM images, (d—f) nitrogen adsorption isotherms (filled: adsorption branch; opened:
desorption branch), and (g) BJH pore size distribution of b-UiO-66(Cl), unwashed-sp-UiO-66(Cl), and
sp-UiO-66(Cl); insets of (b,c) are particle size distributions.

The SEM image of b-UiO-66(Cl) (Figure 3a) shows nanoparticles with diameters of
approximately 300 nm. In the spray synthesis method (Figure 3b,c), spherical particles
were observed as unwashed-sp-UiO-66(Cl) and sp-UiO-66(Cl). A spherical morphology is
common for particles prepared using the spray-drying method [24]. Notably, the spherical
morphology was maintained after washing, indicating that washing did not cause particle
collapse. The Feret diameter was estimated from the SEM images of the spray-synthesized
UiO-66. There was no significant difference in the particle size distributions, with the
geometric mean diameters (GMDs) of 1.97 um for unwashed-sp-UiO-66(Cl) and 1.80 um
for sp-UiO-66(Cl).

The nitrogen adsorption isotherms of the three samples exhibited a combination of
type I and IV isotherms, indicating that the samples contained both micro- and mesopores.
The BET surface area and micropore volume of b-UiO-66(Cl) are 1267 m? /g and 0.40 cm®/g,
respectively, consistent with previous results [7,25]; the results for the spray-synthesized
UiO-66 are 848 m?/g and 0.19 cm?/g for unwashed-sp-UiO-66(Cl) and 1177 m? /g and
0.32 cm®/ g for sp-UiO-66(Cl), respectively. The low surface area and micropore volume
of the unwashed-sp-UiO-66(Cl) could be due to clogging of the micropores of the UiO-66
crystals by unreacted impurities, which can be removed by washing. The total pore vol-
umes of unwashed-sp-UiO-66(Cl) and sp-UiO-66(Cl) are 1.13 and 1.63 cm?/ g, respectively,
higher than that of b-UiO-66. The high total pore volume of sp-UiO-66(Cl) was due to the
mesopores of approximately 30 nm, as shown in the pore size distributions (Figure 3g).

Yield of the spray synthesis was evaluated: yields and purities were 21.7 mg/mL
and 92% for b-UiO-66(Cl), and 9.1 mg/mL and 71% for sp-UiO-66(Cl), respectively. The
spray synthesis yield was lower because of the presence of impurities and losses due to
deposition onto the tubes. Using these values, the ideal yields per unit time, considering
the preheating time, were estimated, which increased with the volume of the precursor
solution used, as shown in Figure S4. When 15 mL of the solution was used, in other words
15 min for spraying, the yield per times of sp-UiO-66(Cl) was 60.7 mg/h, which is 4.5 times
higher than that for b-UiO-66(Cl) (13.5 mg/h). However, the yield per spray synthesis
time was lower than that of batch synthesis above 450 mL of the solution. However, in
batch synthesis, an increase in the solution volume slows the heat-transfer rate and causes



Crystals 2024, 14, 116 60f 16

a decrease in the yield [26]. For spray synthesis, the yield per unit time was improved by
decreasing the deposition loss and improving purity.

The crystallization mechanism of UiO-66 in droplets via spray synthesis using ZrCly
as the Zr source is illustrated in Scheme 1. The formation of SBUs is crucial for the
synthesis of MOFs assembled from polynuclear SBUs, because they play key roles in
nucleation and subsequent crystal growth [17]. ZrgO4(OH)4 clusters (Zr clusters) with an
octahedral structure, that is, the SBU of UiO-66, are formed in the presence of water [27,28].
In solvothermal reactions, Zr clusters are formed as SBUs in the initial heating stage
and subsequently undergo ligand coordination with BDC2~ to grow UiO-66 crystals, as
confirmed by in situ pair distribution function analysis [27].

Solvothermal reaction in batch

Heating Heating
.'3,::'-.\;-‘,‘0 S —— R -,*/‘, —
a:‘- 'j',"«{):. ZrsOg cluster formation K¢ AZRIRYN LI 2 Y s
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would be dominant would be dominant

Scheme 1. Crystallization mechanism of UiO-66 under solvothermal reaction in batch and spray
synthesis without and with preheating.

The Zr cluster concentration in the sprayed solution was low with no or short preheat-
ing. Consequently, the dominant product during droplet evaporation was Zr clusters or
amorphous complexes rather than UiO-66 crystallization, as evidenced by the broad peak
at 8.2° in the XRD patterns (Figure 1). However, UiO-66 was successfully synthesized with
a sufficient preheating time. This indicated that Zr clusters formed during preheating and
subsequently grew into UiO-66 crystals through ligand coordination with BDC?~ during
droplet evaporation.

