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Metal–organic frameworks (MOFs) have been recognized as one of the most important classes of porous

materials due to their unique attributes and chemical versatility. Unfortunately, some MOFs suffer from the

drawback of relatively poor stability, which would limit their practical applications. In the recent past, great

efforts have been invested in developing strategies to improve the stability of MOFs. In general, stable MOFs

possess potential toward a broader range of applications. In this review, we summarize recent advances in

the design and synthesis of stable MOFs and MOF-based materials via de novo synthesis and/or post-

synthetic structural processing. Also, the relationships between the stability and functional applications of

MOFs are highlighted, and finally, the subsisting challenges and the directions that future research in this

field may take have been indicated.
1. Introduction

Over the past two decades, the emergence of metal–organic
frameworks (MOFs) which are constructed by metal ions/clus-
ters and multidentate organic linkers via coordination bonds
(reticular synthesis) has signicantly enriched the domain of
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porous materials.1 Based on the exibility of the constituents'
geometry, size, and functionality, MOFs with a crystalline
nature generally possess extremely high surface areas (typically
ranging from 1000 to 10 000 m2 g�1) and tunable pore sizes/
characteristics.1 These aspects endow MOFs with fantastic
functionalities/properties for a variety of applications, for
example, gas adsorption and separation, catalysis, sensors,
drug delivery, proton conduction, etc.1–18 For various applica-
tions of MOFs, stability, mainly including chemical, thermal
and mechanical stability, is one of the major concerns. The
chemical stability of MOFs, specically, refers to their resis-
tance to the effects of exposure to various chemicals in their
environment, e.g.moisture, solvents, acids, bases, and aqueous
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Scheme 1 Schematic illustration showing stable MOFs composed of
metal clusters (blue or orange balls), organic linkers (grey lines) and
dangling functional groups (green or pink segments) for diverse
applications.
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solutions containing coordinating anions. The thermal stability
and mechanical stability of MOFs usually correlate with the
ability of MOFs to preserve their structural integrity upon
exposure to heat, vacuum or pressure treatment. However, most
of the reported MOFs have low endurance in the above-
mentioned operating environments. This drawback consider-
ably hampers MOFs' practical application. Therefore, the
preparation and application of stable MOFs have attracted
immense attention owing to both importance and urgency.

Under normal conditions, the stability of MOFs arises from
a variety of factors such as thermodynamic factors, kinetic
factors and other factors in the operating environment.3,19

Thermodynamic factors are mainly related to the metal–ligand
coordination bond strength.3,19 The coordination bond strength
might be predicted by Pearson's hard so acid base (HSAB)
theory. In the de novo synthesis of MOFs, ligands with relatively
high pKa (e.g. azoles) easily produce robust frameworks with
low-valent metal ions, while linkers with relatively low pKa (e.g.
carboxylic acids) tend to bind with high-valent metal ions to give
stable structures.3,19,20 The inertness of metal clusters generally
endows MOFs with excellent chemical stability, as conrmed in
many MOFs, such as MIL-101(Cr).21 However, even with the
same metal cluster and framework topology, the chemical
stability of some MOFs decreases with the lengthening of the
linker and the enlargement of pore size (as observed in UiO-66
series, SUMOF-7 series, etc.).22,23 This is mostly caused by kinetic
factors, which are mainly related to the rigidity of the linker,
coordination number, surface hydrophobicity, framework
interpenetration, etc.3,19 In general, dense and rigid frameworks
constructed by rigid and highly connected building blocks
(metal ions/clusters and ligands) usually demonstrate high
stability due to their high tolerance toward partial lattice
collapse.19,24,25 Surface hydrophobicity prevents the adsorption
of water into pores and/or the condensation of water around the
metal clusters, which enhances the MOF stability in the pres-
ence of water.3 On the other hand, improved stability from
framework interpenetration is likely to be caused by increased
steric hindrances to ligand displacement.3 Further, the inu-
ence of reduced systematic energy of the interpenetrated
structure cannot be ignored.26 Beyond these, the operating
environment as an external factor also plays an important role
in MOF stability. For instance, moisture-labile MOF-5 can retain
its crystallinity upon heating at 300 �C in air for 24 h.27 Hence,
the assessment of MOF stability for identication of suitable
MOFs should be varied to meet the specic conditions in an
operating environment.

The development of stable MOFs can be divided into several
important stages and that began with the advent of the rst
porous MOF (MOF-5).27 In the early stage, the study of MOF
stability was mainly focused on their thermal and mechanical
stability.21,28–35 With the in-depth understanding of the frame-
work collapse of MOFs in air,36 the development of stable MOFs
entered the second stage. Numerous water-stable MOFs were
reported based on their structural designability and chemical
tunability. In the third stage, different techniques of crystal
growth and crystal structure determination gave rise to a large
number of extraordinarily stable MOFs, which effectively
10210 | Chem. Sci., 2019, 10, 10209–10230
widened their application ranges and beneted their
commercialization.

Over the past two decades, various promising methods have
been developed to tune MOF stability, especially chemical
stability, which might be the most important and signicant
prerequisite of MOFs for their diverse applications.19,37–39

Therefore, we believe that it is a good time for us to provide
a systematic review of recent advances in the preparation of
stable MOFs and their applications (Scheme 1). Our discussions
begin with a summary of strategies that have been developed for
improving the chemical stability of MOFs while emphasizing
the key factors in the synthesis of stable MOFs and MOF-based
materials. Next, the unique attributes of stable MOFs and their
extensive applications, including adsorption and separation,
heterogeneous catalysis, uorescence sensing, biological and
medical application, and proton conductivity, are introduced.
At the end of the review, a summary and proposed future
developments in this research eld will be presented. Hope-
fully, this review will inspire the enthusiasm of scientists in
chemistry and materials science and interdisciplinary
researchers toward this eld.
2. Chemical stability

Although many MOFs are vulnerable to structural destruction
even in an ambient atmospheric environment due to the lability
of coordination bonds between metal ions and ligands,
a growing number of MOFs with exceptional chemical stability
have been reported in recent years. In general, twomain types of
approaches have been adopted to improve the chemical
stability of MOFs. One is the de novo synthesis of stable
unknown MOFs and the other is to improve the stability of
existing MOFs. The chemical stabilities of some representative
MOFs are summarized in Table 1.
This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of the high chemical stability of some representative MOFs

MOFs Metal Ligands Testing conditiona Time Ref.

MAF-X27-Cl Co(II) bbta 0.001 M HCl, 1.0 M KOH 1 week 88
H3[(Cu4Cl)3-(BTTri)8] Cu(II) BTTri Boiling water 3 days 87

pH ¼ 3 1 day
FJI-H14 BTTA pH ¼ 2–12 (373 K) 24 h 95
BUT-155 tdhb pH ¼ 4–10, boiling water 24 h 97
USTC-6 4,40-(Hexauoroisopropylidene)

diphthalicanhydride
pH ¼ 2–10 7 days 109
Water 1 month

Ni3(BTP)2 Ni(II) BTP Boiling solutions of pH ¼ 2–14 14 days 83
PCN-601 TPP Saturated NaOH (100 �C) 24 h 25

0.1 mM HCl (RT)
PCN-602(Ni) TPPP 1 M Na2CO3, K3PO4, KF, pH ¼ 4–14 24 h 84
ZIF-8 Zn(II) MeIM Boiling benzene, methanol, and water 7 days 79

8 M NaOH (100 �C) 24 h
USTC-7 TZBPDC Boiling organic solvents, pH ¼ 2–12

(RT)
12 h 94

Water (RT) 4 months
oCB-MOF-1 bdc, oCB-L pH ¼ 2–12 (RT) 15 h 108
MIL-53(Al) Al(III) BDC pH ¼ 4–12 3 days 44
NH2-MIL-53(Al) NH2-BDC 2 months
Al-TCPP TCPP pH ¼ 5–8 (RT) 1 week 49
PCN-333(Al) TATB pH ¼ 3–9 Overnight 50
467-MOF BTTB pH ¼ 0–13 (RT) 36 h 74

Water (RT) 30 days
Boiling water Over 1

week
AlTCS-1 TCS pH ¼ 1–11, aqua regia solution 24 h 75
MIL-53(Cr) Cr(III) BDC Solution of 7.0 � 10�2 M NaOH 6 h 21

Solution of 7.0 � 10�2 M HCl 48 h
MIL-101(Cr) pH ¼ 0–12 2 months 44
MIL-100(Cr) BTC Water 12 months 64
PCN-333(Fe) Fe(III) TATB pH ¼ 3–9 Overnight 50
PCN-600(Fe) TCPP-Fe pH ¼ 2–11 24 h 61
MIL-100(Fe) BTC pH ¼ 1–10 7 days 65
PCN-250(Fe2Co) Fe(II,III),

Co(II)
BTB, 4,40-(diazene-1,2-diyl)
dibenzoate

Water 6 months 60
pH ¼ 1–12 24 h

[(CH3)2NH2]2[Eu6(m3-
OH)8(NDC)6(H2O)6]

Eu(III) NDC pH ¼ 3.5–10 (373 K) 24 h 106

[La(TTCA) (H2O)]$DMF$H2O La(III) TTCA Boiling water, pH ¼ 1–13 7 days 52
[La(BTB)H2O] BTB pH ¼ 2–14 (100 �C) 3 days 54
USTC-8(In) In(III) TCPP pH ¼ 0–11 12 h 76
MIL-177-LT Ti(IV) mdip Water (RT) 30 days 66

Boiling water 24 h
Conc. HCl, HNO3, H2SO4 and HPO4,
aqua regia (RT)

7 days

UiO-66 Zr(IV) BDC pH ¼ 0–12 2 months 44
PCN-777 TATB pH ¼ 3–11 12 h 51
DUT-98 CPCDC Boiling water or solutions of 2–6 M HCl

(298 K)
24 h 53

PCN-222(Fe) TCPP-Fe Boiling water, conc. HCl 24 h 55
PCN-223 TCPP pH ¼ 0–10 24 h 56
PCN-224(Ni) TCPP-Ni pH ¼ 0–11 24 h 57
PCN-225 TCPP pH ¼ 1–11 12 h 58
PCN-228 TCP-1 pH ¼ 0–12 24 h 59
PCN-229 TCP-2
PCN-230 TCP-3
BUT-12 CTTA Conc. HCl, pH ¼ 10 24 h 63
BUT-13 TTNA
NUPF-1 4,40,400,4000-((4,40,400,4000-

(Porphyrin-5,10,15,20-tetrayl)
tetrakis
(benzoyl))tetrakis(azanediyl))
tetrabenzoic acid

12 M HCl, pH ¼ 9 3 days 67

MOF-808 BTC Boiling water, conc. HCl, pH ¼ 10 24 h 68

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 10209–10230 | 10211
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Table 1 (Contd. )

MOFs Metal Ligands Testing conditiona Time Ref.

