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ABSTRACT: Bimetallic MOFs based on heterometal-modified hexanuclear Zr building units have 

emerged as promising materials for applications in energy-related fields such as heterogenous 

catalysis/electrocatalysis. However, their stability remains a challenge under some practical 

conditions and the physical/chemical origin to the (in)stability is not well understood. Herein, we 
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selected three representative Zr-MOFs (MOF-808, NU-1000, UiO-66) as platforms, and 

incorporated different heterometals (Ti4+, V3+, V5+, Cr3+, Cr6+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, 

and Zn2+) to form a series of bimetallic M/Zr-MOFs. Their stability was examined in aqueous 

solutions of various pH to define their stability windows and understand their stability trend. The 

stability of M/Zr-MOFs was found to be dictated by the oxidation states of incorporated 

heterometals, and slightly affected by the supporting Zr-MOFs. Water exchange rate constant, 

defined as the rate constant by replacing a coordinated water with a solution water, was proposed 

as the stability descriptor to explain the stability trend, and guide the design and application of 

future stable MOFs. 

1. INTRODUCTION 

Metal−organic frameworks, or MOFs, are crystalline porous solids constructed by self-assembly 

of metal cations (or metal clusters) and organic ligands having multiple binding sites.1 MOFs have 

attracted research interest in fundamental science and energy applications including 

hydrogen/hydrocarbon gas storage,2-3 separation,4 heterogeneous catalysis/electrocatalysis,5-6 

optoelectronics, and energy harvesting.7-8 MOFs thrive on diverse structures and tunable 

physiochemical properties: the metals and organic ligands within MOFs can be much diversified, 

giving rise to unlimited framework structures.9 Despite numerous advantages, the practical 

applications of MOFs are ultimately limited by their low stability towards water or aqueous 

solutions.10 For example, MOF-5 (composed of Zn2+ and dicarboxylate linkers), a prominent 

milestone in MOF research, decomposes gradually upon exposure to moisture in air. When MOFs 

are used for certain applications, their framework integrity must be guaranteed to maintain their 

intended functionalities and characteristics. In fact, water or moisture is usually present in 
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industrial processes, thus practical applications in catalysis/electrocatalysis often require stability 

towards aqueous acids/bases. Therefore, the chemical stability of MOFs has been receiving 

increasing attention over the years.11 Researchers have started to address the stability of MOFs in 

different environments, understand the possible decomposition pathways, and develop more stable 

framework structures. A fundamental understanding of the stability principle will guide the 

synthesis of stable MOFs by design and will significantly expand the application areas of MOFs.  

Previous work suggests that the stability of MOFs is dictated by the metal−ligand coordination 

bond strength, because the coordination bonds are the most labile moieties in MOFs,11 which is in 

line with the observation that high valent metal cations (such as Ti4+, Zr4+, Al3+, Fe3+, and Cr3+) 

tend to form stable MOFs when combined with carboxylate-based linkers.12-15 However, the effect 

of metal cations on the stability of MOFs have not been systematically compared according to our 

knowledge. The absence of systematic study is attributed to the fact that multiple factors (including 

the metal ions,16 organic ligands,17 metal−ligand coordination geometry,18 pore size,19 

hydrophobicity,20 etc.) may affect the stability simultaneously, which makes it exceedingly 

difficult to selectively study the contribution of metal cations. For example, it has been 

demonstrated that the moisture and water-resistant of MOFs can be enhanced by hydrophobic 

organic ligands21 or hydrophobic polymer coating without changing the coordination bonds.22 

Indeed, in order to investigate the effect of metal cations, a series of isostructural MOFs with 

different metals and oxidation states are required. However, the change of metal cations and/or 

their oxidation states often alters the framework structures at the same time, which in turn changes 

the coordination geometry or pore structures.  