The crystallization of UiO-66 was also affected by the balance between the concentra-
tions of Zr clusters and BDC?~ within a droplet, which was altered by the consumption
due to crystal growth and concentration due to solvent evaporation. The evaporation time
from a droplet with a diameter of 10 mm was calculated as 1.0 ms at 180 °C and 0.63 ms
at 250 °C by Maxwell’s method [29] (shown in Figure S5). Indeed, the crystallinity of
UiO-66 decreased with increasing heating tube temperature, as shown in Figure S3. Rapid
evaporation at higher temperatures results in insufficient crystal growth. Therefore, the
crystallization of UiO-66 requires not only the formation of Zr clusters, but also a delicate
balance between crystal growth and evaporation rate.

Other additives, such as acetic acid (AcOH) and hydrochloric acid (HCI), were used to
confirm the formation of Zr clusters without preheating. AcOH is known as a modulator
to slow the crystallization of UiO-66 [20]. In contrast, HCI, as a modulator, promotes
crystallization [30]. Figure S6 shows XRD patterns of the spray synthesized samples
without preheating and with additives. The sample with HCI exhibited the same broad
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peak at 8.2° as that with H,O. The addition of AcOH, as well as AcOH and HC], resulted in
a small shoulder peak at 7.3°, which was attributed to the (111) plane of UiO-66. This result
suggests that a small number of Zr clusters were formed in the presence of AcOH. However,
highly crystalline UiO-66 could not be obtained owing to its low Zr cluster concentration.
We concluded that ZrCly is not suitable for spray synthesis without preheating. In addition,
when ZrCly was used as the Zr source, HCl was inevitably produced as a by-product
of UiO-66, which caused rusting of the apparatus. Therefore, we decided to use other
precursors as Zr sources.

3.2. Spray Synthesis of UiO-66 Using Zr(OnPr)y as a Zr Source without Preheating

We chose Zr(OnPr), as an alternative Zr source because it is a non-corrosive precursor
and is compatible with the synthesis of UiO-66 in the presence of AcOH, where the amount
of AcOH influences the BET surface area of the synthesized UiO-66 [31]. DeStefano
et al. demonstrated a room-temperature synthesis method for UiO-66, wherein SBUs
were initially formed from Zr(OnPr), in the presence of AcOH at 130 °C, followed by
a subsequent reaction of the preformed intermediate with a higher-than-stoichiometric
concentration of the H,BDC linker (H,BDC/Zr = 2.85) [32]. With this information in hand,
we conducted a batch synthesis of UiO-66 by preforming SBUs with varying AcOH/Zr
ratios at room temperature by stirring for 20 min.

Figure 4a shows the XRD patterns of the batch-synthesized UiO-66 with Zr(OnPr)4
and different AcOH/Zr ratios. At an AcOH/Zr ratio of 140, a broad peak was observed at
8.2°, indicating insufficient formation of SBUs. As the AcOH/Zr ratio increased, the peaks
split, and two distinct peaks were observed for the ratio of 340. Beyond a ratio of 440, the
XRD patterns exhibited other peaks in addition to the (111) and (200) planes of UiO-66.
Therefore, we decided to perform spray synthesis without preheating using a solution with
an AcOH/Zr ratio above 140, where the peaks began to split.

(b)

Intensity [a.u.]

5 10 15 20 2

5 30 35 40 45

2Theta [degree]

e H,BTC
AcOH/Zr
AcOH/Zr CSUJ 440
- ®
440 | = .
S 340
= .
[ ]
340 240
A 240 ]
- ] °
j\‘ . 140 | 140

5 10 15 20 25 30 3
2Theta [degree]

T 1

5 40 45

Figure 4. XRD patterns of (a) batch-synthesized UiO-66 at room temperature with Zr(OnPr), and
different AcOH/Zr ratios and (b) spray-synthesized UiO-66 before washing with different AcOH/Zr
ratios (H,BDC/Zr = 2.5).
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Figure 4b shows the XRD patterns of unwashed UiO-66, which was spray synthe-
sized after preforming Zr clusters with varying AcOH/Zr ratios (140-440). UiO-66 was
successfully synthesized for the first time at an AcOH/Zr ratio of 440 using spray synthesis
without preheating. However, peaks attributed to HyBDC were also observed because of
excess HpBDC in the droplet. These peaks disappeared after the washing. The crystallinity
of the samples increased with the AcOH/Zr ratio. Slightly split peaks were observed at
7.3° and 8.5° when the AcOH/Zr ratios were 240 and 340, respectively, whereas a broad
peak was observed at 8.2° when the AcOH/Zr ratio was 140.