MIP-202(Zr) Aspartic acid Boiling water, pH ¼ 0–12 — 73
Zr(H4L

1) Tetraphenylsilane
tetrakis-4-phosphonic
acid (H8L

1)

pH ¼ 12 (100 �C), conc. HNO3

(100 �C)
7 days 77

ZrPP-1 THPP 0.1 M HCl to 20 M NaOH 7 days 78
UiO-67-o-2CF3 BPDC-o-2CF3 Boiling water, 8 M HCl, 50 ppm

NaF aqueous solution
24 h 100

a RT: room temperature. RH: relative humidity. Conc.: concentrated.
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2.1 Governing MOFs towards high stability via de novo
synthesis

It is widely believed that the degradation of MOFs generally has
two aspects, namely, the metal–ligand bond breaking, and the
formation of products that are more stable as compared with
pristine MOFs.40,41 Hence, the chemical stability of MOFs
depends strongly on the intrinsic structures of MOFs (internal
factors), including the charge density of metal ions, connection
numbers of metal ions/clusters, basicity and conguration as
well as hydrophobicity of ligands, etc. Following these consid-
erations, judicious selection of metal nodes and design of
linkers enable the construction of MOFs with sound stability.42

2.1.1 High-valent metal-containing MOFs. Based on the
HSAB principle, with the same coordination environments,
high-valent metals with high charge density (hard acids),
including Zr4+, Cr3+, Al3+, Fe3+, etc., tend to coordinate with O
donor ligands (hard bases) (Fig. 1) to form MOFs with strong
coordination bonding, thus usually presenting good chemical
stability. Despite the relatively low pKa of carboxylate linkers,
these high-valent metal ions oen require more linkers to
balance the charges. This can lead to a high connection number
Fig. 1 Some representative O donor ligands, with their pKas referred in

10212 | Chem. Sci., 2019, 10, 10209–10230
of metal clusters and further enhance the stability of the
resultant MOFs. In addition, the strong coordination bonds and
the low pKa of carboxylate linkers endow the high-valent metal
ion-containing MOFs with a decent level of acidic stability.

As an early example, Férey and co-workers fabricated a Cr(III)-
based MOF, MIL-101(Cr), with very large pore sizes (2.9 and 3.4
nm) and Brunauer–Emmett–Teller (BET) surface area (�4000
m2 g�1) via the combination of targeted chemistry and
computational design.43 By virtue of the inertness of Cr–
carboxylate oxygen bonds, MIL-101(Cr) is highly resistant to the
attack of acid and alkali, making it stable in aqueous solutions
of pH ¼ 0–12 for 2 months.44 Using a similar strategy, a variety
of high-valent metal-containing MOFs with high chemical
stability have been reported, includingMIL-100(Cr), MIL-53(Cr),
UiO series, MIL-125, Al-TCPP, PCN series, etc.22,45–68 However,
the strong M–O bonds oen lead to the poor crystallinity and
the small sizes of resultant MOF particles. This increases the
difficulty of structural characterization with single-crystal X-ray
diffraction. For this reason, most of the crystal structures of the
above-mentioned MOFs are determined by using powder X-ray
diffraction.
this text.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc03916c


Fig. 2 (a) The structure of ZrPP-1 constructed from Zr4+ and
5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin with the view of
the ZrIV-pyrogallate (¼1,2,3-trioxobenzene) coordination chain. Color
code: C, black; O, red; N, blue; Zr, green; and metal (in the porphyrin
core), olive green. H atoms are omitted for clarity. (b) Powder X-ray
diffraction (PXRD) patterns of ZrPP-1 under different conditions.
Adapted from ref. 78 with permission from Wiley-VCH, copyright
2018.
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To address this issue, Behrens's group developed a modu-
lated synthesis strategy to regulate the size of Zr-MOFs from
nanosized crystallites to large single crystals, and reported the
rst Zr-MOF single crystal that was sufficiently large for single-
crystal X-ray diffraction.69 By adjusting the concentration of the
modulator (i.e. monocarboxylic acid) in the synthetic system,
the nucleation rate of MOFs can be controlled, which ultimately
leads to the formation of highly crystalline products or even
large single crystals.69,70 With this in mind, Zhou's group
employed Fe-tetrakis(4-carboxyphenyl)porphyrin, Zr4+ and
benzoic acid separately as the ligand, metal ion and modulator
to yield needle-shaped single crystals, PCN-222(Fe), also called
MOF-545 and MMPF-6.55,71,72 The stability experiments showed
that this MOF was able to survive even in concentrated aqueous
HCl solution for 24 h due to the strong Zr–O bonds in the 8-
connected Zr-clusters and the chelating effect between Fe(III)
and porphyrin. A similar phenomenon was observed in other
PCN-series reported by the same team.50,56–62 In fact, mono-
carboxylic acids can also work as solvents in the preparation of
stable Zr(IV)-based MOFs. The common solvent in MOF
synthesis, dimethylformamide (DMF), was replaced by
a mixture of monocarboxylic acid (formic acid) and acetic
anhydride to afford a large-pore MOF, MIP-200, based on Zr4+

and 3,30,5,50-tetracarboxydiphenylmethane (H4mdip).73

Remarkably, MIP-200 exhibited excellent stability under
extremely harsh conditions, including concentrated strong
acids (HCl and HNO3), highly concentrated H3PO4 and H2SO4,
and NH4OH vapor. The modulated synthesis strategy applies
equally to trivalent metal-based MOFs. Using formic acid as the
modulator, Du's group successfully fabricated an Al-based MOF
(467-MOF) based on a exible ligand (4,40,400-[benzene-1,3,5-
triyl-tris(oxy)]tribenzoic acid, H3BTTB).74 Chemical stability
investigation for the 467-MOF indicated that it remained stable
in aqueous solutions of HCl or NaOH of a broad pH range from
1 to 11. Similarly, with the aid of hydrouoric acid, large and
good-quality single crystals of Al-MOF, AlTCS-1, were obtained
based on tetrakis(4-oxycarbonylphenyl)silane.75 Strikingly,
AlTCS-1 could be stable in both aqueous solutions of pH 1 to 11
and aqua regia solution for at least 24 h. Other M3+ ions like In3+

can also form stable MOFs with O donor linkers. Recently,
Jiang's group synthesized an unusual out-of-plane (OOP)
porphyrin-based MOF, USTC-8(In), by employing In(OH)3 and
HNO3 separately as the metal precursor and modulator.76 Due
to the strong coordination bonds between In3+ ions and
porphyrin carboxylate ligands, USTC-8(In) could remain intact
in aqueous solutions with pH values ranging from 2 to 11 for 12
h.

Note that high-valent metal-containing MOFs with remark-
able chemical stability include not only carboxylate-based
MOFs, but also those with phosphonate and phenolate-based
frameworks. Sun's group selected tetraphenylsilane tetrakis-4-
phosphonic acid as the ligand and constructed a zirconium-
phosphonate network that displayed distinctive tolerance to
aqueous solutions with a wide range of pH values (1–12) and
concentrated acids.77 As for phenolate-based MOFs, the rela-
tively high pKa of the phenolate ligands can afford stronger M–O
bonds with Zr4+ ions in comparison to carboxylate linkers. Lin's
This journal is © The Royal Society of Chemistry 2019
group demonstrated the fabrication of a series of zirconium
polyphenolate-(metallo)porphyrin MOFs, in which the highly
stable 5-membered rings generated by the chelating effect of
polyphenols greatly improved the stability of resultant MOFs
(Fig. 2a).78 Remarkably, the prototypic ZrPP-1 not only remained
intact in strong acid (HCl, pH ¼ 1) but also presented high
robustness in saturated NaOH solution for 168 h (Fig. 2b),
offering an ideal platform for diverse applications.

To summarize, the basic principle for the fabrication of
stable high-valent metal-containing MOFs is the strong coor-
dination bond, high coordination number of metal ions,
inertness of metal and others, which enhance the MOF toler-
ance of hydrolysis before framework collapse occurs.

2.1.2 Low-valent metal containing MOFs. Apart from high-
valent metal ions, low-valent metal ions, including Zn2+, Co2+,
Ni2+, Fe2+, and Ag+, can be considered as so acids to construct
highly stable MOFs with suitable N-containing linkers (so
bases) (Fig. 3). The high pKa of azoles and the strong coordi-
nation bonds usually endow these MOFs with remarkable
stability in basic solutions. In general, the higher the pKa for the
N donor ligand, the more stable the resultant MOFs under
humid conditions.

As a representative example, zeolitic imidazolate framework
(ZIF)-8 (also called MAF-4) which possesses a zeolite-type
topology composed of four-coordinated Zn2+ ions linked by
imidazolate linkers is very stable in an aqueous environ-
ment.79,80 In particular, the structure of ZIF-8 can be well
maintained even in 8 M aqueous NaOH for 24 h at 100 �C,
indicating the exceptional stability of this framework under
alkaline conditions. A similar stability can be observed also in
other Zn-based ZIF series like ZIF-68, -69, and -70.81 Not limited
to imidazoles, reacting the pyrazole-derived ligand with suitable
low-valent metal salts can also lead to the formation of MOFs
with high chemical stability. Volkmer's group deliberately
selected 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene (H2bdpb)
and Co(II) salts to fabricate a hydrolytically stable MOF (MFU-1),
which is isostructural with MOF-5.82 The relatively strong bonds
in the {CoON3} coordination units of MFU-1 give rise to the
decent thermodynamical stability of the framework under
Chem. Sci., 2019, 10, 10209–10230 | 10213
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Fig. 3 Some representative N donor ligands, with their pKas referred in
this text.
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ambient conditions for over 6 months. Similarly, using the
reaction between the pyrazol-type ligand (1,3,5-tris(1H-pyrazol-
4-yl)benzene, H3BTP) and Ni2+ ions, an ultrastable framework,
Ni3(BTP)2, was obtained and the chemical resistance experi-
ments indicated that it was stable in boiling aqueous solutions
of pH 2 to 14 for 2 weeks.83 Recently, Zhou, Li and coworkers
utilized a top-down strategy to rationally synthesize an alkali
stable MOF, PCN-601, based on a pyrazolate-based porphyrinic
ligand (Fig. 4a).25 All the strong coordination bonds, relatively
Fig. 4 (a) Reticular design and construction of PCN-601 and PCN-
602(Ni) from TPP4� and TPPP4� ligands, respectively. Color code: C,
gray; O, red; N, blue; and Ni, cyan. H atoms are omitted for clarity. (b)
PXRD patterns of PCN-602(Ni) under different conditions. (c) N2

sorption isotherms of the pristine PCN-602(Ni) sample and of those
after soaking in different aqueous solutions (inset: photographs of
PCN-602(Ni), PCN-224(Co), PCN-222(Fe), and PCN-600(Mn) soaked
in different solutions for 24 h: deionized water, 1 M KF, 1 M Na2CO3,
and 1 M K3PO4 aqueous solutions, from left to right). Adapted from ref.
84 with permission from the American Chemical Society, copyright
2017.

10214 | Chem. Sci., 2019, 10, 10209–10230
short ligand length, and high connectivities of the porphyrinic
ligand and [Ni8] cluster ([Ni8(OH)4(H2O)2Pz12], Pz ¼ pyrazolate)
guaranteed the high chemical resistance of PCN-601 to satu-
rated NaOH solution (�20 M) at 100 �C. In view of the small
window size of PCN-601 (�2.1 � 8.0 Å), the groups then fabri-
cated PCN-602(Ni) which is isostructural with PCN-601 using
the reticular synthesis strategy (Fig. 4a).84 Apart from the high
resistance to alkaline solution (pH ¼ 14), PCN-602(Ni) also
displayed reasonable tolerance to aqueous solutions with
coordinating anions (e.g. CO3

2�, PO4
3�, F�) (Fig. 4b and c),

which was very rare in other high-valent metal-based MOFs like
PCN-224(Co), PCN-222(Fe), and PCN-600(Mn). Actually, the
investigation of [Ni8] cluster-based MOFs can be traced back to
the year 2010.85,86 However, unlike carboxylate-based MOFs
and the above-mentioned PCN-601 and PCN-602(Ni), [Ni8]
cluster-based MOFs fabricated with 4,40-bis(1H-pyrazol-4-yl)
biphenyl and 2,6-bis(1H-pyrazol-4-yl)pyrrolo[3,4-f]isoindole-
1,3,5,7(2H,6H)-tetrone are polycrystalline products.85

The self-assembly from low-valent metal ions and triazole-
based linkers can also afford highly stable MOFs. Long's group
reported a triazolate-bridged framework, Cu-BTTri, which dis-
played high tolerance even aer soaking in boiling water and in
a solution of HCl (pH¼ 3) for 3 days and 1 day, respectively.87 Lu
et al. discovered that MAF-X27-Cl as a triazole-based framework
was able to retain its structural integrity not only in acidic
solution (0.001 M HCl) but also in strong alkaline solution (1.0
M KOH) for over 1 week.88 It should be noted that, when tetra-
zole-based linkers are utilized as ligands, the resultant low-
valent metal containing MOFs oen present weak stability on
account of their relatively low basicity and weak coordination
ability.19,89

In short, low-valent metal ions afford hydrostable skeletons
with N donor linkers on account of the relatively high basicity
(high pKa) of these linkers. However, these resultant frame-
works usually show poor resistance to acidic solutions due to
the fairly strong affinity between protons and azolate groups.