Recently, considerable attention has been given to a class of bimetallic MOF bearing a 

[Zr6O4(OH)4] secondary building unit and a heterometal attaching to the Zr6-core.23-33 These 
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heterobimetallic MOFs (namely M/Zr-MOFs where M stands for heterometals) are formed by 

depositing heterometal cations onto the −OH groups of the Zr-clusters.23 It has been demonstrated 

that different transition metals with various oxidation states can be incorporated into Zr-MOFs to 

form bimetallic M/Zr-MOFs.23-33 A reprehensive example is the Zr-MOF NU-1000 (NU = 

Northeastern University), which acts as a platform to support a series of metal species including 

Al3+, Zn2+, In3+, Ni2+, Co2+, Fe2+/3+, Cu2+, Mg2+, Mo6+, W6+, Re7+, etc.23-30 Due to the exceptional 

robustness of Zr-based MOFs,12 their derived M/Zr-MOFs are believed to possess high thermal 

and chemical stability. Furthermore, it has been recognized as a promising method to separate and 

stabilize single atoms or metal clusters to maximize the utilization of active metal sites.34-35 

Therefore, M/Zr-MOFs have attracted intense research interests in energy related areas including 

heterogenous catalysis and electrocatalysis,23-33, 36 which usually require stable frameworks at high 

elevated temperature or acidic/basic aqueous solutions. For example, Co2+ modified NU-1000 has 

been shown as an excellent heterogenous catalyst for the oxidative dehydrogenation of propane.37 

Co2+/NU-1000 has also been fabricated into thin films to enable electrocatalytic water oxidation.38 

In another example, deposition of MoSx species onto Zr node of NU-1000 forms bimetallic 

catalysts for electrochemical hydrogen evolution.39 Although widely studied in energy 

applications, the stability of M/Zr-MOFs has not been fully understood. In fact, M/Zr-MOFs 

provide an ideal platform to systematically study the effect of metal cations on the stability of 

MOFs, because they possess identical backbone structure and similar metal coordination 

environment but different transition metal centers. A fully understanding of the stability trend of 

M/Zr-MOFs will not only direct the application of this specific class of MOFs, but also extract 

descriptors and knowledge to guide the design of future stable MOFs. Bear this in mind, we have 

constructed a series of M/Zr-MOFs with different heterometals (Mn+ = Ti4+, V3+, V5+, Cr3+, Cr6+, 
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Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, and Zn2+) and framework structures, examined their stability in 

aqueous solutions of various pH, in expecting to understand the stability trend, define stability 

descriptors and guide the design of future stable MOFs. It has been found that the incorporated 

heterometals may leach from the M/Zr-MOFs, and stability of heterometal cations increase with 

their oxidation states. In addition, Zr-MOF-supports matrices with Zr-clusters of low connection 

numbers possess stronger stability than high-connected ones. Based on the observed leaching of 

metal and ligands under different pH environments, possible decomposition pathways are 

proposed for different types of M/Zr-MOFs. Finally, we define the water exchange rate constant 

as a stability descriptor of M/Zr-MOFs, which will be applied to direct design and application of 

future stable MOFs. 

 

Figure 1. Structures of 12, 8, and 6-connected Zr6-nodes in MOF-808 (a), NU-1000 (b) and UiO-

66 (c). Top insert shows the structure of organic ligand; bottom insert shows the structure of 6-, 8-

, 12-connected Zr6 clusters with theoretically 22, 16, and 4 protons on each Zr6 cluster for MOF-
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808 (a), NU-1000 (b) and UiO-66 (c). Blue, red, white and black balls represent Zr, O, H and C 

atoms, respectively. Green and yellow spheres represent two types of pores in Zr-MOFs.  

2. METHODS 

Materials and Characterization. All chemicals were used as received without further 

purification. Gas sorption measurements were conducted using a Micrometritics ASAP 2020 

system. PXRD was carried out with a Bruker D8-Focus Bragg-Brentano X-ray Powder 

Diffractometer equipped with a Cu sealed tube (λ = 1.54178 Å) at 40 kV and 40 mA. UV-vis 

absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer. ICP-MS data 

were collected with an Agilent 5100 DVD inductively coupled plasma-optical emission (ICP-

OES) spectrometer. MOF-808, NU-1000, UiO-66, and DUT-53 was synthesized according to the 

reported procedure,12, 40-42 with slight modifications. The terminal carboxylate ligands was 

removed by DMF/water/acetone washing followed by thermal activation at 100 °C under vacuum, 

as indicated by 1H-NMR of digested samples (Experimental Details, Supporting Information). 