The formation of Zr clusters was crucial for the crystallization of UiO-66. Zr(OnPr)4
forms an acetate cluster, [ZrsO4(OH)4(CH3COO)12]5, in the presence of AcOH [33,34]. The
substitution of HNOj3; with AcOH at the same pH (1.6) produced low-crystallinity UiO-66
(Figure S7). This indicates that pH does not contribute to the formation of UiO-66 by spray
synthesis, and that AcOH with a carboxyl group is essential for forming this cluster. The
AcOH/Zr ratio was also critical for obtaining UiO-66 via spray synthesis. The reaction
between Zr(OnPr)4 and AcOH for cluster formation was performed by stirring for 20 min
at room temperature. Increasing the aging time to 24 h improves the crystallinity at lower
AcOH/Zr ratios (Figure S8). Particularly, at the ratio of 340, the intensity of the peak at
7.3° is consistent with that of the sample aged for 20 min at a ratio of 440. This indicates
that both the AcOH/Zr ratio and aging time are essential for the spray synthesis of UiO-66
using Zr(OnPr)4 without preheating.

Figure 5 shows the XRD patterns of the spray-synthesized UiO-66 after washing with
different HyBDC/Zr ratios. Precipitation occurred immediately after mixing the Zr and
H,BDC solutions when the HyBDC/Zr ratio exceeded 3. Conversely, no precipitation
occurred during spraying when the HyBDC/Zr ratio was less than 2.5. The crystallinity
of the sample increased with the H;BDC/Zr ratio, and UiO-66 was formed when the
H,BDC/Zr ratio exceeded 2. Lower ratios result in reduced crystallinity. To achieve UiO-66
without preheating in spray synthesis, maintaining a BDC/Zr ratio in the range of 2-2.5
is crucial.

H,BDC/Zr

J“l A\ 2.5

Intensity [a.u.]

JM 2.0

1.5

1.0

5 10 15 20 25 30 35 40 45
2Theta [degree]

Figure 5. XRD patterns of spray-synthesized UiO-66 after washing with different HyBDC/Zr ratios
(AcOH/Zr = 440).
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Because UiO-66 is crystallized by exchanging the acetate linker in the cluster with
BDC?~ linkers, the deprotonation of H,BDC to BDC?~ is required. The pH of the spray
solution was 2.6 after mixing the Zr solution (AcOH/Zr = 440) and the H,BDC solution
(H,BDC/Zr = 2.5). Considering the pKa values of 3.51 and 4.82 for H,BDC, the existence
rate of each dissociated species of HyBDC in water is estimated to be <1% in BDC2~, 10% in
HBDC™, and 90% as HyBDC (Figure S9), although this is not an exact percentage because
DMEF is used as the solvent. Under highly acidic conditions, H,BDC must exist at a ratio
higher than the stoichiometric ratio (H,BDC/Zr = 1).

Figure 6 shows the SEM images, nitrogen adsorption isotherms, and pore size distri-
bution of the batch-synthesized UiO-66 and spray-synthesized UiO-66 before and after
washing with Zr(OnPr), as the Zr source at an AcOH/Zr ratio of 440 and H,BDC/Zr ratio
of 2.5. Hereafter, these three samples will be referred to as b-UiO-66(Pr), unwashed-sp-UiO-
66(Pr), and sp-UiO-66(Pr).
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Figure 6. (a—c) SEM images, (d—f) nitrogen adsorption isotherms (filled: adsorption branch; opened:
desorption branch), and (g) BJH pore size distribution of b-UiO-66(Pr), unwashed-sp-UiO-66(Pr), and

sp-UiO-66(Pr); insets of (b,c) are particle size distributions.

In the SEM image of b-UiO-66 (Figure 6a), nanoparticles with diameters of approxi-
mately 150 nm are observed. The BET surface area and micropore volume of the sample
are 1252 m? /g and 0.41 cm?/g, respectively, consistent with those for b-UiO-66(Cl).

