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ABSTRACT

The UiO-66 metal–organic framework has remarkable physicochemical char-

acteristics which have positioned it as one of the Zr-MOFs with greater potential

for application in diverse processes. However, it remains a challenge how to

optimize the synthesis methods so as to obtain this material with high yield and

good porous properties under more eco-compatible conditions. In this work, we

report the solvothermal synthesis of UiO-66 nanocrystals with high surface area

using acetone as the synthesis medium, replacing the traditional and toxic N,N-

dimethylformamide. The effects of solvents, reactant concentration, tempera-

ture, synthesis time and mixture protocol on the material properties were

characterized by XRD, SEM–EDS, FTIR, TGA-SDTA and N2 adsorption iso-

therms. The sample obtained in pure acetone employing the optimized protocol

exhibited spherical nanoparticles 150 nm in size and presented the greatest

relative crystallinity. The alternative protocol allowed obtaining UiO-66 with

high yields (* 91%) without employing DMF, under mild conditions (80 �C), in

the form of nanocrystals with high specific surface area (1299 m2 g-1) that can

be activated by simple drying at 130 �C and atmospheric pressure. The MOF

obtained in acetone under optimum conditions showed reversible CO2 uptake

capacity at room temperature and low pressures as determined by both CO2

isotherms and TGA-CO2 tests.

Introduction

The metal–organic framework (MOF) called UiO-66

is a microporous zirconium terephthalate which

consists of clusters of zirconium atoms connected to

each other by molecules of benzenedicarboxylates,

forming a three-dimensional arrangement. This MOF

was synthesized for the first time in 2008 [1] and has

interesting physicochemical qualities such as high

thermal, chemical and mechanical stability [1, 2] as

well as high specific surface area. The material has a

pore system composed of two cages with free diam-

eters of approximately 11 and 8 Å, respectively,

connected through narrow triangular windows with

an opening of about 6 Å [1, 3]. These properties have
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positioned it as one of the Zr-MOFs with greater

potential for application in various processes, such as

gas adsorption and storage [2–4], gas separation [5],

drug release [6], sensor [7] and catalysis [8, 9], among

others. In general for MOFs synthesis, other more

environmentally-friendly approaches have been

analyzed apart from solvothermal methods, e.g.,

those that use small amounts of solvent [10], solvent-

free methods like mechanosynthesis [11] or methods

that require lower temperature or shorter reaction

times such as sonocrystallization [12], microwave-

assisted synthesis [13] or synthesis by microfluidic

approach [14]. However, currently most of the

reported procedures for obtaining crystals of UiO-66

involve solvothermal treatments using N,N-

dimethylformamide (DMF) as solvent and generally

temperatures of 120 �C [1–9]. In this line, several

studies have been carried out in order to obtain dif-

ferent Zr-MOFs; their synthetic protocols generally

involve solvothermal treatments at high tempera-

tures and pressures [15]. In the case of UiO-66, the

inclusion of additives such as water [16], several

acids (HCl, benzoic, acetic, trifluoroacetic, formic and

hydrofluoric) [16–21] and bases (NH4OH) [22], used

to optimize the synthesis and improve the properties

of the material has been analyzed, in all cases DMF

being the solvent used for its obtention. In addition,

the quantitative relationships between the features of

these additives (called modulators) and the proper-

ties of this MOF have been proposed [23]. UiO-66

with moderate surface area (783 m2 g-1) and BDC

impurities was obtained solvothermally (120 �C)

using ethanol [24] and also mixtures of 40–60% v/v

of acetic acid–water heated under reflux (769 m2 g-1)

which, in addition, showed structural defects [25].

In this context, an aspect of great interest emerges,

i.e., to optimize the synthetic protocol taking into

account more ecological and economic criteria, such

as using less toxic and expensive solvents than DMF

as well as milder treatment conditions. DMF is a very

toxic solvent which has not yet been classified as

carcinogenic to humans but which, according to

substantial evidence, causes birth defects, affects the

nervous system as well as the liver and kidney [26].

