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Scalable, Room Temperature, and Water-based 
Synthesis of Functionalized Zirconium-based Metal-
Organic Frameworks for Toxic Chemical Removal 

Zhijie Chen,a Xingjie Wang,a Hyunho Noh,a Ghada Ayoub,a Gregory W. 
Peterson,b Cassandra T. Buru,a Timur Islamoglua and Omar K. Farha*a

An inexpensive, environmentally benign and scalable strategy was developed to synthesize UiO-66 
derivatives in water at room temperature. Particularly, UiO-66-(COOH)2 with significant amount of 
missing Zr6 clusters exhibited comparably high surface area and high pore volume as to the same 
material synthesized at higher temperatures. The presence of both the Lewis and Brønsted acidic 
active sites permits the high affinity for ammonia under both dry and humid environments. 
Additionally, we have developed a synthesis for the hydrophobic analogue, UiO-66-F4, which 
hydrolyzed the hydrophobic VX agent at 50% relative humidity without buffer and bulk water. The 
scalable synthesis of UiO-66 analogues in water at room temperature makes these materials 
practical and promising candidates for toxic chemical removal applications.
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1. Introduction

Metal–organic frameworks (MOFs),1-6 a class of functional 
porous hybrid organic-inorganic materials, have been 
explored in the past two decades for many potential 
applications such as heterogeneous catalysis,7-13 water 
capture,14-18 large molecule encapsulation,19-21 gas storage 
and separations.22-28 The atomically precise tunability of 
framework structures allows for the design and synthesis of 
MOFs for targeted applications.29-37 Due to this unique 
control over MOFs compared to those of traditional porous 
counterparts such as activated carbon and zeolites, MOFs 
have received interest not only from academia but also from 
several industries, which are seeking to commercialize MOF 
materials.38 However, the scalable synthesis of functional 
MOFs in an environmentally and economically viable 
fashion still needs to be explored.39 To this end, the synthesis 
of MOFs in an aqueous environment under ambient 
conditions has attracted great attention.40, 41 Room 
temperature (RT) syntheses of MOFs in water: 1) decreases 
the cost of production, which is vital for the large-scale 
applications such as adsorption based separation and storage; 
2) increases the safety of operation; 3) reduces the generation 
of toxic byproducts (i.e. solvents); 4) enables the 
encapsulation of heat and/or organic solvent-sensitive 
materials such as enzymes and nanoparticles for specific 
applications.
Specifically, UiO-66, consisting of hexanuclear oxo-
zirconium clusters (Zr6 nodes) and organic terephthalate 
ligands, is among the most prevalent MOF since its 
discovery in 2008,42 due to the high thermal and hydrolytic 
stability, as well as, the ease of functionalization and 
isoreticular structural tuning.43-48 Most reported UiO-66 
analogues are synthesized via solvothermal crystallization in 
toxic, flammable and expensive organic solvents such as 
N,N-dimethylformamide (DMF)42 or N,N-
dimethylacetamide (DMA)49 at high temperature (i.e. 120 
°C), which requires intensive energy input. Recently, we 
have demonstrated the viability of RT syntheses of UiO-66 
and NU-901, another Zr6-based MOF with tetratopic linkers, 
using organic solvents.50, 51 The safe and low-cost aqueous 
syntheses have recently been explored in the construction of 
UiO-type MOFs; although, they generally require high 
temperatures.44, 52-57

Among many, one application of MOFs that would greatly 
benefit from a scalable synthesis under environmentally 
benign conditions is the use of MOFs as solid sorbents 
and/or catalysts for toxic chemicals such as ammonia and 
nerve agents. Ammonia (NH3) is one of the most produced 
industrial gases due to its high utility in large-scale 
applications like in the manufacture of fertilizers, medicines, 
and explosives.58-60 Efficient sorbent materials for ammonia 
are required for personal protective equipment and industrial 
air purification due to its high toxicity.35, 61 However, current 
chemical filters are generally unselective and inefficient, so 
there is a pressing need to improve current technology for 
selective and high capacity sorbents. Porous sorbents with 
Lewis or Brønsted acidic sites are reported to be efficient in 
the capture of basic ammonia.62-67 Nevertheless, sorbents 

with both accessible Lewis and Brønsted acidic sites are still 
rare and could provide enhanced efficiency. 
On the other hand, the very hydrophobic chemical warfare 
agent VX (O-ethyl S-[2-(diisopropylamino)ethyl] 
methylphosphonothioate) consists of phosphonate linkages 
and is one of the most toxic chemicals to humankind.68, 69 
One potential effective way to detoxify VX is to use porous 
MOF sorbents with both accessible Lewis acidic sites and 
hydrophobic pore environments to hydrolyze the reactive P-S 
bond; however, the solid-state reactivity of MOFs for the 
hydrolysis of liquid drops of VX has yet to be explored.70