Unwashed-sp-UiO-66(Pr) are spherical particles with a GMD of 1.23 pm (Figure 6b).
However, for sp-UiO-66(Pr), the particles retain spherical morphology, but with a rough
surface and GMD of 1.19 um (Figure 6c). As described above, an excess amount of H;BDC
was required to obtain UiO-66 using Zr(OnPr)s4, which precipitated together with the
UiO-66 crystals during droplet evaporation. The residual H,BDC in unwashed-sp-UiO-
66(Pr) was dissolved by a washing procedure, which resulted in the collapse of spherical
particles, roughening the surface of sp-UiO-66(Pr). The BET surface areas are 378 m?/g
for the unwashed-sp-UiO-66(Pr) and 1258 m?2/ g for sp-UiO-66(Pr). The low surface area
of the unwashed-sp-UiO-66(Pr) was also due to clogging by residual H,BDC. The total
pore volume of sp-UiO-66(Pr) is 1.79 cm® /g higher than that of b-UiO-66. The pore size
distribution of sp-UiO-66(Pr) (Figure 6g) indicates that the sample has macropores that
contribute to the high total pore volume, which is an interparticle void between the UiO-66
crystals produced by the dissolution of H;BDC.
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The TG-DTA curves (normalized to a final weight of 100%) of b-UiO-66(Pr) and sp-
UiO-66(Pr) are shown in Figure 7. The TG curve of b-UiO-66(Pr) shows weight loss in the
ranges of 25-100 °C, 150-270 °C, and 440-530 °C, where the DTA curve shows endothermic,
small exothermic, and large exothermic peaks, respectively. The weight losses in these
regions were due to the volatilization of physiosorbed solvents, dehydroxylation of the
UiO-66 framework (Zrs(OH)4O4(BDC)g — ZrsOs(BDC)g + 2H,0), and decomposition of
BDC linkers [25,35,36]. By contrast, the TG-DTA curves of sp-UiO-66(Pr) show the weight
loss of the decomposition of BDC linkers from 360 °C, indicating that the thermal stability
was lower than that for b-UiO-66(Pr). The weight at 360 °C (W340) and final weight (100%)
were assigned to dehydrated UiO-66, ZrsOg4x(BDC)g_, (Where x is the deficient value
of BDC linkers per Zrg formula unit), and 6ZrO,, respectively. For ideal UiO-66, Wi is
220.2%. W3gp and x were 217% and 0.16 for b-UiO-66(Pr), and 213% and 0.35 for sp-UiO-
66(Pr), respectively, indicating that missing linker defects were present in both samples [8].
When AcOH was used as a modulator, a few acetate linkers remained in the UiO-66 crystals,
resulting in the formation of missing linker defects [37]. In addition, sp-UiO-66(Pr) had
more missing linker defects than that in b-UiO-66(Pr), because rapid UiO-66 crystallization
during fast droplet evaporation did not complete the ligand exchange from acetate linkers
to BDC linkers.

320 300
300 - ‘
280 n I~ 250
260 1 L 200
240 -
=220 1 L 150 9
5,200 - tz
g 180 - - 100 <
160 -
140 | - 50
120 - "
100 -
80 : : : : : -50
0 100 200 300 400 500 600

Temperature [°C]

Figure 7. TG (solid line) and DTA (dashed line) curves of b-UiO-66(Pr) (black) and sp-UiO-66(Pr) (red).

Figure 8 shows the CO, adsorption isotherms at 273 and 298 K and the isosteric heat
of adsorption (Qs) for b-UiO-66(Pr) and sp-UiO-66(Pr). The CO, adsorption isotherms of
sp-UiO-66(Pr) at 273 and 298 K were higher than those of b-UiO-66(Pr). CO, adsorption
uptakes at 1 bar and 273 K are 2.87 mmol/g for b-UiO-66(Pr) and 3.43 mmol/g for sp-UiO-
66(Pr), respectively. Qs of sp-UiO-66(Pr) was higher than that of b-UiO-66(Pr). The high
CO, uptake and Qg values of sp-UiO-66(Pr) can be attributed to defects in the UiO-66
crystal skeleton generated by rapid crystallization. These defects act as CO, adsorption
sites, resulting in a higher CO, uptake and Qs [37,38].

Therefore, we successfully achieved the spray synthesis of UiO-66 without preheating
using Zr(OnPr),4 and acetic acid for cluster formation at room temperature with a short
aging time. The yield and purity for sp-UiO-66(Pr) were 1.1 mg/mL and 65%, respectively.
When 15 mL of the precursor solution was used, the yield per time was 7.3 mg/h higher
than that for b-UiO-66(Pr) (1.9 mg/h). Based on this knowledge, the amino functional
group-substituted UiO-66 (UiO-66-NH;) was also spray synthesized and analyzed in detail
alongside spray-synthesized UiO-66.
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Figure 8. (a) CO, adsorption isotherms at 273 K and 298 K and (b) isosteric heat of adsorption of the
b-UiO-66(Pr) and sp-UiO-66(Pr).