In addition, due to its low vapor pressure (3.87 mm

Hg at 25 �C) and kinetic diameter of about 0.55 nm

[27], after the MOF synthesis certain activation steps

are required, including long contact times with other

volatile solvents such as chloroform [4, 22], methanol

[5], or ethanol [28] to perform solvent exchanges;

afterward, controlled drying in vacuum stoves is also

required to obtain the permanent porosity of the

material. This is a delicate operation that can cause

partial blocking or collapse of the MOF channels [28]

or induce intercrystalline defects [27], also con-

tributing to the large dispersion of specific surface

area values reported in the literature. On the other

hand, acetone is a very common solvent which is

used in numerous applications that, although is not

completely innocuous, it presents a low acute and

chronic toxicity both ingested and inhaled [29]. In

addition, it has a high vapor pressure (231 mm Hg at

25 �C) and a kinetic diameter of 0.46 nm [30], which

could help in the post-synthesis activation step.

In this work, we study the solvothermal synthesis

protocol to obtain UiO-66 in more sustainable con-

ditions, replacing the use of N,N-dimethylformamide

by a reaction mixture based on acetone employing

mild treatments (80 �C). The physicochemical quali-

ties of the solids were analyzed, and the best material

obtained was also evaluated in its capacity to interact

with CO2 at low pressures and room temperature as a

probe test.

Experimental

Synthesis procedure

Benzenedicarboxylic acid (BDC, Aldrich), ZrCl4 (Zr,

Aldrich) and acetone (Cicarelli, 99.0% purity) were

used without further purification. In some experi-

ments ethanol (Cicarelli proanalysis, 99.5% purity),

N,N-dimethylformamide (Aldrich) and distilled

water were also used. Three different protocols of

mixture of reactives were used, as indicated in the

scheme of Fig. 1. The mixture procedure basically

consisted in mixing the two solid reactants together

with the solvent in the molar proportions BDC: ZrCl4:

solvent = 1:1:2433, 1:1:1622, 1:1:750 or 1:1:375. The

above indicated reactants to solvent molar ratios

were denoted as R1, R2, R3 and R4, respectively.

After obtaining the homogeneous mixture, it was

placed under solvothermal treatments between 40

and 160 �C during different times (6–72 h). At the

end of the treatments, the solids were recovered by

centrifugation (10000 rpm, 10 min), washed twice

with ethanol and finally dried at 80 �C overnight. The

samples were denoted by indicating the protocol

number (1, 2 and 3), the used solvent (D: DMF, A:
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acetone, E: ethanol, W: water), the solvent percentage,

the synthesis time between brackets, the synthesis

temperature and the solvent molar ratio (R). For

example, 2-A93(72)T80-R2 denotes a sample synthe-

sized by protocol 2 with 93% v/v of acetone at 72 h

and 80 �C with a BDC: ZrCl4: solvent molar ratio of

1:1:1622.

Materials characterization

The microstructure of the solids obtained was

examined by scanning electron microscopy (SEM)