Synthesis of M/NU-1000. M/NU-1000 (M = Ti4+, V3+, V5+, Cr3+, Cr6+, Mn2+, Fe2+, Fe3+, Co2+, 

Ni2+, Cu2+, and Zn2+) were synthesized by incubating the crystalline powder of NU-1000 (100 mg) 

in the solution of Ti(OiPr)4, VCl3, NaVO3, CrCl2, K2CrO4, Mn(NO3)2, FeCl2, Co(NO3)2, Ni(NO3)2, 

Cu(NO3)2, or Zn(NO3)2, respectively (Experimental Details, Supporting Information).  

Stability Test. M/Zr-MOFs (10 mg) were incubated in 20 mL aqueous solution of different pH 

for 1 h (pH was adjusted by NaOH and HCl). The solids were separated by centrifugation. The 

solutions were neutralized and filtered through 0.2 µm filter before UV-vis and ICP-OES test. The 

solids were dissolved in J.T. Baker Ultrex® II Ultrapure 70% nitric acid at 70 oC for 12 hours. Each 
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solid sample was prepared in triplicate to maintain accuracy of ICP-OES analysis. Calibration 

standards were prepared from certified reference standards from RICCA Chemical Company. 

Resulting calibration curves have minimum R2 = 0.9999. The individual results of the triplicate 

samples were averaged to determine the metal ratios. 

3. RESULTS AND DISCUSSION 

Synthesis of M/Zr-MOFs. Three representative Zr-based MOFs, namely MOF-808,40 NU-

100041 and UiO-6612 (UiO = University of Oslo), were selected as matrices, because they have 

varying node connectivity and thereby different interactions with attached metal cations. Their 

metal nodes bear the same [Zr6O4(OH)4] core but different connection numbers with carboxylate 

ligands. Each Zr6 cluster in MOF-808 is connected to six carboxylates from organic ligands, 

leaving the rest six sites occupied by terminal −OH2/OH groups (Figure 1a). NU-1000 has Zr6 

clusters coordinated to eight carboxylates with four coordinatively unsaturated Zr4+-sites, each 

terminated by a pair of −OH2/OH group (Figure 1b). UiO-66 possess Zr6 clusters connected to 12 

carboxylates although the connection number is usually reduced to ∼11 due to the existence of 

intrinsic defects (Figure 1c).43 The terminal −OH2/OH groups on the coordinatively unsaturated 

sites of Zr6 clusters act as anchors to bind with heterometal cations. Therefore, the connectivity of 

Zr6 clusters will affect the amount of the attached metal cations and their binding affinity. 

In this work, different metal cations (Mn+) including Ti4+, V3+, V5+ (VO4
3-), Cr3+, Cr6+(CrO4

2-), 

Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, and Zn2+ were introduced into NU-1000 to form M/NU-1000 

bimetallic materials. Similarly, Fe3+/UiO-66 and Fe3+/MOF-808 were synthesized from UiO-66 

and MOF-808 respectively. Among these MOFs, NU-1000 is widely studied as a platform to 

incorporate heterometals for heterogenous catalysis/electrocatalysis because of its high chemical 
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stability and hierarchically micro-mesoporous structure.23-30 Generally, M/Zr-MOFs were 

synthesized using a two-step method. The parent Zr-MOFs were initially synthesized by the self-

assembly of the Zr4+ with respective carboxylate-based linkers under solvothermal conditions. 

Further treatment of as-synthesized Zr-MOFs with the solutions of transition metal cations (Mn+) 

leads to the formation of bimetallic M/Zr-MOFs by attaching the metal cations on the terminal 

−OH2/OH groups. During this process, the active protons from terminal −OH2/OH groups on Zr6 

clusters were replaced by heterometal cations to form bimetallic clusters. The V5+ (VO4
3-) and Cr6+ 

(CrO4
2-) were incorporated using their respective metalates (i.e. Na3VO4 and K2CrO4), which 

undergoes a different reaction mechanism. High valent metals tend to exist in the form of anionic 

metalates in the solutions, which directly coordinate to the Zr-sites by replacing the terminal 

−OH2/OH groups. The chemical equation representing the stepwise synthesis of M/Zr-MOFs are 

illustrated in Figure 2. It should be noted that the proton assignments within these metal nodes are 

not clear, although simulations indicate that −O2–, −OH– and −H2O are interconvertible by rapid 

proton transfers.44  

 

Figure 2. Schematic representation showing the two-step synthesis of M/Zr-MOFs. The 

attachment of metal cations and metalates occurs by replacing H+ and OH− respectively. The 
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scheme do not reflect the real stoichiometry of reactions. The ratios between carboxylate linkers, 

Zr, M, and H+ differ depending on the Zr-MOF structure and M species. Mn+ = Ti4+, V3+, V5+ 

(VO4
3-), Cr3+, Cr6+(CrO4

2-), Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, and Zn2+.  