3.3. Spray Synthesis of UiO-66-NH, Using Zr(OnPr)y as a Zr Source without Preheating

UiO-66-NH; was spray synthesized using 2-aminoterephthalic acid (H,BDC-NH,)
instead of HyBDC after the formation of Zr acetate clusters. Figure S10 shows the XRD
patterns of spray synthesizing with varying H,BDC-NH, /Zr ratios in the range of 2.5-6.0.
However, low crystalline UiO-66-NH; was obtained at the ratio of 4.0-5.0, despite partial
deprotonation of the carboxylic groups of H;BDC-NH; owing to the lower pKa values of
3.6 and 3.1 compared to those of HyBDC.

Schaate et al. reported that the synthesis of H,O is essential for obtaining crystalline
UiO-66-NH, [20]. Therefore, water was added to the Zr solution at a H,O/Zr ratio of 1.
The XRD pattern of the spray-synthesized UiO-66-NH; with the addition of H,O exhibited
UiO-66 crystal patterns consistent with those of batch-synthesized UiO-66-NH; (Figure 9).
However, the addition of H,O to the H,BDC-NHj; solution did not yield crystalline UiO-
66-NH,. This indicates that the addition of H,O to the Zr solution assisted in the formation
of Zr-acetate clusters, resulting in highly crystalline UiO-66-NH,.

Figure 10 shows the SEM images, nitrogen adsorption isotherms, and pore size distri-
bution of batch-synthesized UiO-66-NH, and spray-synthesized UiO-66-NH; before and
after washing with Zr(OnPr), as the Zr source at an AcOH/Zr ratio of 440 and H,BDC-
NH;/Zr ratio of 5. Hereafter, the three samples are referred to as b-UiO-66-NH;(Pr),
unwashed-sp-UiO-66-NH;(Pr), and sp-UiO-66-NH(Pr).

The SEM image of b-UiO-66-NH;(Pr) (Figure 10a) shows nanoparticles with diameters
of approximately 200 nm. The BET surface area and micropore volume of the sample are
1319 m?/g and 0.42 cm3 /g, respectively, slightly higher than those of b-UiO-66(Cl) and
b-UiO-66(Pr).

The morphologies of the unwashed-sp-UiO-66-NH;(Pr) and sp-UiO-66-NH;(Pr)
(Figure 10b,c) were similar to those of the unwashed-sp-UiO-66(Pr) and sp-UiO-66(Pr).
Unwashed-sp-UiO-66-NH; (Pr) are spherical particles with a GMD of 1.32 um, whereas
sp-UiO-66-NH;(Pr) are partially collapsed spherical particles with rough surface and a
GMD of 1.26 um. The rough surface of sp-UiO-66-NH;(Pr) was due to the dissolution
of the residual H,BDC-NH,, similar to that of sp-UiO-66(Pr). The BET surface area of
unwashed-sp-UiO-66(Pr) is significantly low at 59 m?/g due to the residual HBDC-NHp.
By contrast, the BET surface area and total pore volume of sp-UiO-66-NH;(Pr) were 1263
m?/g and 2.33 cm?3/g, respectively. These high values were due to the dissolution of
the residual HyBDC-NH; which opened the micropores of the UiO-66-NH; crystals and
produced macropores, as confirmed by the pore size distribution (Figure 10g).
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Figure 9. XRD patterns of batch-synthesized and spray-synthesized UiO-66-NH, with the

addition of H,O to Zr and H,BDC-NH, solutions (total molar ratio is Zr(OpPr)4:H,BDC-
NH;,:DMF:AcOH:H;0 = 1:5:754:440:1).
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Figure 10. (a—c) SEM images, (d—f) nitrogen adsorption isotherms (filled: adsorption branch; opened:
desorption branch), and (g) BJH pore size distribution of UiO-66-NH; using Zr(OnPr), as the Zr
source: (a,d) batch-synthesized UiO-66 is spray-synthesized (b,e) before and (c,f) after washing.
Insets of (b,c) are particle size distributions.