2.1.3 Mixed-metal MOFs. Given the important roles of
metal ions in the fabrication of stable MOFs, the strategy of
introducing two or more types of metal ions into the metal
clusters of MOFs has been developed. Some mixed-metal MOFs
have been found to display enhanced stability as compared to
single metal MOFs. There may be several reasons for this: (1) the
formation of stronger coordination bonds compared with
pristine bonds; (2) the enhancement of the inertness of metal
clusters; (3) the improvement of surface hydrophobicity.90,91

Hence, the design principle toward the fabrication of stable
mixed-metal MOFs is the replacement of existing metal ions
with more inert species.

For instance, to improve the hydrostability of MOF-5, Zn2+

ions were partially replaced with Ni2+ ions to give the Ni-doped
MOF-5.90 In particular, when the Ni content reached 22%, the
resultant Ni-doped MOF-5, due to the stable Nix(Zn)4�xO

6+

cluster secondary building units (SBUs), was able to retain its
integrity when exposed to static air conditions (25 �C, 30–37%
RH) for one week. Furthermore, Ni-doping increased the
Langmuir specic surface area and pore size of the resultant
MOF on account of the prevention of framework
This journal is © The Royal Society of Chemistry 2019
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interpenetration. Employing a similar strategy, a few metal
ions, including Cu2+, Cd2+, and Fe2+, were separately doped into
a gyroidal MOF, STU-1.91 Unlike the poor hydrostability of pure
STU-1, it was found that all metal doped STU-1s retained their
morphology and crystallinity even aer soaking in boiling water
for 7 days. Beyond that, aer doping with metal ions, the
signicantly increased surface hydrophobicity of STU-1 was
proved by water vapor adsorption isotherm curves. The authors
speculated that the enhanced hydrophobicity could be ascribed
to the perturbation on the MOF surface by doping with metal
ions, which impeded the formation of water clusters on the pore
surface and improved the water stability of the resultant MOFs.

Indeed, this strategy powerfully enhances the chemical
stability of MOFs. However, this advantage is offset by the fact
that many metal ions are difficult to dope into the framework by
this process. Additionally, the sites of doped metal ions are
usually indistinct even when observed by means of the single-
crystal X-ray diffraction technology. These factors pose chal-
lenges for the mechanism study.

2.1.4 MOFs based on the azole-containing carboxylic acid
ligand. As mentioned previously, the strong coordination
interactions between high-valent metal ions and carboxylic acid
linkers or between low-valent metal ions and azole linkers are
prone to generate microcrystals or amorphous solids, which
pose difficulty for single-crystal X-ray structure determination.
In contrast, the weak coordination interaction between low-
valent transition metal ions and carboxylates is benecial to the
growth of good-quality MOF crystals, which are usually less
stable though large enough for structural characterization. In
this case, employing linkers with both azole and carboxylic acid
groups may be the route to reconcile the above contradiction
and generate MOFs with high stability and large single crystals
suitable for structure determination.

By substituting the carboxylate ligand (BDC) with an azole-
containing carboxylic acid ligand (3,5-dimethyl-4-carboxypyr-
azole, H2dmcapz), Montoro et al. successfully obtained a MOF-5
type framework with Zn2+ ions.92 Because of more robust Zn–N
bonds, this MOF was highly stable in water and boiling organic
solvents for 24 h as compared with the moisture-sensitive MOF-
5. In addition, the methyl groups of the linker improved the
hydrophobicity of the MOF, which provided protection to the
weak Zn–O bonds against hydrolysis. Even when 4-(3,5-
dimethyl-1H-pyrazol-4-yl)benzoic acid (HMe2pzC6H4CO2H) was
employed as a linker, the resultant MOF-5 analogs could with-
stand prolonged contact with the water/DMF mixture.93 Using
a p-conjugated ligand, 40-(1H-tetrazol-5-yl)-[1,10-biphenyl]-3,5-
dicarboxylic acid (H3TZBPDC), involving both so- and hard-
base coordination sites, a zinc-based MOF, USTC-7, with large
single-crystal sizes, was successfully synthesized by Jiang's
group.94 As expected, USTC-7 demonstrated its outstanding
chemical stability by preserving its framework integrity not only
in various boiling solvents but also in pH ¼ 2–12 aqueous
solutions for 12 h. Besides zinc azolate-carboxylate frameworks,
recently, Liang et al. reported a highly stable MOF, FJI-H14,
synthesized by a self-assembly process from Cu2+ ions and 2,5-
di(1H-1,2,4-triazol-1-yl)terephthalic acid (H2BTTA).95 Both the
penta-coordinated Cu(II) ion subunit formed by Cu–N bonds
This journal is © The Royal Society of Chemistry 2019
and Cu–O bonds, and the abundant free N atoms effectively
improved the stability of FJI-H14 under acidic and alkaline
conditions.

2.1.5 Hydrophobic ligand. To reduce the affinity of MOFs
to moisture/water, hydrophobic properties of MOFs are
enhanced by binding hydrophobic groups to the linkers or by
creating them around the metal nodes. The water repellent
functional groups around the metal clusters can effectively
protect the weak coordination bonds from the attack by water
molecules and enhance the MOF stability in water.

To illustrate the effectiveness of hydrophobic ligands,
a methyl group modied MOF-5 was synthesized.96 The H2

adsorption isotherm revealed that the H2 uptake capacity of 2,5-
dimethyl-modied MOF-5 was preserved even aer a four-day
exposure to ambient air. Chen et al. designed and synthesized
an octatopic carboxylic ligand, 3,30,5,50-tetrakis(3,5-dicarbox-
yphenyl)-2,20,4,40,6,60-hexamethylbiphenyl, to prepare a cop-
per(II)-paddlewheel MOF (BUT-155).97 Compared with the
common copper(II)-paddlewheel MOFs, the high connectivity
and abundance of hydrophobic methyl groups endowed BUT-
155 with exceptional chemical stability in aqueous solutions of
a wide pH range (4–10) and boiling water for 24 h.

To investigate the inuence of side-chain length, a series of
isostructural NbO-type MOFs were tested.98 Upon extending the
length of dialkoxy-substituents (from C1 to C6) on the organic
linker, the moisture stability of the resultant Cu(II)-MOF
improved noticeably while the thermal stability decreased.
Furthermore, an inevitable problem was the gradual drop in
porosity of the resultant MOFs aer the incorporation of these
hydrophobic functional groups. In addition to the length of the
side chain, the position of the hydrophobic groups relative to
metal clusters also plays a critical role in improving MOF
chemical stability.99,100 A convincing comparison was made
between MOF-508 and its two analogs (SCUTC-18 and SCUTC-
19).99 Compared with bipyridine of MOF-508, there were two
methyl-substituents, respectively, located at the ortho-positions
andmeta-positions of the coordinating N atoms of bipyridine in
SCUTC-18 and SCUTC-19. Upon exposure to humid air for 30
days, only the porous structure of SCUTC-18 was maintained
due to the introduction of methyl-substituents at sites more
adjacent to the metal clusters.

Apart from alkyl chains,96–101 introduction of uorinated
groups (e.g. –F, –CF3, etc.) or other hydrophobic substituent
groups into organic linkers is also an efficient means for
enhancing MOFs' moisture/water resistance.102–114 Jiang's group
reported a copper-based MOF, USTC-6, based on 4,40-(per-
uoropropane-2,2-diyl)diphthalic acid.109 Although most Cu–O
coordination bonds in MOFs are vulnerable to hydrolysis,
USTC-6 exhibits exceptional tolerance to water and aqueous
solutions in the pH range 2 to 10 on account of the hydropho-
bicity of the corrugated –CF3 surface. Cohen's group developed
a bridging co-ligand strategy to construct a series of polymer-
metal-organic frameworks (polyMOFs) (Fig. 5).107 Remarkably,
all polyMOFs inherited the hydrophobicity from the substituted
H2BDC derivatives with water contact angles (WCA) of 110–120�.
As expected, several polyMOFs displayed outstanding stability
even aer exposure to 90% RH at 25 �C for 7 days.
Chem. Sci., 2019, 10, 10209–10230 | 10215
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Fig. 5 (top) Packing diagram of representative [Zn2(BME-bdc)2(bpy)]]n
(BME-bdc ¼ 2,5-bis(2-methoxyethoxy)-1,4-benzenedicarboxylate;
bpy ¼ 4,40-bipyridine) along the c-axis direction; (bottom) design
concept for producing a polyMOF analogue of [Zn2(BME-bdc)2(bpy)]]n
via replacing dangling groups by polymer chains. Color code: C, gray;
O, red; N, blue; and Zn, cyan. H atoms are omitted for clarity.
Reproduced from ref. 107 with permission from the American
Chemical Society, copyright 2016.

Fig. 6 Structural comparison of two analogous MOFs in which the
channels are inserted with [Co2(ina)3(H2O)2]

+ (left) and 2,4,6-tri(4-
pyridyl)-1,3,5-triazine brackets (right), respectively. Color code: C,
gray; O, red; N, blue; H, white; and Co, pink. Reproduced from ref. 118
with permission from The Royal Society of Chemistry, copyright 2017.
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2.1.6 Insertion of stabilizing pillars. In some cases, the very
open frameworks with large pore sizes and/or large surface
areas are fairly unstable. Introducing size-matching ligands as
brackets into the channels of MOFs via de novo synthesis (i.e.
pore space partition) is a possible strategy to improve the
robustness of the above-mentioned MOFs. Moreover, since the
insertion of the stabilizing pillars or these size-matching
molecular building blocks (MBBs) splits the large cage or
channel space into smaller segments, this insertion may
remarkably enhance the adsorption performances of small
molecules.115

By adding bpy into the synthetic system of [Cu2(obb)2(-
DMF)2]$2DMF (H2obb ¼ 4,40-oxybis(benzoic acid)), the coordi-
nated DMF molecules were substituted with bridging bpy
ligands, which generated [Cu2(obb)2(bpy)0.5(DMF)]$2DMF.116

Unlike the negligible gas uptake capacities of the pristine MOF,
[Cu2(obb)2(bpy)0.5(DMF)]$2DMF exhibited signicantly
increased adsorptive properties for N2, CO2 and H2 on account
of its enhanced stability and rigid framework. Using a similar
strategy, bpy was employed as size-matching ligand braces to
bridge two metal clusters in [Co3(m3-O)(adc)3(DMA)3]2(-
C2H6NH2) (H2adc ¼ 9,10-anthracenedicarboxylic acid, DMA ¼
N,N0-dimethylacetamide), affording a robust [Co3(m3-O)(adc)3(-
bpy)(DMA)]2(C2H6NH2) with permanent porosity and preferen-
tial adsorption of CO2 and O2 over N2 due to the increase in
host–guest interactive sites.117

In the case of MIL-88 type MOFs, organic linkers with C3

symmetry are the ideal size-matching MBBs. For example, both
[Co2(ina)3(H2O)2]