with a benchtop instrument PhenomWorld ProX

(Netherlands) operated at 15 kV. The samples were

coated with a thin layer of Au in order to improve the

images. Elemental microanalysis and elemental

mapping were carried out by energy-dispersive X-ray

spectroscopy (EDS). Fourier transformed infrared

spectroscopy (FTIR) of KBr-compacted samples was

performed with a Shimadzu Prestige-21 instrument

equipped with a DLATGS high-sensitivity detector

(400–4000 cm-1, 40 scans, 2 cm-1 resolution). X-ray

diffraction (XRD) was performed with a Shimadzu

XD-D1 instrument by scanning the 2h angle at

2� min-1 between 5� and 60� using CuKa radiation

(k = 1.5418 Å, 30 kV, 40 mA). Adsorption–desorp-

tion isotherms of N2 at 77 K were acquired, after the

solids were degassed (4 h, 200 �C, vacuum) and the

specific surface area (BET), total pore volume,

micropore volume and mesopore size distribution

(BJH) were obtained. Low-pressure CO2 adsorption

isotherms at 298 K were acquired in a static equilib-

rium adsorption system, admitting increasing CO2

doses after an evacuation at 200 �C for 4 h under

dynamic vacuum. Dynamic CO2 uptake experiments

in a TGA equipment were also performed applying

cycles of CO2 flow (298 K, 50 cm3 min-1, 60 min)

using a CO2: He mixture (50:50 v/v) interspersed by

desorption stages with sweeps in N2, heating from 25

to 200 �C at 10 �C min-1 in N2 flow (50 mL min-1).

To analyze the thermal stability of the crystals, ther-

mogravimetric analysis (TGA) and single differential

thermal analysis (SDTA) were conducted with a

Mettler Toledo STARe with a TGA/SDTA851e mod-

ule from 25 to 900 �C at 10 �C min-1 in N2 flow

(50 mL min-1, STP).

Results and discussion

Synthesis of UiO-66 in solvent mixtures:
acetone-DMF and ethanol-DMF

Figure 2 shows the diffraction patterns of the solid

obtained using pure DMF (protocol 1) in reference

conditions (120 �C and 24 h), sample 1-D100(24)T120-

R2. All the indexed signals of this MOF can be

observed, which correspond to a symmetrical cubic

Protocols for the reac�ves mixing Solvothermal step

P1

P2

P3

Figure 1 Scheme of the three

protocols employed for the

mixture of reactants before the

solvothermal treatment.
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structure that matches the diffractogram simulated

from their crystallographic data (CCDC 733458). By

replacing DMF with increasing proportions of etha-

nol, amorphous solids were recovered (1-

E63(24)T120-R2–1-E100(24)T120-R2) even using the

lowest proportion of ethanol. However, no remaining

impurities, such as BDC, can be observed. The latter

presented intense signals around 2h = 17� and 27� as

observed in the diffractogram of the pure reagent

(Fig. 2). Evidently, the only change in the synthesis

medium modified the MOF formation process. In the

solid obtained with a lower proportion of ethanol,

1-E63(24)T120-R2, a small signal was observed that

coincides with the main peak of the MOF, which

suggests an incomplete crystallization. For this rea-

son, the treatment time was extended to 72 h, but

amorphous materials were also recovered (Fig. 2). It

was attempted to improve this aspect taking into

account reports indicating that the addition of certain

additives improves the crystallinity of this MOF

obtained in DMF [15, 16]. Experiments adding small

amounts of water, acetic acid, sodium acetate or pre-

synthesized UiO-66 crystals were performed (not

shown), but none of these variants improved crys-

talline qualities.

The simple mixing protocol used above (protocol 1)

is analogous to that reported for the synthesis of

other MOFs such as ZIF-8 and HKUST-1, but differs

slightly from that originally reported by Cavka et al.

[1] for UiO-66. Next, a variant of the latter (protocol 2)

was used to dissolve the solids in a small amount of

DMF (7% v/v) using ultrasound and then completing

the final proportion with the alternative solvents

(protocol 2), ethanol, acetone or water (93% v/v).

This is outlined in Fig. 1. After bringing the mixtures

thus prepared to solvothermal treatment with the

same molar ratios and temperature as the previous

series of syntheses, the recovered solids exhibited

diffractograms whose main signals coincided with

those of the MOF (Fig. 2) when using a mixture with

ethanol (2-E93(72)T120-R2) or with acetone (2-

A93(72)T120-R2), but not when using the mixture

with water (2-W93(72)T120-R2). When comparing

these results with those obtained using protocol 1, it

is evident that the formation of the MOF is not only

very sensitive to the solvent, but also to the prepa-

ration protocol of the synthesis mixture.