Herein, we report benign reaction conditions for the 
synthesis of two UiO-66 analogues, including UiO-66-
(COOH)2 (1,2,4,5-benzenetetracarboxylic acid; H2BTEC) 
and UiO-66-F4 (tetrafluoroterephthalic acid; H2BDC-F4), by 
utilizing zirconium(IV) oxynitrate (ZrO(NO3)2) as the metal 
source with trifluoroacetic acid (TFA) or acetic acid (AA) as 
the modulator in water (Fig. 1A.). The UiO-66-(COOH)2 and 
UiO-66-F4 were found to contain a large amount of missing 
cluster defects as revealed by powder X-ray diffraction 
(PXRD) patterns, density functional theory (DFT) pore-size 
distributions obtained from N2 isotherms and 
thermogravimetric analysis (TGA). Moreover, the 
preparation of UiO-66-(COOH)2 can be simply and reliably 
scaled up from 30 mg to 20 g. The scalable synthesis further 
marks these materials practical and promising candidates for 
toxic chemical removal applications such as ammonia 
capture and nerve agent VX detoxification.

Fig. 1. (A) Illustration of the topological network of idealized 
UiO-66 analogues: face-centered cubic (fcu) net; the green ball 
represents the Zr6 node and lavender stick represents the ditopic 
benzenedicarboxylic acid linker. (B) The comparison of 
experimental PXRD patterns with the calculated PXRD patterns 
from the UiO-66 (fcu) and UiO-66 (reo), the most representative 
missing cluster structure of UiO-66. Atom color scheme: C, grey; 
Zr, green polyhedron; O, red. H atoms are omitted for clarity. 

2. Results and discussion
UiO-66-(COOH)2 was chosen as the first target due to the 
high solubility of the H2BTEC linker in water at RT. The two 
additional carboxylic acid functional groups in the linker has 
enabled this MOF to be applied in carbon dioxide capture,44, 

52 water sorption,52 ammonia removal,67 and proton 
conductivity.71 However, to the best of our knowledge, there 
is no report of the aqueous synthesis of UiO-66-(COOH)2 at 
room temperature. In this work, zirconium (IV) oxynitrate 
(ZrO(NO3)2) was selected as the metal source due to its high 
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water solubility and the less corrosive nature of nitrate salts 
compared to chloride salts. The initial trial with ZrO(NO3)2 
and H2BTEC in water under continuous stirring with AA as 
the modulator (water/AA (v/v)= 6/1 ) was unsuccessful, and 
an unknown amorphous gel was obtained after 2 days (Fig. 
S3). We suspected a stronger acid is needed to modulate the 
formation of crystalline MOFs, and therefore, we employed 
TFA as modulator (pKa of TFA [0.23] is less than AA 
[4.76]). The use of TFA as a modulator (water/TFA (v/v) = 
6/1) under the same conditions led to the successful 
crystallization of UiO-66-(COOH)2 at RT (Table 1 and 
Table S1). Amorphous powders were formed by using lower 
concentration of TFA (water/TFA (v/v) = 30/1) under the 
same conditions, which suggests that the TFA concentration 
is critical for MOF crystallization. Notably, increasing the 
amount of AA (water/AA (v/v) = 1/1) still yielded the white 
amorphous powders, which highlights the importance of 
TFA in the synthesis of UiO-66-(COOH)2 at room 
temperature in water. 
The phase purity of the bulk crystalline UiO-66-(COOH)2 
was confirmed by comparing the as-synthesized PXRD 
patterns with the simulated PXRD pattern of the idealized 
UiO-66 crystal structure possessing the 12-connected fcu 
topology (Fig. 1B). A broad peak at 4.2° was also observed 
for the UiO-66-(COOH)2, indicating the presence of ordered 
missing cluster defects within the MOF structure.72 This 
broad peak corresponds to the Bragg peak reflected from the 
(100) plane of the proposed missing cluster defect of UiO-66 
structures based on the 3-periodic 8-connected reo net.72 N2 
adsorption-desorption measurements revealed the 
experimental total pore volume at P/P0 = 0.8 and the 
apparent Brunauer–Emmett–Teller (BET) area of UiO-66-
(COOH)2 were estimated to be 0.37 cm3·g-1 and 890 m2·g-1, 
respectively (Fig. 2, top). Moreover, the non-local density 
functional theory (NLDFT) pore size distribution indicated a 
notable, extra pore centered at ~1.6 nm, in addition to the 
main pore correlated to the parent perfect UiO-66 (fcu) 
structure (1.1 nm) (Fig. 2, bottom). This confirms the 
presence of a significant amount of missing cluster defects in 
the UiO-66-(COOH)2. Additionally, there is no ZrO2 phase 

observed from PXRD (2θ from 1 to 80°), confirming the 
phase purity of UiO-66-(COOH)2 (Fig. S4), which is 
supported by N2 sorption and SEM images (Fig. S5) 