+ (ina ¼ isonicotinate) and 2,4,6-tri(4-pyridyl)-
1,3,5-triazine (tpt) were inserted into the open channels during
the MOF formation (Fig. 6).118 The grand canonical Monte Carlo
(GCMC) simulations and density functional theory (DFT)
calculations revealed that the framework energy was drastically
10216 | Chem. Sci., 2019, 10, 10209–10230
reduced upon the introduction of these twoMBBs, especially for
tpt. The stability tests then proved that the tpt substituted MOF
showed greater stability in an aqueous environment as
compared to the [Co2(ina)3(H2O)2]

+ substituted counterpart and
the experimental results agreed closely with the results ob-
tained by computation. The MBBs could also be generated
during the MOF synthesis.119,120 Chen et al. utilized the sol-
vothermal reaction of CoCl2$6H2O and H2TZB (TZB ¼ 4-(1H-
tetrazol-5-yl)benzoate) to fabricate a MIL-88 type MOF.119 By
adding isonicotinic acid into the synthetic system, [Co2(-
INT)3(H2O)2] (INT ¼ isonicotinate) MBBs were formed in situ
and incorporated into the resultant framework. As tridentate
brackets, [Co2(INT)3(H2O)2] MBBs effectively improved the
rigidity of the MOF, avoiding the framework collapse during
solvent exchange. A similar phenomenon was also observed in
NENU-401.120

2.1.7 Interpenetrated framework. The excessive free-spaces
in large porous frameworks give rise to high energy and insta-
bility of MOFs. In this context, interpenetration (also called
framework catenation), which is the interweaving or entangle-
ment of two or more independent and identical frameworks in
MOFs, provides an alternative strategy to improve the stability
of MOFs. The interpenetration of the framework can not only
signicantly increase the wall thickness and reduce the pore
size, but also prevent the displacement of the ligand by locking
it in place within the framework, resulting in the formation of
more stable structures compared to the non-interpenetrated
counterpart.26

For example, the stabilities of two isostructural pillared
MOFs, MOF-508 and DMOF, upon exposure to water were
compared by Walton's group.121 Upon exposure to RH ¼ 90%,
the surface area of non-interpenetrated DMOF dramatically
declined (from 1980 to 7 m2 g�1). In contrast, the two-fold
interpenetrated MOF-508 showed no signicant change in the
surface area aer the same treatment. This clearly demon-
strated the enhanced framework stability resulting from cate-
nation. A similar phenomenon was also observed in two-fold
catenated Co-BTTB-DMBPY and Zn-BTTB-DMBPY.122 Actually,
the inuence of the interpenetration direction on framework
stability is also very apparent. Using the solvothermal reaction
of Zn(NO3)2 and 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid
(H2mpba), three isomeric MOFs with different polar nets were
reported.123 Interestingly, although all these three MOFs present
This journal is © The Royal Society of Chemistry 2019
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4-fold interpenetrating structures, the different interpenetra-
tion directions endow them with entirely different levels of
porosity and stability. Molecular mechanics (MM) calculations
revealed that the framework energy of the nonporous isomer
was the lowest. As expected, aer being immersed in water, the
other two nanoporous isomers transformed into themost stable
framework (nonporous isomer).

Recently, Bu's group demonstrated that a self-penetrated
network was more stable than an interpenetrated framework
(Fig. 7).124 By employing 5,50-((thiophene-2,5-dicarbonyl)bis(a-
zanediyl))diisophthalic acid and 5,50-([2,20-bipyridine]-5,50-
dicarbonyl)bis(azanediyl)diisophthalic acid separately as the
organic linkers, NKU-112 with a two-fold interpenetrated
framework and NKU-113 with a self-interpenetrated framework
were prepared. In NKU-113, the coordinated DMF molecules of
metal clusters were substituted by chelating the bipyridine
moiety of 5,50-([2,20-bipyridine]-5,50-dicarbonyl)bis(azanediyl)
diisophthalic acid. This greatly increased the framework rigidity
of NKU-113 as compared to NKU-112. Aer solvent exchange
and supercritical drying, NKU-113 retained its framework and
displayed a moderate BET surface area of 1486 m2 g�1, while
only a negligible amount of N2 was adsorbed in NKU-112 due to
its collapsed structure.
2.2 Improving the chemical stability of existing MOFs

Given that the rational strategy for preparing stable MOFs via de
novo syntheses remains limited, a large number of strategies for
enhancing the stability of existing MOFs have been developed.
In this section, four major approaches, including post-synthetic
exchange, post-synthetic modication, hydrophobic surface
treatment, and composite fabrication, will be discussed.

2.2.1 Post-synthetic exchange. As one of the important
post-functionalization methods, post-synthetic exchange (PSE)
Fig. 7 Schematic diagram showing the framework and the modifi-
cation strategy. The blue-colored balls, silver-colored sticks, yellow-
colored sticks, and red-colored cylinders represent metal SBUs,
ligands, coordinate bonds and pores, respectively. Reproduced from
ref. 124 with permission from The Royal Society of Chemistry, copy-
right 2018.

This journal is © The Royal Society of Chemistry 2019
can offer a promising tool to improve the physical and chemical
attributes of MOFs viametal-ion metathesis, linker exchange or
the replacement of the counterions of ionic MOFs. Along this
line, the PSE process might increase the bond strength of
coordination bonds in the unstable SBUs of MOFs or tune the
water-resistance of MOFs without disturbing the framework
structure.

As regards metal-ion metathesis, an early example was found
in SDU-1.125 By soaking into a Cu2+ containing solution, the Zn2+

ions of SDU-1 were exchanged by Cu2+ ions in a single-crystal-to-
single-crystal (SC–SC) fashion, giving a stable Cu-SDU-1. Aer
the removal of the guest solvent, the N2 adsorption capacity of
Cu-SDU-1 was �3 times higher than that of SDU-1, demon-
strating the increase of framework stability upon PSE. In 2014,
Zhou's group developed a postsynthetic metathesis and oxida-
tion strategy to transform the labile PCN-426-Mg into two
robust MOFs, PCN-426-Fe(III) and PCN-426-Cr(III).126 Although
PCN-426-Mg was labile in water, PCN-426-Fe(III) could remain
intact even aer immersion in water for one day. When it came
to PCN-426-Cr(III), essentially unchanged crystallinity was found
in solutions in the range from pH ¼ 12 to extremely acidic
conditions for over 12 h. Inspired by the high stability of Cr(III)-
based MOFs, PCN-333(Cr) was obtained by the reduction of
PCN-333(Fe) with Cr(II) ions and the subsequent reductive
labilization process.127 PCN-333(Fe) could only maintain its
structural integrity in aqueous solutions with a pH range from 3
to 9, while PCN-333(Cr) was stable at pH ranging from 0 to 11.
Wang et al. demonstrated that exchange solvent played a vital
role in the PSE process of MOFs.128 Acetone was proven to be
a promising solvent for a postsynthetic metal exchange due to
the direct participation of the carbonyl group via coordination
interaction with metal ions. With the aid of acetone, several Fe/
Cr-exchanged MOFs were obtained from the Fe(III)-based
counterparts under very mild conditions and all these modied
MOFs presented enhanced chemical stability.

Compared with investigations into postsynthetic metal
exchange, there are fewer investigations into postsynthetic
linker exchange and counterion exchange for improving the
stability of MOFs. Utilizing DUT-67 as the template, the polarity
of the inner surface was tuned through the postsynthetic
exchange of the modulator by uorinated monocarboxylates,
such as triuoroacetic acid, pentauorobenzoic acid, per-
uorooctanoic acid, etc.129 The incorporation of uorinated
linkers rendered the resultant MOF hydrophobic, greatly
increasing their tolerance to water. Upon water adsorption at
298 K, only 0.3% porosity loss was observed in the per-
uorooctanoic acid-modied DUT-67, while the same treatment
caused a porosity loss of 34% in the parent DUT-67. As for
postsynthetic counterion exchange, a series of alkylammonium
cations were employed to adjust the surface wettability of bio-
MOF-1.130Water stability tests demonstrated that the large-sized
tetraethylammonium (TEA) and tetrabutylammonium (TBA)
cations with hydrophobic nature effectively protected bio-MOF-
1 from the attack of water molecules. In contrast, signicant
deformation took place in the parent bio-MOF-1 and the small-
sized tetramethylammonium (TMA) or hydrophilic
Chem. Sci., 2019, 10, 10209–10230 | 10217
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Fig. 8 Preparation diagram of super-hydrophobic NH2-UiO-66-shp.
Reproduced from ref. 139 with permission fromWiley-VCH, copyright
2019.

Fig. 9 Schematic representation of (a) PDMS-coating on the MOF
surface for improved moisture/water resistance, (b) showing MOF-5
(top) and MOF-5 after thermal modification to produce amorphous
carbon-coated MOFs (bottom) and related powder XRD patterns of
corresponding samples (right), (c) shell-ligand-exchange-reaction
process of ZIF-8, and (d) imparting amphiphobicity on ZIF-8-V via
grafting perfluoroalkyl groups on the exterior surface. (a) Reproduced
from ref. 140 with permission from the American Chemical Society,
copyright 2014. (b) Reproduced from ref. 145 with permission from
Wiley-VCH, copyright 2012. (c) Reproduced from ref. 147 with
permission from The Royal Society of Chemistry, copyright 2013. (d)
Reproduced from ref. 148 with permission from Nature Publishing
Group, copyright 2016.

Chemical Science Minireview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
ot

to
br

e 
20

19
. D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
5 

21
:1

0:
03

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
triethylhydroxylmethylammonium cation modied frameworks
aer exposure to water vapor.

2.2.2 Post-synthetic modication. The organic linkers and
metal clusters in MOFs provide great opportunities to a vast
range of chemical transformations, which means that the
introduction of particular functional groups via the post-
synthetic modication (PSM) approach can alter the pore
environments of MOFs.131 In this section, the improved resis-
tance of MOFs towards moisture and different solutions is
discussed by incorporating appropriate functional groups
based on this strategy.

As a very early example, IRMOF-3 was modied with various
alkyl anhydrides to give moisture-resistant IRMOF-3-AMX (X ¼
1–6, 15, iPr, iBu).132 The longer the chain of alkyl anhydride was,
the more hydrophobic the resultant modied MOF became. In
sharp contrast to the signicantly reduced crystallinity of IR-
MOF-3 (WCA: �0�), no evident change was found in the crys-
tallinity of IRMOF-3-AM15 (WCA: 123 � 5�) upon exposure to
ambient air for 4 days, revealing the protective effects from the
modied alkyl chains on MOFs. The same approach was also
applied to NH2-MIL-53(Al) and Cu3(NH2BTC)2, greatly
increasing their stability.132,133 Using a diazotization reaction
between amidogen and 1-methylindole, NH2-UiO-66 was
successfully transformed into UiO-66-N]N-ind.134 By compar-
ison, the resistance to the acidic and alkaline environment of
UiO-N]N-ind was expanded from the pH range of 1–9 (NH2-
UiO-66) to 1–12. However, the action was not limited to the
aforementioned functional groups. Hydrophobic phenyl-
isocyanate could also be modied on the framework to protect
the MOF from the attack of water molecules.135

As for the post-synthetic modication of metal clusters,
hydrophobic groups were graed at the Zr6-oxo nodes of NU-
1000 via the solvent-assisted ligand incorporation (SALI)
process.136 The dangling organic carboxylates could effectively
increase the tolerance of Zr6-oxo nodes to water, albeit with the
reduction of pore volume. Specically, peruorodecanoic-acid-
functionalized NU-1000 could maintain its crystallinity and
porosity even aer 20 cycles of water vapor adsorption and
desorption, proving its strong hydrostability. Moreover, when
monotopic carboxylate was replaced with the phosphonate
ligand, the resultant MOF exhibited higher resistance to
hydroxide as a result of stronger bonds between the phospho-
nate ligand and Zr6-oxo nodes.137 The same effect was also
found in the PCN-222 system by employing the SALI strategy
with diphenylphosphinic acid,138 demonstrating the universal
applicability of this method. Recently, Kim's group obtained
a super-hydrophobic MOF (WCA: 161�), NH2-UiO-66-shp, by
modifying the Zr6-oxo clusters of NH2-UiO-66 (WCA: 0�) with
phenylsilane via pore-surface engineering (Fig. 8).139 The
stability tests demonstrated that NH2-UiO-66-shp not only
possessed the same acidic stability as NH2-UiO-66 but also
showed excellent tolerance to 0.1 M NaOH solution for 5 h,
surpassing the alkali labile NH2-UiO-66.