The yield and purity for sp-UiO-66-NH,(Pr) were 1.4 mg/mL and 69%, respectively.
When 15 mL of the precursor solution was used, the yield per time was 9.0 mg/h higher
than that for b-UiO-66-NH,(Pr) (2.1 mg/h).

The TG-DTA curves (normalized to a final weight of 100%) of b-UiO-66-NH,(Pr) and
sp-UiO-66-NH;(Pr) are shown in Figure 11. Both samples exhibited similar weight losses
in the TG curves. From the DTA curves, the decomposition of BDC-NHj, linkers starts from
300 °C. Thus, the weight losses in the ranges of 25-100 °C, 150-300 °C, and 300—450 °C
are due to the volatilization of physiosorbed solvents, dehydroxylation of UiO-66-NH,
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framework (Zrs(OH)404(BDC-NH;) — ZrgOg(BDC-NHy)4 + 2H,0), and decomposition
of BDC-NH, linkers, respectively. This implies that sp-UiO-66-NH;(Pr) had a consistent
thermal stability with b-UiO-66-NH;(Pr). Similar to the case of UiO-66, the weights at
300 °C (W3q) are assigned to dehydrated UiO-66-NH; (Zr¢Og,(BDC-NH3)s ) and 6ZrO;,
respectively. For ideal UiO-66-NH;, W3pp was 232.4%. The W3gp and y are 217% and 0.63
for b-UiO-66-NH;(Pr), and 213% and 0.84 for sp-UiO-66-NH;(Pr), respectively. Similar to
UiO-66, sp-UiO-66-NH;(Pr) had more missing linker defects than b-UiO-66(Pr) because of
rapid UiO-66-NH; crystallization during droplet evaporation.
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Figure 11. TG (solid line) and DTA (dashed line) curves of b-UiO-66-NH, (Pr) (black) and sp-UiO-66-
NH,(Pr) (red).

Figure 12 shows the CO; adsorption isotherms at 273 and 298 K and Qs of b-UiO-66-
NH;(Pr) and sp-UiO-66-NH;(Pr). The CO, adsorption uptake of sp-UiO-66-NH,(Pr) at 273
and 298 K was higher than that of b-UiO-66-NH; (Pr). CO, adsorption uptakes at 1 bar and
273 K are 4.81 mmol/g for b-UiO-66(Pr) and 6.11 mmol/g for sp-UiO-66(Pr). These values
are higher than those of b-UiO-66(Pr) and sp-UiO-66(Pr) because the NH, functional group
has a high affinity for CO, molecules [39]. Qs of sp-UiO-66-NH;(Pr) was higher than that
of b-UiO-66-NH;(Pr). The high CO; uptake and Qs values of sp-UiO-66-NHj,(Pr) can be
attributed to defects in the UiO-66-NH, crystal skeleton generated by rapid crystallization.
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Figure 12. (a) CO, adsorption isotherms at 273 K and 298 K and (b) isosteric heat of adsorption of the
b-UiO-66-NH; (Pr) and sp-UiO-66-NH;(Pr).
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4. Conclusions

In conclusion, we successfully demonstrated the spray synthesis of UiO-66 and UiO-
66-NH; without preheating using Zr(OnPr)4 as the Zr source and acetic acid for cluster
formation. This approach eliminates the need for additional preheating steps that are
required when using ZrCly as the Zr source. The spray-synthesized UiO-66 and UiO-66-
NH; exhibited spherical morphologies with interparticle voids that contributed to high
total pore volumes without compromising the BET surface areas and micropore volumes.
Furthermore, we investigated the CO, adsorption capacities of the spray-synthesized MOFs.
UiO-66 and UiO-66-NH; exhibited a higher CO, adsorption uptake and Qs than the batch-
synthesized sample, which was attributed to missing linker defects in the crystal structure
introduced by rapid droplet evaporation. This study contributes to the understanding of the
spray synthesis process and provides insight into the mechanisms governing the formation
of MOFs in droplets. These findings will pave the way for further advancements in the
controlled synthesis of UiO-66 and related MOFs, thereby expanding their applicability in
various fields, including gas adsorption and catalysis.

Supplementary Materials: The supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst14020116/s1, Figure S1: Schematic of the homemade apparatus;
Figure S2, 53, S6-S8 and S10: XRD patterns; Figure S4: Nitrogen adsorption-desorption isotherms;
Figure S5: Estimated dimensionless diameter of droplets as a function of evaporation time with initial
diameters of 10 um at different temperature; Figure S9: Estimated existence rate of each dissociated
species of HyBDC in water.
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