On the other hand, it is known that in the processes

of solvothermal synthesis an increase in temperature

can modify the crystallinity of the obtained materials.

Therefore, starting from the previous results,

2-A93(72)T120-R2 and 2-E93(72)T120-R2, the effect of

the treatment temperature was analyzed. We found

that in both solvents there was an optimum temper-

ature in which the higher crystalline development

was obtained, which is 80 �C (Fig. S1). The solids

synthesized under these conditions presented speci-

fic surface areas (BET) of 986 m2 g-1 for

2-A93(72)T80-R2 and 864 m2 g-1 for 2-E93(72)T80-R2,

respectively. These results are noteworthy since pure

UiO-66 phases were obtained with treatments at

80 �C, replacing the 93% v/v of DMF by acetone or

ethanol.

Synthesis of UiO-66 in N,N-
dimethylformamide-free media

When trying to completely replace DMF (employing

protocol 2), it can be seen (Fig. 3) that the solid

obtained in pure acetone, 2-A100(72)T80-R2, showed

a low crystallinity, while that obtained in ethanol was

totally amorphous (not shown). Considering the

critical effect that the homogenization stage seems to

have on the development of the MOF, it was refor-

mulated using magnetic stirring (protocol 3), as

shown in Fig. 1. The mixture thus obtained using

ethanol, after solvothermal treatment, yielded a solid

that remained as an amorphous phase (not shown),

but that obtained with pure acetone and treated

under the same previous conditions (72 h, 80 �C)

Figure 2 X-ray diffraction patterns (XRD) of the solids obtained

in ethanol-DMF, acetone-DMF and water-DMF mixtures using

protocol 1 with a molar ratio 1:1:1622 and at 120 �C.
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yielded a solid, 3-A100(72)T80-R2, which showed

strong UiO-66 diffraction signals (Fig. 3). The pure

UiO-66 sample thus obtained is relevant since it was

possible to totally replace the DMF by acetone using

mild treatment conditions. The above results also

highlight a poorly discussed aspect in the literature of

MOFs in general, which is the high sensitivity of the

mechanism of MOF formation to both the solvent and

the route of preparation of the reaction mixture. The

evolution of UiO-66 phase by initially mixing the

reactants together in a small amount of solvent will

probably lead to the formation of the necessary pre-

cursors of hexa-Zr clusters. In addition, it is likely

that our optimized protocol can be extended to other

Zr-MOFs currently obtained in DMF such as the case

of NU-1000 [31] and NU-1102 [32], since in their

synthesis the same metal precursor ZrCl4 is used,

forming Zr6O4(OH)4(CO2)12 secondary building

units. However, the need for further optimizations of

solvothermal treatment times and temperatures is

anticipated, given the different pKa of the carboxylic

acid function in the voluminous tetra carboxylated

ligands of said MOFs.

Next, some critical variables were analyzed by

maintaining the synthesis protocol (P3) in pure ace-

tone discussed above, which provided a solid with a

high crystalline quality. When analyzing the UiO-66

crystalline evolution with the synthesis time, it can be

observed (Fig. 3) that solids with intense X-ray

diffraction patterns were obtained after 48 and 24 h.

However, the intensities of the main XRD signals

corresponding to the (111), (200) and (600) planes

indicate that the sample obtained after 24 h presented

the greatest relative crystallinity and also the highest

yield (Table 1). At longer times probably a slight

degradation of the MOF after the prolonged contact

with the synthesis medium was produced, since it

also corresponded to the tendency of the solids yield.

On the other hand, it is observed that after only 6 h of

treatment an incipient development of a pure phase

of UiO-66 occurred. In the solid obtained after 12 h, a

small XRD signal of remaining BDC can be observed,

which may be due to an inefficient washing of this

sample.