2.2.3 Hydrophobic surface treatment. Although the chem-
ical stability of MOFs can be signicantly improved by the above
methods, the porosities and adsorption properties are oen
drastically reduced by the occupation of the channels by
10218 | Chem. Sci., 2019, 10, 10209–10230
dangling functional groups. To avoid this, hydrophobic surface
treatment has been developed to be applied to the exterior
surface of MOFs to protect the MOFs from water while
preserving their porosity to a large degree. In general, hydro-
phobic surface treatment mainly includes surface coating, post-
synthetic thermal annealing, and post-synthetic surface
modication.

Surface hydrophobic coating is a very simple and direct yet
effective approach to improve MOF stability with retained
porosity. In 2014, Zhang et al. developed a facile and general
polydimethylsiloxane (PDMS)-coating strategy to enhance the
stability of MOFs in the presence of moisture or water
(Fig. 9a).140 The hydrophobic PDMS coating layer yielded
impressive results. The hydrostability of three randomly
selected and structurally different MOFs, namely, MOF-5,
HKUST-1, and ZnBT, was signicantly enhanced. The coating
layer prevented the attack from water. It is worth noting that the
BET surface area and gas uptake performance of the PDMS-
This journal is © The Royal Society of Chemistry 2019
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coated MOFs are almost maintained, demonstrating the good
permeability of the coating layer. Furthermore, the PDMS
coating layer on the surface of MOFs did not block the cata-
lytically active sites from coming into contact with the
substrates during the catalytic reaction. When the PDMS-
coated MOF and the pristine MOF are subjected to the same
water vapor treatment, the PDMS-coated MOF is observed to
retain its catalytic activity better than the pristine MOF. Since
this work, a number of similar approaches have been devel-
oped and applied to improve MOF stability.141–144 Qian et al.
successfully deposited a hydrophobic organosilicone layer on
the exterior surface of MOFs via a facile solution-immersion
process without any heat treatment.141 Upon exposure to water
for 5 days, it was found that the porosity of the MOFs HKUST-
1, MIL-125, and ZIF-67 was retained to a great extent due to the
enhanced hydrophobicity. Hou et al. developed a post-
synthetic polymerization method to form polymer brushes on
the external surfaces of MOFs.142 Interestingly, upon irradia-
tion with UV-light, polymerization could be initialized by
active hydrogen species (surface radicals) on the MOFs to
generate the polymer brushes on the MOFs to obtain MOF-
based materials with enhanced chemical stabilities. Recently,
Queen's group successfully developed a two-step post-
synthetic polymerization method to improve the stability of
seven different types of MOFs.143 First, polydopamine (PDA) as
an adhesive was rstly coated on the surface of these MOFs
under an oxygen atmosphere. Then, based on a Michael
addition, the hydrophobic 1H,1H,2H,2H-peruorodecanethiol
was covalently graed on the surface of the MOF@PDA that
resulted from the previous step. As expected, all the highly
hydrophobic MOF composites displayed superior chemical
stability under acidic or alkaline conditions compared with
the pristine MOFs. Thermal polymerization of protective
layers on the MOF surfaces can also strengthen their chemical
stability. Using direct polymerization of uorinated 4-unde-
cylcatechol (fdcat), HKUST-1 was coated with hydrophobic
layers under mild reaction conditions.144 Compared with
unmodied HKUST-1, aer soaking in water for a week, the
permeable coatings protected HKUST-1 crystals against water
molecules while retaining 92% of the porosity.

Inspired by the high hydrostability of “carbonaceous
grease”, Park’s group prepared highly moisture-resistant black-
colored MOF-5 through a simple heat treatment at a specic
temperature followed by immediate cooling to room tempera-
ture (Fig. 9b).145 When the pyrolysis temperature was raised to
530 �C, the BET surface area of the resultant material (1740 m2

g�1) was half of that (3450 m2 g�1) of pristine MOF-5. Never-
theless, thermally modied MOF-5 retained its crystallinity and
porosity to a great extent upon exposure to ambient air for at
least two weeks. This indicated its high hydrostability. Gadipelli
et al. investigated the framework decomposition of MOF-5
crystals by varying the annealing temperature.146 Aer anneal-
ing MOF-5 at 400 �C (that is, below the onset decomposition
temperature of 500 �C) for 3 h, the resultant sample could retain
certain porosity even aer exposure to air for 15 days.

As an example of post-synthetic surface modication, 2-
methylimidazolate located on the exterior surface of ZIF-8
This journal is © The Royal Society of Chemistry 2019
particles was substituted with 5,6-dimethylbenzimidazole
(DMBIM) via a shell-ligand-exchange-reaction (SLER) to
improve the hydrothermal stability (Fig. 9c).147 Aer four cycles
of isobutanol sorption, the uptake amount of ZIF-8 fell to
�0 caused by the collapse of the structure. In contrast, no
obvious change in adsorption capacity was found in the DMBIM
modied ZIF-8 thanks to the maintenance of the framework. By
deliberately utilizing 2-vinyl-imidazole as the organic linker,
Sun et al. successfully fabricated ZIF-8-V, a ZIF-8 type framework
and hydrophobically treated its external surface with per-
uoroalkyl groups based on the thiol–ene click reaction
(Fig. 9d).148 The resultant ZIF-8-VF was an amphiphobic mate-
rial and was able to remain intact upon exposure to 100% RH
under a CO2 atmosphere at 45 �C for over 720 h, while almost all
ZIF-8 structures degraded under the above conditions in 240 h.
The method was also applied to MOF-5, producing a similar
effect. Analogously, alkylphosphonic acids with long alkyl
chains were modied on the Zr6-nodes on the exterior surface of
MOFs, namely, UiO-66, UiO-66-SO3H, and PCN-222, without any
disturbance to the internal pores.149 By virtue of the external
superhydrophobic modication, the tolerance of the resultant
MOFs toward different harsh environments was appreciably
enhanced.

2.2.4 Composite. The high porosity and compatibility of
MOFs allow the hybridization of MOFs with other materials
such as polymers, graphite oxide, carbon nanotubes, etc.150–164

By growing MOFs on the surface or inside the pores of other
substrates, or incorporating other materials into the cavities of
MOFs, the resultant MOF composites can be imparted with the
combined characteristics of the two components or acquire
even new functions such as hydrophobicity, hydrostability,
mechanical properties, and so on.

In 2009, Park's group successfully incorporated acid-treated
multiwalled carbon nanotubes (MWCNTs) into MOF-5 to give
a hybrid composite (MOFMC).150 This composite growth helped
with removing the guest molecules during activation which
enhanced the Langmuir specic surface area. Moreover, the
rigid MWCNTs could protect the moisture-sensitive MOF-5,
making MOFMC stable even aer one week in air. The same
effects can also be achieved when MWCNTs are replaced by
graphite oxide or carboxyl-functionalized attapulgite.151,152

Matzger's group produced MOF-5-polystyrene composites using
the polymerization of styrene in the presence of MOF-5.153

Polystyrene was uniformly distributed throughout the MOF-5
particles. The resultant composites were endowed with much
better moisture stability at RH of 53% as compared with the
pristine MOF-5. Apart from polystyrene, polynaphthylene (PN)
could also be formed in the channels of MOF-5 as partitions via
a radical reaction, affording a hydrophobic PN@MOF-5
composite with signicantly improved hydrostability.154 In fact,
so long as the hydrophobic molecules are introduced into
pores, MOFs would display improved water stability. Decoste's
group prepared hydrophobic HKUST-1 by treating the parent
MOF with plasma-enhanced chemical vapor deposition
(PECVD) of peruorohexane (PFH).155 With the protection from
adsorbed PFH, hydrophobic HKUST-1 could remain resistant to
the attack by water for at least 24 h.
Chem. Sci., 2019, 10, 10209–10230 | 10219
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Fig. 10 Water uptake capacity of Zr-based MOFs (left) and other
representative porous solids (right) in different pressure ranges
(asterisk (*) indicates no data). Left and right bars represent the first and
fifth cycles, respectively. For MOF-801-SC (SC ¼ single crystal form),
uptake capacities of the first and second cycles were demonstrated.
Reproduced from ref. 169 with permission from the American
Chemical Society, copyright 2014.
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As an alternative approach, MOFs can be encapsulated into
other materials to prevent the hydrolysis/collapse.156–160 For
example, MOF-5 crystals were formed inside the channels of
SBA-15 to give MOF-5@SBA-15 composites.156 Due to the
support from rigid SBA-15, the crystallinity of composites
remained essentially unchanged even aer exposure to air for
one week (�50% RH and 25 �C). However, the decomposition of
MOF-5 occurred under the same conditions within 36 hours,
proving the great effect of SBA-15 on the hydrostability of the
composite. Maspoch's group developed a one-step, rapid, and
scalable spray-drying synthesis method to encapsulate HKUST-
1 into polystyrene, which yielded microscale HKUST-1@poly-
styrene spheres.157 In contrast to the pristine HKUST-1, the
hydrophobic composite retained its water uptake capacity even
aer three consecutive cycles, demonstrating its strong hydro-
stability. Recently, a water sensitive MOF, DUT-5, was imbedded
within polymer monoliths using microwave-assisted polymeri-
zation.158 As expected, the DUT-5-polymer hybrid composite
could retain its integrity even aer 24 h immersion in 50 mM
phosphoric acid solution. Besides these composites, MOF-
based membranes involving polymer or other materials, even
the MOF@MOF composites, have shown enhanced chemical
stability.161–163 The Rosi group prepared a stable core–shell MOF
material by growing a bio-MOF-14 shell on the bio-MOF-11/14
mixed core.164 In contrast to the water-sensitive core, the
resultant core–shell structure remained resistant to water for
one day due to the protection afforded by the more stable bio-
MOF-14 shell.

3. Properties and applications
3.1 Adsorption and separation

The tunable porous structures and large surface areas of MOFs
make them ideal candidates for molecular sorption and sepa-
ration. Most of the sorption and separation studies for MOFs
are based on energy-related gases such as hydrogen, carbon
dioxide, methane, etc.7,18 Specically, water or moisture loaded
environments and many other harsh environments are
unavoidable in most of the practical sorption/separation
processes, e.g. in the CO2 separation from ue gas generated by
coal-red power plants, which is composed of 15–16% CO2, 73–
77% N2, 5–7% H2O, 3–4% O2 and traces of SOx, NOx, etc. For
such applications, MOFs with decent chemical stability are
required.95 By employing two distinct imidazolates as linkers,
three hydrophobic ZIFs with chabazite topology were fabricated
with Zn2+ ions.105 All three ZIFs displayed nearly equal CO2

uptake capacity under both dry and humid (80% RH) condi-
tions. More importantly, these ZIFs could be completely
regenerated within 15 min by a low energy consumption and
highly time-efficient process of subjecting them to pure N2 ow
at ambient temperature within 15 min, demonstrating the low
energy consumption and high time efficiency of the regenera-
tion process. A hydrostable and highly connected cadmium(II)-
based MOF was produced using a triaminepentacarboxylic acid
ligand.165 Flue gas simulation (3.9% H2O:14.4% CO2:81.7% N2)
experiments showed that this MOF preserved its CO2 adsorp-
tion performance even aer three consecutive cycles, indicating
10220 | Chem. Sci., 2019, 10, 10209–10230
its outstanding water stability. Stable MOF-based composites
showed similar results.154 Given the signicance of the removal
of trace CO2 from air for the environment and health, a made-
to-order MOF, SIFSIX-3-Cu was utilized to selectively adsorb
trace CO2 at 74% RH.166 It was remarkable that high humidity
did not affect the apparent selectivity of SIFSIX-3-Cu at 1000
ppm CO2. The MOF, thus, displayed excellent stability and
strong CO2 affinity.