The TGA plot of UiO-66-(COOH)2 under continuous air 
flow indicated that the framework is stable up to ~350 °C 
(Fig. S6). The number of linkers per Zr6 node was estimated 
to be about 3.7 based on the TGA plot, indicating the highly 
defective nature of this material. The band at 3631 cm-1 in 
diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) spectrum could be assigned to the bridging μ3-OH 
groups in Zr6 nodes which further confirms the UiO-66 
structure (Fig. S7).73

The procedure developed here for UiO-66-(COOH)2 can 
easily be scaled up to yield 20 g of MOFs (Fig. S1). The 
phase purity and porosity are retained in the scaled-up batch 
(Fig. S2 and S8), suggesting that this synthetic route can be 
applied to the large-scale production of MOF sorbents.
To tune the defect density in UiO-66-(COOH)2 based on the 
aqueous synthesis, we performed the same reaction at 
different temperatures, including 40, 80 and 100 °C (reflux). 
The resulting PXRD patterns of UiO-66-(COOH)2, after 
normalizing the (111) Bragg peak at 2 theta = 7.4°, showed 
reduced intensity of the broad peak at 2 theta = 4.2°. This 
indicates that the UiO-66-(COOH)2 synthesized at 100 °C 
(UiO-66-(COOH)2-100 °C) has fewer missing cluster defects 
compared to the materials synthesized at the lower 
temperatures. The comparison of N2 sorption isotherms at 77 
K of UiO-66-(COOH)2 synthesized at different temperatures 
exhibited that UiO-66-(COOH)2-100 °C has the lowest 
experimental total pore volume at P/P0 = 0.8 of 0.33 cm3·g-1 
and the lowest estimated apparent BET area of ca. 820 m2·g-1 
(Fig. S9-10 and Table S2). The NLDFT pore size 
distribution displayed a much smaller shoulder centered at 
~1.8 nm compared to when the material was synthesized at 
lower temperatures (Fig. S10) which is expected due to the 
presence of less defects. However, there are still some 
defects in the UiO-66-(COOH)2 structure when synthesized 
under reflux. We note that similar temperature-defect density 
correlation has also been observed in organic media.50

Table 1. Summary of the water-based syntheses of UiO-66 analogues.

MOFs
Metal 
Source

Modulator Water/Modulator (v/v) Temperature
BET surface area 

(m2 g-1)a

UiO-66-(COOH)2 ZrO(NO3)2 TFAb 6/1 RT 890
UiO-66-F4 ZrO(NO3)2 AAc 8/1 RT 690

a Calculated from experimental N2 adsorption isotherms at 77 K. b TFA = trifluoroacetic acid. c AA = acetic acid. 
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Fig. 2. N2 sorption isotherms at 77 K (top) and non-local 
density functional theory (NLDFT) pore size distribution 
(bottom) of UiO-66-(COOH)2 and UiO-66-F4.

Fig. 3. PXRD patterns of UiO-66-(COOH)2 from the syntheses 
based on the different temperatures, after normalizing the (111) 
Bragg peak at 2 theta = 7.4° of UiO-66-(COOH)2.
To illustrate the versatility of this synthetic strategy, UiO-66-F4 
was also synthesized in water at RT by combining ZrO(NO3)2 
with H2BDC-F4, employing acetic acid as a modulator. The 
PXRD patterns of UiO-66-F4 confirmed the phase purity of 
these materials (Fig. 1B). TGA plot indicated that this 
framework is stable up to about 350 °C (Fig. S6). N2 adsorption 
isotherm at 77 K of UiO-66-F4 revealed that the experimental 
total pore volumes at P/P0 = 0.8 are 0.33 cm3·g-1, and the 
estimated apparent BET areas are ca. 690 m2·g-1 (Fig. 2 and 
Table S3). From the NLDFT pore size distribution, UiO-66-F4 
has additional pores centered about ~1.6 nm, which indicates a 
highly defective structure. 
To explore the functionality of UiO-66-(COOH)2 which 
benefits from both the Brønsted acidic active sites due to free 
carboxylic acids and Lewis acidic active sites due to defective 
structures, NH3 breakthrough experiments using a micro-
breakthrough system were performed under humid and dry 
conditions (Fig. 4).60, 74, 75 The ammonia capacity was 
determined by integrating the breakthrough curves.75 Under dry 
conditions, UiO-66-(COOH)2 showed a moderate ammonia 
capacity of ~2.4 mol/kg; while under humid conditions, the 
MOF displayed enhanced ammonia capacity of ~5.6 mol/kg. 
We attributed this phenomenon to the presence of both 
accessible Brønsted and Lewis acidic active sites inside UiO-
66-(COOH)2 due to their defective nature. Enhanced NH3 
uptake in a porous material under humid conditions has been 
previously attributed to the solubility of NH3 in water presented 
inside the pores.61 We observed formation of amides during the 
NH3 adsorption as illustrated by the appearance of shoulder 
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~1650 cm-1 while the band at 1700 cm-1 due to free carboxylate 
C=O stretching was diminishing in the attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) spectra. 
The comparison of the NH3 breakthrough performance of UiO-
66-(COOH)2 with prototype UiO-66 further demonstrates the 
importance of the free carboxylic acidic sites for the NH3 
capture. The UiO-66-(COOH)2 with lower amounts of defects 
(i.e. UiO-66-(COOH)2-100 °C or UiO-66-(COOH)2_low 
defect), shows lower ammonia capacity of 1.6 mol/kg and 2.6 
mol/kg, respectively, which is the consequence of the lower 
surface area and fewer missing cluster defective sites (Fig. S11-
14). This demonstrates that there is a trade-off between 
incorporating of more adsorption sites (free carboxylic acid in 
this case) and lowering the pore volume of the sorbent, which is 
an important consideration when designing next generation 
sorbents.