Since it would be desirable to use as little acetone

as possible and taking into account that a treatment

for 24 h provided the solid with the best properties,

the effect of the reagent concentration was then ana-

lyzed. The solids obtained with a smaller proportion

of acetone (R3 and R4 ratios) showed developed

diffractograms (Fig. 3), although their relative crys-

tallinity was somewhat smaller compared to the

medium concentration (R2) as shown in Table 1.

Likewise, when using a greater proportion of solvent

(R1) the quality of the MOF also decreased (Table 1),

indicating that an optimum amount of acetone is

required for the most efficient and crystalline for-

mation of the UiO-66.

Physicochemical properties of UiO-66
crystals obtained in pure acetone

The FTIR spectra of synthesized materials (Fig. 4)

exhibited two regions that typically characterize this

MOF. An intense doublet around 1575 and

1400 cm-1, corresponding to modes of stretching in

and out of the plane of carboxylate groups (OCO),

respectively, and a group of signals at low

wavenumbers with two main peaks at 554 and

480 cm-1 associated with Zr–O bonds in the MOF

cluster [1]. The calculated harmonic vibrational

spectra assigned those signals to modes of Zr–(OC)

asymmetric stretching and l3–OH stretching (in-

phase) of the (HO–Zr–OH) units, respectively [33].

When comparing the IR spectra with the XRD pat-

terns, it can be seen that when obtaining a developed

crystalline structure, on the one hand, the IR signals

in the (OCO) region are narrowed and on the other

hand the two low frequency signals are well defined.

This effect is more noticeable when the solid has very

Figure 3 X-ray diffraction patterns (XRD) of the solids obtained

in pure acetone at different times and molar ratios of solvent.
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low crystalline evolution, i.e., in the sample

3-A100(6)T80-R2. The correlation between the infra-

red profile and the crystallinity was confirmed when

analyzing several materials without crystalline

development, such as the solid 1-E100(24)T120-R2

included in Fig. 4 for comparison. That is, a FTIR

spectrum can qualitatively anticipate whether or not

the material will exhibit good crystallinity. Our

interpretation is that materials with low crystallinity

correspond to zirconium terephthalates with a dis-

ordered bond connection structure in which there is a

greater variation of the environment of the COO-

bound to the centers of Zr. In addition, the orderly

disposition of the zirconia cluster forming the Zr6

O4(OH)4(BDC)6 units would not be fully developed,

given the blurred signals at 554 and 480 cm-1.

The SEM images of the solid obtained in acetone

after a 6 h synthesis, 3-A100(6)T80-R2, showed

spongy aggregates (Fig. 5a) without the presence of

particles with a defined morphology, which is com-

patible with a Zr-terephthalate of low crystalline

characteristics, in agreement with the previous XRD

and FTIR results. Meanwhile, in the sample obtained

at 12 h (Fig. 5b) clusters of nanocrystals with a size of

about 300 nm forming compact aggregates can be

seen. The solid obtained at 24 h, 3-A100(24)T80-R2,

showed spherical nanoparticles similar to that of 12 h

but with a size of about 150 nm, forming somewhat

more open aggregates in the shape of clusters

(Fig. 5c). This morphology differs from that found for

this MOF obtained in DMF, which presents cubic

inter grown single crystals [1]. The replacement of

DMF by acetone not only has implications in the

crystalline development of the UiO-66 phase, but also

exerts marked effects on the size and morphology of

the crystals, analogous to those reported for the for-

mation of other MOFs [34, 35]. On the other hand, the

solid obtained in the most dilute condition,

3-A100(24)T80-R1, presented a similar particle size

and morphology than that of medium dilution,

although somewhat more agglomerated (Fig. 5d). In

contrast, by reducing the proportion of solvent a deep

change in the crystal morphology was observed. For

3-A100(24)T80-R3 sample, in addition to nanoparti-

cles, the material presented larger spherical forma-

tions (between 1 and 0.5 lm), some of which were

fused together (Fig. 5e), while the solid synthesized

with the least proportion of solvent showed a larger

amount of the big spherical formations (Fig. 5f). SEM

analysis indicated a strong dependence on the

Table 1 Efficiency, crystallinity, textural properties and thermal stability of UiO-66 synthesized using acetone at 80 �C