In view of the good hydrostability of water-resistant MOFs,
they were also used in other applications that involved water
adsorption.3,111,167–170 The water adsorption performance of 23
types of porous materials, including 20 different Zr-based
MOFs, was systematically investigated.169 Amongst them, MOF-
801-P (P ¼ microcrystalline powder form) and MOF-841
exhibited the best water uptake properties (450–640 cm3 g�1 at
P/P0 ¼ 0.9) with outstanding recyclability through ve adsorp-
tion/desorption cycles (Fig. 10). Taking advantage of the
outstanding water adsorption performance of MOF-801, Kim
et al. rstly designed and fabricated a water harvesting device.170

The amount of water collected by the device reached 2.8 liters
per kilogram of MOF at 20% RH upon exposure to natural
daylight for 1 day. The hydrolytically stable MOF materials can
also be used in drying natural gas as even a trace amount of
water in natural gas can cause catastrophic blockage during the
methane ice formation. Cadiau et al. demonstrated energy-
efficient dehydration by using a stable uorinated MOF, AlF-
FIVE-1-Ni, with a one-dimensional channel structure as a water
adsorbent.111 The performance of AlFFIVE-1-Ni at selectively
adsorbing water vapor from a gas mixture containing CO2, N2,
and CH4 at 75% RH was impressive. Also, the MOF maintained
its adsorption performance through several cycles of the
adsorption column breakthrough test.

In addition, stable and/or hydrophobic MOF-basedmaterials
can be employed as powerful adsorbents for the capture of
corrosive gases, the removal of target compounds in aqueous
solution, and oil/water separation.109,161,171–176 In order to adsorb
This journal is © The Royal Society of Chemistry 2019
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toxic and corrosive ammonia (NH3), the Morris group synthe-
sized a Cu(II)-based MOF, STAM-17-OEt, based on the 5-ethoxy
isophthalate linker.172 Interestingly, upon exposure to a humid
environment, the weak Cu–O bonds located on the paddlewheel
cluster of the dehydrated MOF would transform into its original
hydrated form. This conversion prevents the breakup of the Cu–
O bonds in the paddlewheel clusters which hold the framework
together, which improves the stability of the framework. STAM-
17-OEt was then employed as an adsorbent for NH3 and infrared
spectroscopy demonstrated that the MOF structure was
retained even aer 5 days of the ammonia breakthrough
experiment (90% RH). DeCoste et al. prepared a set of chemi-
cally stable mixed-matrix membranes (MMMs) based on
HKUST-1 and polyvinylidene diuoride (PVDF).161 By virtue of
the enhanced hydrophobicity and unsaturated Cu2+ sites, the
HKUST-1 MMMs exhibited outstanding NH3 uptake perfor-
mance and a large proportion of NH3 adsorption capacity
survived at 90% RH at 25 �C for 28 days. Given the ultra-efficient
metal ion permeation, excellent stability and processability of
the MOF membrane, Liu et al. incorporated these two MOFs
into various polymer matrixes to create a sequence of UiO-66
and NH2-UiO-66membranes. They employed themembranes as
adsorbents in the recovery of palladium Pd(II) and platinum
Pt(IV) ions from strongly acidic solutions (pH¼ 1.0).176 By virtue
of the high affinity to Pt/Pd and the striking stability caused by
the strongp–p interactions between the polymer and theMOFs,
the resultant membranes showed amazing adsorption capac-
ities for the above ions in strongly acidic solutions, and also
excellent recycle performance. Recently, a hydrophobic porous
coordination polymer, USTC-6, was uniformly grown
throughout a graphene oxide-modied sponge to yield
a macroscopic USTC-6@GO@sponge adsorbent with excellent
chemical stability for highly efficient oil/water separation.109

Remarkably, USTC-6@GO@sponge could be combined with
tubes and a self-priming pump to fabricate a model apparatus
for continuous oil recovery from water, showing a promising
future for stable MOFs for oil/water separation.

Undoubtedly, highly stable MOFs have exhibited their
unique advantages in sorption and separation. The immediate
challenges lie in the design of MOF-based adsorbents such as
MOF membranes with low (production and regeneration) cost,
desirable working capacity and selectivity, and long-term
stability according to the demands of practical use. Beyond
these, more efforts are needed in mechanistic studies of the co-
adsorption behaviour of some adsorbates in MOFs.
Fig. 11 Key local structures of (a) MCF-37, (b) the [Fe3(m3-O)
(BDC)3(L

T)3] scaffold, (c) MCF-49. Color code: C, gray; O, red; N, blue;
Fe, orange; and Co, purple. H atoms are omitted for clarity. Adapted
from ref. 180 with permission from the American Chemical Society,
copyright 2017.
3.2 Heterogeneous catalysis

The Lewis acid/basic sites, Brønsted acid sites, and redox active
sites on the metal clusters and/or the organic linkers make
stable MOFs efficient heterogeneous catalysts for various reac-
tions.12,15,17,177 Since many of these reactions take place in water
or even in acidic or basic solutions, MOF-based catalysts should
be stable to tolerate such conditions.

By employing MIL-101-SO3H as the acid catalyst, reasonable
hydrolysis efficiency of cellulose was achieved in aqueous
solution systems.178 To benecially utilise the outstanding
This journal is © The Royal Society of Chemistry 2019
chemical stability of PCN-602(Ni), Lv et al. employed PCN-602
with Mn3+–porphyrin centers (denoted as PCN-602(Mn)) for the
C–H bond halogenation under harsh conditions (in aqueous
solutions and dichloromethane mixtures of 0.165 M NaClO).84

Thanks to the presence of the Mn–porphyrin centre and rigid
framework structure, a high yield of chlorocyclohexane (92%)
was achieved on PCN-602(Mn) aer 5 h reaction, much higher
than that (8%) achieved by the homogeneous catalyst, Mn(TPP)
Cl. Apart from organocatalysis, many electrocatalytic and pho-
tocatalytic properties of MOFs have also been studied in
aqueous or even in acidic or basic solutions. For instance, the
stable MIL-101(Fe) was chosen as an effective catalyst for visible-
light-driven water oxidation.179 With the aid of [Ru(bpy)3]

2+,
MIL-101(Fe) presented a decent initial turnover frequency (0.10
s�1) with a high oxygen yield of 36.5%. Furthermore, the recy-
cling tests and X-ray photoelectron spectra (XPS) results showed
that MIL-101(Fe) was stable aer water oxidation. Lu et al. ob-
tained an alkaline-stable MOF, MAFX27-OH, through the post-
synthetic ion exchange of MAF-X27-Cl during a linear sweep
voltammetric procedure.88 In 1.0 M KOH aqueous solution,
MAFX27-OH with both OMSs and hydroxides offered an over-
potential of 292 mV at 10.0 mA cm�2 with remarkable durability
in 20 h of electrocatalytic oxygen evolution reaction (OER)
processes. Shen et al. developed a modular synthesis strategy to
stabilize the Co2(RCOO)4(H2O)2 (R ¼ substituent group) cluster
into MCF-37 by exchanging the original paddle-wheel type Fe-
carboxylate core, affording a modied alkaline-stable MOF,
MCF-49 (Fig. 11).180 By virtue of the high catalytic activity of Co2-
(RCOO)2(L

T)2 (LT ¼ terminal ligand) towards electrocatalytic
OER and the high alkaline stability of the framework, MCF-49
showed a very low overpotential of 225 mV at 10 mA cm�2 with
nearly 100% Faraday efficiency in aqueous solution (pH ¼ 13).
In terms of hydrogen evolution reaction (HER), Qin et al.
rationally designed two highly stable polyoxometalate (POM)-
based MOFs, NENU-500 and NENU-501, and employed them as
HER electrocatalysts in 0.5MH2SO4 aqueous solution.181NENU-
500 gave a noticeably low onset overpotential of 180 mV with
a Tafel slope of 96 mV dec�1. In addition, the two MOFs
demonstrated their ultrahigh stability by continuing their
activities even aer 2000 cycles. Based on the outstanding
chemical stability and unique photocatalytic properties of
porphyrins, Al-TCPP was utilized as a photocatalyst for
hydrogen generation from water.49 With the aid of methyl viol-
ogen and ethylenediaminetetraacetic acid, Al-TCPP gave an
Chem. Sci., 2019, 10, 10209–10230 | 10221
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outstanding H2 generation performance of 600 mmol g�1 aer
light irradiation for 3 h. When the TCPP linker was substituted
by TCPP-Co, the resultant Al-TCPP-Co could be an ideal plat-
form for the aqueous electrochemical reduction of CO2.182

Specically, Al-TCPP-Co demonstrated a selectivity of >76% and
per-site TON of 1400 along with high stability that exceeded 7 h.
It is noteworthy that the post-synthetic metalation of stable
MOFs such as MOF-525 also achieved a similar effect.183

Interestingly, MOF stability can be adjusted by altering their
pore environments, which further improves the catalytic
performance. Inspired by the mechanism of pH buffer solu-
tions, 2,4-bis(3,5-dicarboxyphenylamino)-6-ol triazine
(H4BDPO) was designed and utilised as an organic linker to
synthesize a Cu-based MOF, JUC-1000.184 The –O�/–OH, –NH–/–
NH+–, and –N]/–NH+] pairs acted as buffer pairs that
provided stability to JUC-1000 in aqueous solutions in a broad
pH range from 1.5 to 12.5. Moreover, the synergistic effect
among Lewis acid sites, Lewis basic sites and Brønsted acid
sites frommetal clusters and organic linkers endowed JUC-1000
with striking catalytic activities for the cycloaddition reaction of
CO2 and epoxides. In view of the outstanding stability of MOFs
coated with PDMS reported by the Jiang group,140 the same
group wrapped Pd/UiO-66 with PDMS layers using the chemical
vapor deposition (CVD) process.185 Since hydrophobic
substrates were enriched around the active sites by taking
advantage of the hydrophobic PDMS layer, the resultant Pd/
UiO-66@PDMS showed superior catalytic performances and
stability for the reduction of nitrobenzene compared to Pd/UiO-
66.

As stated above, enhanced stability has widened the scope
for the use of MOFs and MOF-based materials as catalysts. In
future, it can be expected that the use of operando spectroscopy
for gaining a better understanding of the catalytic mechanism,
precise control of active sites, and multifunction synergy will be
of great importance for heterogeneous catalysis using stable
MOFs. In addition, to address the challenges involved in MOF
catalysis such as mass transfer, conductivity, and high cost, is
also the important consideration.
3.3 Fluorescence sensing

The tunable structures and uorescence of MOFs make them
a great platform for uorescence sensing.10,186–188 By altering the
metal ions and organic linkers, the uorescence properties of
the resulting MOFs can be regulated to a large extent. Particu-
larly, composition, structure, functional groups, interaction
sites, etc. on the MOFs might be responsive to external stimuli,
such as temperature, pressure, ions, solvents, and so on.10,186–188

Given that MOF uorescence is sensitive to the external stimuli,
MOFs can be used as probes or sensors. To this end, the
prerequisite is that the frameworks of MOF sensors should be
maintained during the uorescence change under different
testing conditions.