Fig. 4. NH3 microbreakthrough curves under dry (red) and 
humid (blue) conditions.
Porous materials for filtration and detoxification of chemical 
warfare agents, such as VX, Sarin, and Soman, are urgently 
needed for use both in the field and in the bulk decontamination 
of stockpiles.35, 76 Particularly, due to the hydrophobicity of 
VX, we proposed a porous catalyst with both accessible Lewis 
acidic sites and hydrophobic pore environments could 
effectively hydrolyze VX under certain RH. In this regard, 
UiO-66-F4 was selected to study the hydrolysis of VX under 
50% RH, thanks to the presence of fluorinated linkers, which 
facilitates the adsorption of the hydrophobic VX agent. 
Previously, Zr6-based MOFs such as NU-1000 and UiO-67 
have been reported to selectively hydrolyze VX via cleavage of 
the P−S bond to the nontoxic products EMPA (ethyl 
methylphosphonic acid) and DESH [2-
(diisopropylamino)ethanethiol] in buffer and liquid water (Fig. 
5A).8, 70 However, the study of the hydrolysis of VX without 
the use of bulk water and buffer, a more practical condition for 
chemical filtration and detoxification, has yet to be reported. 
Here the hydrolysis of VX by UiO-66-F4 was conducted under 
50% RH, and the conversion was calculated by comparing the 

integrated 31P peaks based on 31P solid state magic angle 
spinning nuclear magnetic resonance (MAS NMR) spectra for 
VX to that of  nontoxic ethyl methylphosphonate (EMP) anion 
(Fig. 5B and Fig. S15).77 The reaction half-life (t1/2) of UiO-66-
F4 was calculated to be ~108 min via plotting the natural log of 
the concentration versus time and assuming the hydrolysis as a 
pseudo-first-order process. Notably, only a very small amount 
of the toxic byproduct EA-2192 [S-2-(diisopropylamino)ethyl 
O-hydrogen methylphosphonothioate] by hydrolysis of the P−O 
bond was observed as indicated by 31P NMR spectra (Fig. S15). 
This study here represents a practical and important step 
towards detoxification of nerve agent VX under realistic 
conditions without the use of buffer and the bulk water.      

Fig. 5. (A) Stoichiometric hydrolysis reactions of O-ethyl S-[2- 
(diisopropylamino)ethyl] methylphosphonothioate (VX). (B) 
Hydrolysis profile of VX to EMPA in the presence of UiO-66-
F4 under 50% RH.

3. Conclusions
In conclusion, we have developed an inexpensive and scalable 
synthetic strategy for the aqueous synthesis of UiO-66 MOFs at 
room temperature. UiO-66-(COOH)2 with large amount of 
missing cluster defects exhibits attractive performance for the 
ammonia capture under both dry and humid conditions. The 
scalable synthesis of UiO-66-(COOH)2 further makes this 
material a promising solid porous sorbent for the practical use 
in ammonia capture for personal protective equipment and 
industrial air purification systems. Hydrophobic pores and 
Lewis acidic Zr-nodes of UiO-66-F4 facilitated the adsorption 
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followed by the selective hydrolysis of hydrophobic nerve 
agent VX with under 50% RH. These promising results pave 
the way for MOFs to be utilized as porous sorbents and 
catalysts for decontamination of toxic chemicals under real-
world conditions.
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