Sample Yield

(%)a
Crystallinity

(%)b
Specific

surface area

(m2 g-1)c

Micropore volume

(cm3 g-1)d
External

surface

(m2 g-1)e

Total pore volume

(cm3 g-1)f
DTGA1g

(%)

DTGA2h

(%)

3-A100(6)T80-R2 55.7 30 275 0.17 57 0.19 20.0 27.7

3-A100(12)T80-R2 71.9 29 421 0.17 57 0.27 21.5 26.7

3-A100(24)T80-R2 91.2 100 1299 0.52 147 0.78 34.0 24.7

3-A100(48)T80-R2 82.0 86 1158 0.46 139 0.72 29.9 27.1

3-A100(72)T80-R2 82.9 83 1036 0.44 112 0.68 33.8 25.6

3-A100(24)T80-R4 74.6 74 692 0.26 123 0.40 25.1 24.1

3-A100(24)T80-R3 69.7 58 667 0.23 94 0.59 25.7 24.0

3-A100(24)T80-R1 84.5 69 810 0.37 38 0.44 27.2 26.7

aSynthesis yield considering the amount of Zr added in the synthesis mixture and the amount of Zr obtained in the MOF (calculated with

the theoretical formula Zr6O4(OH)4(BDC)6 [16])
bRelative crystallinity between solids, considering the sum of the integrated intensity of the main XRD signals (planes (111), (200) and

(600))
cCalculated considering the linearization of the BET equation (using a range of P/P0 = 0.01–0.25)
dCalculated with the t-plot method (considering t = 0.39–0.86)
eCalculated with the slope of t-plot graphs (St = slope 9 1.5495)
fCalculated as the volume of the N2 liquid adsorbed at P/P0 & 0.99
gMass loss in TGA from 25 up to 300 �C
hMass loss in TGA from 425 �C to the end of the structural collapse at 600 �C
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morphology of solids with the concentration of the

reactants (at the same Zr: BDC molar ratio), especially

when using concentrated conditions. To analyze the

chemical characteristics of the crystals in these cases

(nanoparticles and micrometer spherical particles),

analyses by EDS-mapping were performed. A similar

concentration and homogeneous distribution of Zr

and O were observed in the sample obtained under

the more concentrated conditions, 3-A100(24)T80-R4,

both in the nano particle aggregates and in the bigger

particle sectors (Fig. S2). This is compatible with a

uniformly formed Zr-terephthalate and also confirms

that in no sector of the solids do BDC or ZrCl4 resi-

dues persist, in agreement with the XRD patterns in

which only UiO-66 signals were detected. In the

sample 3-A100(24)T80-R3, the situation was similar,

without any differentiation in composition of the

sample constituent particles. Similarly, in the

3-A100(24)T80-R2 sample, it was observed that the

dispersed nanoparticles have a homogeneous com-

position throughout all the material (Fig S2).

The N2 adsorption–desorption isotherms of all the

solids synthesized in pure acetone (Fig. 6) corre-

spond to Ib-type isotherms, which are found in

materials having pore size distributions over a

broader range including wider micropores and pos-

sibly narrow mesopores (\* 2.5 nm) [36]. The pro-

file of this type of isotherm exhibits a less abrupt

increase in the region of low pressures with a plateau

with a slight inclination and has previously been seen

in UiO-66 synthesized in DMF [2, 16]. In addition, the

observed increase in adsorption in the region of P/

P0 & 0.9 indicates the possible presence of macrop-

ores. As the synthesis time increased, a higher

adsorbed volume (Fig. 6) and a higher surface area of

the solids were observed (Table 1). The sample

obtained at 24 h with the ratio 1:1:1622, (3-

A100(24)T80-R2) presented the highest values of

surface area and micropore volume, being

1299 m2 g-1 and 0.52 cm3 g-1, respectively (Table 1).