For example, ITQMOF-3-Eu was constructed with Eu3+ and
1,10-phenanthroline-2,9-dicarboxylic acid and subsequently
joined to an optical ber to fabricate a miniaturized linear
sensor.189 By means of the ne balance among absorption,
10222 | Chem. Sci., 2019, 10, 10209–10230
emission rate, and energy transfer, ITQMOF-3-Eu could be
applied as a pH sensor in the pH range of 5–7.5 without any
additional external calibration. Jiang et al. reported a Zr-based
MOF, PCN-225, which was stable in aqueous solutions of pH
range 1–11 for 12 h.58 Utilising the high stability and pH-
dependent uorescence of PCN-225, this MOF could recognize
aqueous solutions with different pHs ranging from 0 to 10.2.
Deibert et al. developed a reversible colorimetric uorescence
pH sensor based on highly stable PCN-222.190 Upon exposure to
aqueous solution with pH ¼ 0, the color of PCN-222 (purple)
turned green and this colorimetric response was reversible and
reproducible. In order to detect and remove organic pollutants
in wastewater such as antibiotics and organic explosives,
a stable Zr-based MOF, BUT-13, was fabricated via a topological
design approach.63 Due to the combined effect of electron and
energy transfer, this MOF displayed outstanding ability to
detect nitrofurazone (NZF), nitrofurantoin (NFT), 2,4,6-trini-
trophenol (TNP), and 4-nitrophenol (4-NP) in aqueous solutions
with a low limit of detection (LOD). More recently, Ebrahim
et al. presented a luminescent lanthanide-based MOF, SION-
105, which proved to be highly sensitive to uoride ions in
aqueous solution due to the strong interaction between three-
coordinate boron atoms of the linker and the F� ions.191 This
MOF, due to its good stability, showed excellent regenerability
even aer ten cycles. Unlike these chemical sensors, a Cu(I)
triazolate framework, MAF-2, was designed as a gaseous oxygen
sensor based on its high moisture stability, fast uptake and
sorption kinetics for oxygen and other optical properties.192

Additionally, upon combining MAF-2 with silicone rubbers, the
resultant MAF-2 thin lm exhibited extraordinary sensitivity to
oxygen and superior stability even in an acidic atmosphere due
to the protection provided by the silicone rubbers.

Apart from the de novo processes, stable MOFs with
remarkable sensing properties can also be obtained via post-
synthetic modication.134,193,194 For instance, the aforemen-
tioned UiO-66-N]N-ind obtained by a post-synthetic modi-
cation diazotisation strategy showed enhanced chemical
stability and also broadened the sensing range (pH ¼ 1–12),
compared with that of the pristine UiO-66 (pH¼ 1–9).134 Farha's
group presented a halochromic derivative of NU-1000, NU-1000-
CF, through a SALI process with 5(6)-carboxynaphtho-
uorescein (CNF).193 On the basis of the wonderful chemical
stability of NU-1000 and the unique optical properties of CNF,
NU-1000-CF revealed visual detection of pH over the range from
pH 2 to 9. ZIF-90 was functionalized by converting aldehyde
groups on the linkers into dicyanovinyl (DCV) groups with
a simple Knoevenagel condensation reaction.194 The DCV
groups could act as the specic recognition sites for CN� ions
and then endowed the modied ZIF-90 with remarkable
aqueous-phase sensing ability for CN�.

In conclusion, stable MOFs have shown great potential for
sensing various analytes. However, there are many improve-
ments necessary and several issues to be solved before practical
implementation. First, more effort should be devoted to
improve sensitivity, selectivity, response time, detection limit
and long-term stability of uorescent MOF materials based on
the requirements of practical use. Second, further investigation
This journal is © The Royal Society of Chemistry 2019
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into MOF-based turn-on sensors and their turn-on mechanism
will prove valuable. Last but not least, the integration of MOFs
into sensing devices is still at a very early stage. Hence, more
endeavour is necessary in this direction.
Fig. 12 Schematic illustration of (a) encapsulation of insulin in the
mesopores (32 Å) of NU-1000 and exclusion of pepsin from the MOF
framework and (b) exposure of insulin and insulin@NU-1000 to
stomach acid. Free insulin denatures in stomach acid and is digested
by pepsin. The release of insulin from NU-1000 happens when insu-
lin@NU-1000 is exposed to a PBS solution. Reproduced from ref. 209
with permission from the American Chemical Society, copyright 2018.
3.4 Biological and medical applications

For their tunable pore sizes, high surface area, and versatile
physical and chemical properties, MOFs are extensively used in
biological and medical applications such as biosensing, drug
release, biomimetic catalysis, etc.5,195–201 For these applications,
MOFs with excellent chemical stability are a must. They should
possess strong resistance to hydrolysis/collapse in physiological
environments in which they would be expected to function, e.g.
stomach acidity, intestinal alkalinity and the peristalsis in the
esophagus, stomach, and intestines.

As for biosensing, a representative example is Cu-TCA con-
structed with Cu2(O2CR)4 paddlewheel units and tricarboxy-
triphenyl amine (TCA) linkers.202 Upon the addition of NO, the
coordination interaction between NO and Cu(II) complexes
reduced Cu2+ to Cu+ ions and caused the recovery of lumines-
cence from Cu-TCA in aqueous solutions. The brightness of
emission of Cu-TCA made it an ideal candidate for biological
imaging of NO in living cells. Wu et al. utilized mixed ligands to
fabricate a lanthanide-based MOF (Ln-MOF) that shows high 48
h stability in water.203 The competition for the absorption of
irradiated light between biomarkers serotonin (5-hydroxytryp-
tamine, HT) and 5-hydroxyindole-3-acetic acid (HIAA)) and the
organic linkers, and the dynamic quenching process caused
uorescence quenching, thus endowing the Ln-MOF with
remarkable sensitivity for selective detection of the two
biomarkers in aqueous solution. On the basis of the intrinsic
peroxidase-like catalytic activity, two Fe-based MOFs, MIL-68
and MIL-100, were found to behave as colorimetric biosensors
to detect H2O2.204 The high chemical stability of MIL-68 and
MIL-100(Fe) allowed them to be used to catalyze the oxidation of
different peroxidase substrates with H2O2 in acetate buffer with
pH ¼ 4.0. Moorthy's group obtained a luminescent and stable
homochiral MOF, Zn-PLA, based on a concave shaped pyrene-
tetralactic acid.205 Interestingly, histidine was found to cause
more signicant uorescence quenching in the aqueous
dispersion of Zn-PLA than many other amino acids. This led to
the use of Zn-PLA, an enantiodifferentiating sensor of histidine.
The authors speculated that this uorescence quenching was
due to the exchange of dimethylammonium cations in Zn-PLA
by deprotonated histidine in water.

As an early attempt at the use of MOFs for drug release, two
exible frameworks, MIL-53(Cr) and MIL-53(Fe), were selected
as carrier systems for delivering ibuprofen.206 Due to the unique
exibility, a very slow and complete release of ibuprofen over
a period of three weeks was accomplished with both MIL-53(Cr)
and MIL-53(Fe). Deng's group revealed that the guest release
rate was strongly correlated with the type and proportion of
functional groups in MOFs.207 By constructing different multi-
variate MOFs from MIL-101(Fe), the maximum release amount
of doxorubicin (DOX) could be shied from the 17th to the 29th
day within a 40 day release period. In order to improve the
This journal is © The Royal Society of Chemistry 2019
biocompatibility of carriers, adenine was employed as
a biomolecular ligand to fabricate an ionic framework, bio-
MOF-1, which could maintain the structural integrity in bio-
logical buffers for weeks.208 Unlike common MOFs, the release
of procainamide from bio-MOF-1 could be triggered by the ionic
interactions between the drug and framework. Recently, Farha's
group demonstrated the immobilization of insulin in an acid-
stable MOF, NU-1000.209 By virtue of the protective effect from
NU-1000, insulin was stable even upon exposure to stomach
acid (pH ¼ 1.5–3.5) and pepsin (Fig. 12). Moreover, �40 wt% of
insulin could be released from the host framework under
simulated physiological conditions (pH ¼ 7.0) (Fig. 12).

As for the biocatalysis, Reynolds's group utilized Cu-BTTri
with high stability in fresh citrated whole-blood (30min, pH 7.4,
37 �C) to produce polymeric medical devices with biomedical
grade polyurethane.210 Fortunately, the catalytic activity from
the exposed Cu2+ active sites of Cu-BTTri can be retained, and
the medical devices realized the surface-localized generation of
NO from endogenous sources even in fresh citrated whole
blood. Inspired by the bimetallic Zn–OH–Zn active site in
phosphotriesterase enzymes, UiO-66 with similar Zr–OH–Zr
bonds in [Zr6O4(OH)4] clusters was utilized as a biomimetic
catalyst for the hydrolysis of methyl paraoxon in an aqueous
solution containing 0.45 M N-ethylmorpholine (pH ¼ 10).211

Besides directly behaving as biocatalysts, stable MOFs can also
act as catalyst supports for immobilizing enzymes for bio-
catalysis.50,212 Three enzymes of different sizes, namely, horse-
radish peroxidase (HRP), cytochrome c (Cyt c) and
microperoxidase-11 (MP-11), were separately encapsulated in
PCN-333(Al).50 Compared with the same enzymes immobilized
in SBA-15, the enzymes encapsulated in PCN-333(Al) presented
much superior catalytic stability through ve cycles of o-phe-
nylenediamine oxidation due to the outstanding chemical
stability of PCN-333(Al) and strong interaction between the
Chem. Sci., 2019, 10, 10209–10230 | 10223
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Fig. 13 Illustration of the proposed self-adaption mechanism in the
flexible MOF (top) and rigid MOF (bottom) with a high density of
sulfonic acid sites for proton conduction. Reproduced from ref. 226
with permission from Nature Publishing Group, copyright 2017.
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enzymes and frameworks. Using PCN-888 with three different
sized cavities as the carrier, Lian et al. fabricated a tandem
nanoreactor via a unique stepwise encapsulation of two
different enzymes (glucose oxidase (GOx) and horseradish
peroxidase (HRP)).212 It was remarkable that strong interactions
between immobilized moieties and cages of PCN-888 not only
prevented the trypsin digestion of encapsulated enzymes but
also ensured the maintenance of catalytic activity through four
catalytic cycles.

Nevertheless, the study of MOFs and MOF-based materials
for biological and medical applications is still in its infancy.
One remaining critical issue is the fabrication of nontoxic MOFs
with outstanding chemical stability, excellent biocompatibility,
and appropriate pore size and pore volume. In addition, control
of MOF particle size is also very important in view of the
endocytosis by the living cells and systemic circulation in blood.
As for the drug delivery, the degradation mechanism of MOFs
should be studied closely before the in vivo investigations and
clinical applications.
3.5 Proton conductivity

Over the past decades, MOFs have attracted rapidly increased
attention in the eld of proton conductivity on account of their
tailorable structures.213–217 Different from other porous mate-
rials, proton conduction of MOFs can be easily controlled by
tuning the hydrophilicity and acidity of the surface structure of
MOFs. To date, many proton conduction studies on MOFs have
been reported, though only a limited number of MOFs dis-
played both high conductivity and good stability.218 In principle,
the stability of MOFs as proton conductors mainly refers to
long-term stability under different temperature and/or
humidity conditions. It is important to note here that proton
transport relies mainly on the generation of hydrogen-bonded
water networks in the cavities of MOFs according to the Grot-
thuss or proton-hopping mechanism.213,219,220 Therefore, design,
synthesis and modication of MOFs with high chemical
stability will provide an excellent platform for investigating
their proton-conducting behaviors.