These values are remarkable and even higher than

many others reported for this MOF obtained in

reaction mixtures with DMF [Table S1]. In addition,

the trend in the textural properties correlates with the

efficiency of the synthesis and crystallinity of the

MOF (Table 1). In the sample with better qualities, a

small hysteresis was also observed (inset Fig. 6),

reflecting the presence of larger mesopores, which are

usually found in solids having mesoporosity due to

the small size of the particles [16] which is compatible

with the small crystallites that make up aggregates in

this solid, as observed by SEM. The mesopore size

distribution (inset Fig. 6) shows a bimodal curve with

a signal at 3.7 nm and a less accentuated peak around

10 nm. On the other hand, in the other isotherms no

large displacements were observed between the

adsorption and desorption branches, although the

values of micropore volume and total pore volume

account for the presence of mesoporosity in all sam-

ples (Table 1), which is compatible with these types

of isotherms. As for the solids obtained with the

lowest proportion of solvent, they presented N2 iso-

therms of similar characteristics although their tex-

tural properties (Table 1) were somewhat lower than

those obtained with ratio 1:1:1622.

All solids obtained in pure acetone showed a high

thermal stability as shown the TGA-SDTA analysis

(Fig. 7). Initially, there is a mass loss that extends up

to 130 �C associated with physisorbed water and host

molecules, such as solvent residues trapped in the

MOF pores. The magnitude of this event in the dif-

ferent samples followed a logical tendency with the

specific surface area, respectively (Table 1). An

important fact to note from TGA results is the pos-

sibility of releasing the permanent porosity of the

UiO-66 by a simple drying process at atmospheric

pressure at 130 �C, with the consequent economic

advantage and considering that the activation is a

delicate and time-consuming operation. After the first

Figure 4 FTIR spectra of the samples synthesized in pure

acetone under different solvothermal treatment conditions.
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step of mass loss, another small evolution starts at

200 �C, assigned to the dehydroxylation processes of

the MOF cluster from Zr6O4(OH)4 to Zr6O6

[1, 2, 16, 33]. Subsequently, from 425 �C, the collapse

of the MOF structure begins due to the thermal

degradation of the ligand. The mass loss in this

region (Table 1) was in all cases significantly lower

than the stoichiometric proportion, indicating miss-

ing linkers in these materials [2, 4, 33, 37]. The SDTA

analysis acquired simultaneously (inset in Fig. 7),

showed endothermic and exothermic evolutions at

the same temperatures of the TGA events, in line

with the described processes. It is important to note

that even the sample with the lowest crystallinity and

porosity, 3-A100(6)T80-R2, exhibited a thermal sta-

bility similar to that of the more developed crystals.

This supports the claim that the robustness of the

UiO-66 framework is mainly associated with the

Figure 5 SEM images of the

samples synthesized in pure

acetone under different

solvothermal treatment

conditions.
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strong bonds between zirconium and carboxylate

(Zr-OC), rather than with the development of the

ordered structure of Zr6 clusters in the porous array

of the MOF. In addition, the TGA results reinforce the

interpretation of the IR spectra of the less crystalline

samples, which would correspond to more amor-

phous terephthalates with disordered bonding

environments.

The material that presented the best properties,

3-A100(24)T80-R2, was analyzed in its capacity of

adsorption of CO2 at room temperature and low

pressure, considering that the gas storage is one of

the most outstanding applications of this type of

materials (Fig. 8a). The test allows verifying that the

alternative UiO-66 nanocrystals have a good capacity

of interaction with CO2 at these relatively low pres-

sures and room temperature (3.9 mmol g-1). This

CO2 adsorption capacity is above some reported

values for this MOF at similar relative pressure and

temperature conditions [3, 25, 37, 38] and could be

due to defects in the UiO-66 framework generated by

missing linkers. The structural defects lead to greatly

increase the porosity and can strongly affect its gas

adsorption behavior [37, 38]. However, the amount of

CO2 retained in this MOF can be increased at lower

temperatures and higher pressures [4, 23], which can

also be concluded from the continuous increase in the

Figure 6 N2 adsorption–desorption isotherms at 77 K of the

samples synthesized in pure acetone under different solvothermal

conditions. The insets of the solid obtained with 1:1:1622 molar

ratio show the hysteresis in the adsorption–desorption branches

(right) and the distribution of mesopores by the BJH method (left).

Figure 7 TGA, dTGA and SDTA analysis of the UiO-66

obtained in pure acetone under different solvothermal conditions.

Figure 8 Interaction between UiO-66 nanocrystals and CO2:

a CO2 isotherm at low pressures and 298 K. The adsorption cycle

was repeated after evacuation in UHV at 200 �C for 4 h; b CO2

uptake in dynamic conditions with CO2 flow in a TGA instrument.

J Mater Sci

Author's personal copy



adsorption profile (Fig. 8a). Afterward, the same test

was repeated after evacuating the sample in UHV at

200 �C for 4 h and a similar isotherm profile can be

observed (Fig. 8a), indicating that the UiO-66

nanocrystals maintain their physicochemical qualities

and their ability to act reversibly in the adsorption–

desorption process of this probe molecule. Then,

another aliquot of the same sample was evaluated in

conditions closer to those of real application, ana-

lyzing its behavior against CO2 uptake with pulses

under dynamic conditions. It can be seen (Fig. 8b)

that the UiO-66 obtained under the modified protocol

has a CO2 capture capacity that reaches values near

saturation after 60 min of contact (2.8 mmol g-1).

When sweeping with inert gas, there is a reversibility

of the process as the sample returns to the same mass

value prior to the contact. Repeating this experiment

with the same sample, it can be seen that the material

exhibits practically the same CO2 retention capacity

and adsorption–desorption profile as at the begin-

ning, indicating that it retains its qualities and has

reuse capacity, in agreement with what was observed

in low-pressure isotherms.

Conclusions

Nanocrystals of UiO-66 with high specific surface

area and yield were obtained using acetone as solvent

under mild solvothermal conditions. The synthesis

procedure, besides completely replacing the use of

DMF as solvent, simplifies the activation process to

obtain the free porosity of the MOF. The physico-

chemical characterizations of the synthesized solids

allowed establishing a direct correlation between the

efficiency of the synthesis, the crystalline evolution

(XRD), the spectral characteristics (FTIR) and its

textural qualities. The MOF with better properties

was obtained with a Zr: BDC: acetone ratio of

1:1:1622, with a solvothermal treatment at 80 �C for

24 h. The nanocrystals thus obtained have properties

comparable to the best ones reported for this MOF

obtained in pure DMF [1, 2, 4, 7, 9], with high crys-

tallinity, 150 nm size crystals and surface area of

1299 m2 g-1. In addition, the UiO-66 showed rever-

sible and high CO2 uptake capacity at room temper-

ature and low pressure, demonstrating the usefulness

of the nanocrystals obtained under optimized con-

ditions in acetone. This simple route of solvothermal

synthesis allowed obtaining UiO-66 nanocrystals

employing more ecological and economic conditions

than those actually reported with conventional

solvothermal DMF-based protocols [1–9, 16, 18

20, 33]. Moreover, our protocol could be extended to

other Zr-MOFs currently synthesized using DMF

such as the case of NU-1000 [31] and NU-1102 [32],

since these MOFs are based on the reaction between

ZrCl4 and tetracarboxylated ligands. The results

bring an advance in the broad field of metal–organic

framework synthesis and specifically provide an

alternative in the search for new synthetic approa-

ches for this Zr-MOF that has emerged as one of the

MOFs with higher application potential in several

processes.
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