In light of the easy proton release of strong acids such as
H2SO4, UiO-66(SH)2 was oxidized by H2O2 to afford UiO-
66(SO3H)2 with SO3H groups covalently linked to the frame-
work, which greatly favored the proton conductivity.221 At 80 �C
and 90% RH, UiO-66(SO3H)2 displayed an extraordinary
protonic conductivity of 8.4 � 10�2 S cm�1 with long-term
stability over 96 h, demonstrating its high stability. Ponomareva
et al. developed a facile method of incorporating nonvolatile
H2SO4 and H3PO4 within the pores of MIL-101(Cr) to give
H2SO4@MIL-101 and H3PO4@MIL-101 for proton conduc-
tivity.222 Specically, upon conning �70% H2SO4 (�10 M) or
�80%H3PO4 (�14M) inMIL-101, the proton conductivity of the
resultant composites reached up to 4.0 � 10�2 and 2.5 � 10�2 S
cm�1, respectively, at low temperature and 20% RH. Not limited
to acids, NH3 and amino were also modied within MOFs via
the de novo process or post-synthetic strategy, improving their
proton-conducting ability.223,224 Wang et al. reported a highly
stable MOF, MIP-202(Zr), assembled by L-aspartate and Zr4+ and
10224 | Chem. Sci., 2019, 10, 10209–10230
investigated its proton-conduction properties at 90 �C and 95%
RH.224 The interaction between NH3

+ groups (proton source)
and water molecules in the cavities generated an extended
hydrogen-bonded network in MIP-202(Zr), endowing it with
a desirable and steady proton conductivity of 0.011 S cm�1.
Hong and co-workers utilized a microwave-assisted sol-
vothermal reaction to obtain Ni-MOF-74, which remained stable
even at a pH value as low as 1.8.225 When Ni-MOF-74 was
immersed in sulfuric acid solutions with different pH values,
H+@Ni-MOF-74 was generated with different proton-conduct-
ing properties. Particularly, at pH 1.8, the resultant H+@Ni-
MOF-74 presented a remarkable proton conductivity of 2.2 �
10�2 S cm�1 under the conditions of 95% RH and 80 �C. In
order to prepare a stable MOF-based electrolyte material with
good conductivity at low RH, a highly stable and exible MOF,
BUT-8(Cr)A, was constructed from naphthalene-2,6-dicarbox-
ylate, 4,8-disulfonaphthalene-2,6-dicarboxylate and Cr3O(OH)
(CO2)6 SBUs.226 In contrast to other rigid MOFs, BUT-8(Cr)A
presented a decent proton conductivity of 1.27 � 10�1 S cm�1 at
80 �C and 100% RH due to the chemically stable structure with
high-density –SO3H sites. Its high conductivity could be main-
tained across a wide range of RH. The authors speculated that
this unique feature was ascribable to the water-content-depen-
dent structural transformation in BUT-8(Cr)A (i.e. framework
‘self-adaption’) (Fig. 13).

Although the proton conductivity of certain MOFs has
exceeded that of the commercially available Naon, there still
exist many challenging problems to be solved. The key task is to
gain a deep understanding of the proton conduction mecha-
nism of MOF materials. Besides, from a practical perspective,
more attention should be paid to the commercial development
of MOF-based electrochemical devices with desirable mechan-
ical stability.

4. Conclusions and perspectives

Over the past two decades, much effort has been dedicated to
the de novo synthesis of novel MOFs with high stability via
different strategies, including preparation of high-valent metal-
carboxylate or low-valent metal-azolate MOFs, use of azole-
containing carboxylate linkers, mixed metal ions, and
This journal is © The Royal Society of Chemistry 2019
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hydrophobic ligands, insertion of building blocks, framework
interpenetration, etc. Beyond these, post-synthetic structural
processing and composite material engineering have also been
employed to improve the stability of existing MOFs. Amongst
MOF chemical stability investigations, water or moisture
stability is the most preliminary and important, as handling
MOF samples in air (containing moisture) is hardly avoidable
for almost all MOF applications. Fortunately, a very large
number of MOF-based materials that are stable in air and water
have been developed. Moreover, more and more MOFs resistant
to harsh chemical environments (acidic/alkaline media) have
also been reported. As extreme examples, AlTCS-1 shows strong
chemical resistance in aqua regia solution over 24 h;75 the
structure of PCN-601 is not disturbed during alkaline treatment
in saturated NaOH solution at 100 �C;25 etc. These important
breakthroughs together withmany other advances give theMOF
community great encouragement and condence. The stability
(especially chemical stability) of MOFs, which was once regar-
ded as a critical bottleneck for their real-world applications,
may no longer be a severe difficulty and should be addressed in
the near future with the continuous efforts of scientists. The
preparation of stable MOFs and the strategy of improving MOF
stability would become more rational along with powerful
prediction of computational chemistry. Accordingly, the appli-
cations of MOFs might become widespread and more practi-
cable. As a step further, on the basis of the intriguing properties
of stable MOFs, the scope of MOF applications has signicantly
expanded. In this review, only a minority of MOF applications
have been covered. Undoubtedly, the development of MOF
stability and its interaction with other research elds will bring
more promising and innovative applications.

Although great progress has been made in this eld, many
challenges remain. Due to the particular requirements of each
strategy, it is rather difficult to nd a general approach that is
applicable to different MOF systems. Also, a number of pre- or
post-synthetic modication methods usually cause the change
of pore features, which poses challenges for their subsequent
applications. To address these issues, some targeted
approaches such as hydrophobic surface treatment might be
worthy of further investigation. Furthermore, experimental
trials can be rationally combined with computational design to
afford new framework materials with high stability and partic-
ular properties. In addition, so far, there appear to be no
systematic investigations on the mechanical stability of MOFs,
which is a crucial factor for their industrialization. Maybe,
certain specic techniques such as single crystal X-ray diffrac-
tion analysis and theoretical calculation will prove helpful in
the characterisation of mechanical stability of MOFs. Moreover,
it is necessary to establish a unied evaluation index system for
assessing the mechanical properties of MOFs. With regard to
the experimental stability testing, the combination of multiple
means of detection is more reliable to qualify the maintenance
of intrinsic properties of MOFs.227 Particularly, compared with
static stability analysis, the investigation of the dynamic change
course of MOFs under harsh conditions may be more
meaningful.
This journal is © The Royal Society of Chemistry 2019
In the future, the fabrication of very stable MOFs is likely to
remain a dream and that would pave the way to their applica-
tions to diverse ends. For example, stable and well-designed
multivariate MOFs or MOF-based materials, which possess the
features of each individual part, can provide extraordinary
performance for targeted application. In addition, the precise
location control of customisable functional groups within
stable MOFs through stepwise synthetic techniques will
produce great potential or optimal performance for diverse
applications. Moving forward, mechanism analysis related to
applications and device-engineering are also the attractive goals
for stable MOFs. We also hope that such a Minireview can
stimulate the interest of scientists who engage in the interdis-
ciplinary area to explore the value of MOFs from an academic
and/or industrial perspective.

In conclusion, MOFs have entered a new period of rapid
development and are no longer a category of moisture-sensitive
frameworks. The endeavor and progress on enhanced MOF
(chemical) stability do greatly promote the development and
applications of MOFs. We believe in a bright future for MOF
chemistry.
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J. Dutour, S. Surblé and I. Margiolaki, Science, 2005, 309,
2040–2042.

44 K. Leus, T. Bogaerts, J. D. Decker, H. Depauw, K. Hendrickx,
H. Vrielinck, V. V. Speybroeck and P. V. D. Voort,
Microporous Mesoporous Mater., 2016, 226, 110–116.
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108 S. Rodŕıguez-Hermida, M. Y. Tsang, C. Vignatti,
K. C. Stylianou, V. Guillerm, J. Pérez-Carvajal, F. Teixidor,
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171 A. J. Rieth and M. Dincă, J. Am. Chem. Soc., 2018, 140, 3461–
3466.

172 L. N. McHugh , M. J. McPherson , L. J. McCormick ,
S. A. Morris, P. S. Wheatley , S. J. Teat , D. McKay ,
D. M. Dawson, C. E. F. Sansome, S. E. Ashbrook,
C. A. Stone, M. W. Smith and R. E. Morris, Nat. Chem.,
2018, 10, 1096–1102.

173 H. Wang, W. P. Lustig and J. Li, Chem. Soc. Rev., 2018, 47,
4729–4756.

174 J.-H. Wang, M. Li and D. Li, Chem.–Eur. J., 2014, 20, 12004–
12008.

175 A. V. Desai, B. Manna, A. Karmakar, A. Sahu and
S. K. Ghosh, Angew. Chem., Int. Ed., 2016, 55, 7811–7815.

176 Y. Liu, S. Lin, Y. Liu, A. K. Sarkar, J. K. Bediako, H. Y. Kim
and Y.-S. Yun, Small, 2019, 1805242.
This journal is © The Royal Society of Chemistry 2019
177 S. Xu, S. Chansai, C. Stere, B. Inceesungvorn, A. Goguet,
K. Wangkawong, S. F. R. Taylor, N. Al-Janabi,
C. Hardacre, P. A. Martin and X. Fan, Nat. Catal., 2019, 2,
142–148.

178 G. Akiyama, R. Matsuda, H. Sato, M. Takata and
S. Kitagawa, Adv. Mater., 2011, 23, 3294–3297.

179 L. Chi, Q. Xu, X. Liang, J. Wang and X. Su, Small, 2016, 12,
1351–1358.

180 J.-Q. Shen, P.-Q. Liao, D.-D. Zhou, C.-T. He, J.-X. Wu,
W.-X. Zhang, J.-P. Zhang and X.-M. Chen, J. Am. Chem.
Soc., 2017, 139, 1778–1781.

181 J.-S. Qin, D.-Y. Du, W. Guan, X.-J. Bo, Y.-F. Li, L.-P. Guo,
Z.-M. Su, Y.-Y. Wang, Y.-Q. Lan and H.-C. Zhou, J. Am.
Chem. Soc., 2015, 137, 7169–7177.

182 N. Kornienko, Y. Zhao, C. S. Kley, C. Zhu, D. Kim, S. Lin,
C. J. Chang, O. M. Yaghi and P. Yang, J. Am. Chem. Soc.,
2015, 137, 14129–14135.

183 I. Hod, M. D. Sampson, P. Deria, C. P. Kubiak, O. K. Farha
and J. T. Hupp, ACS Catal., 2015, 5, 6302–6309.

184 H. He, Q. Sun, W. Gao, J. A. Perman, F. Sun, G. Zhu,
B. Aguila, K. Forrest, B. Space and S. Ma, Angew. Chem.,
Int. Ed., 2018, 57, 4657–4662.

185 G. Huang, Q. Yang, Q. Xu, S.-H. Yu and H.-L. Jiang, Angew.
Chem., Int. Ed., 2016, 55, 7379–7383.

186 Y. Zhang, S. Yuan, G. Day, X. Wang, X. Yang and H.-C. Zhou,
Coord. Chem. Rev., 2018, 354, 28–45.

187 J. Rocha, L. D. Carlos, F. A. A. Paz and D. Ananias, Chem.
Soc. Rev., 2011, 40, 926–940.

188 L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf,
R. P. V. Duyne and J. T. Hupp, Chem. Rev., 2012, 112,
1105–1125.

189 B. V. Harbuzaru, A. Corma, F. Rey, J. L. Jordá, D. Ananias,
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