The compositions of the resulting M/Zr-MOFs were analyzed by inductively coupled plasma 

atomic emission spectroscopy (ICP-OES). The M/Zr ratios varied from 10.2% to 44.7% depending 

on the synthetic conditions, acidity of heterometal species, and the structures of MOF-matrices 

(Table S1). Mn2+/Ni2+/Co2+/NU-1000 are synthesized under similar synthetic conditions but 

different M/Zr ratios were observed (15.4% for Mn2+; 22.6% for Ni2+; 44.7% for Co2+), possibly 

due to different acidity of metal cations (pKa = 11.5 for Mn2+; 10.6 for Ni2+; 10.0 for Co2+). More 

acidic metal cations are expected to easily replace H+ on the terminal −OH2/OH group during 

metalation process. A comparison of different MOF matrices indicates the dependence of metal 

loading on the connection number of Zr6-nodes: Zr6-nodes with low connection number and more 

terminal −OH2/OH groups tend to accommodate more metal cations. This trend is supported the 

Fe/Zr ratios of Fe3+-MOF-808 (10.7%), Fe3+-NU-1000 (28.3%), and Fe3+-UiO-66 (32.8%, Table 

S1). 

This trend is consistent with the proposed reaction mechanism that the metal cations replace the 

H+ from terminal −OH2/OH groups upon binding.23-30 The phase purity of as-synthesized Zr-MOFs 

and M/Zr-MOFs was confirmed by PXRD patterns (Figure S1, S2), which match well with the 

simulations based on the crystal structures. M/Zr-MOFs show almost identical diffraction patterns 

as their respective parent Zr-MOFs, indicating the unaltered framework structures after metal 

deposition. Their porous structures were further confirmed by N2 adsorption/desorption isotherms 

at 77 K (Figure S3). Taking Fe3+ incorporated Zr-MOFs as examples, Fe3+/MOF-808, Fe3+/NU-

1000, and Fe3+/UiO-66 remain porous with slightly decreased total N2 uptakes and BET surface 
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areas compared to their parent structures (Table S2). The reduced porosity can be attributed to the 

increased molecular weight and partially occupied pore spaces after metal deposition. The 

attachment of metal species onto the terminal −OH groups of Zr6 clusters was further confirmed 

by Fourier transform infrared (FT-IR) spectra (Figure S4). The peak corresponding to O–H 

stretches of terminal −OH group at 3672 cm-1 decreased upon the incorporation of Co2+ or Cr6+, 

which is in agree with the proposed metalation mechanism. The ICP-OES data, PXRD patterns, 

N2 adsorption, and FT-IR measurements unambiguously confirmed the successful synthesis of 

M/Zr-MOFs. 

Stability Test of M/Zr-MOFs. The stability test of Zr-MOF and M/Zr-MOFs was carried out 

by incubating MOF samples in aqueous solutions at pH from 0 to 14 for 1 h. After separating the 

remaining solids by centrifugation, the crystallinity of the MOF-solids was assessed by PXRD 

while the leaching of metals and organic ligands in the solution was detected by ICP-OES and 

UV-vis spectra, respectively. PXRD showed that the parent Zr-MOF (MOF-808) was stable within 

the pH range of 0 to 12, whereas amorphization began above pH 12 (Figure S5a). The supernatants 

of MOF samples in aqueous solutions after the stability test were also analyzed by ICP-OES and 

UV-vis, indicating comparable stability for MOF-808, NU-1000, and UiO-66. UV-vis did not 

observe the adsorption peaks of corresponding ligand for MOF-808, NU-1000, and UiO-66 

between pH = 0 to 11, whereas ligand leaching was found at pH = 12 and higher. The stability of 

Zr-MOF in this pH range is further supported by no significant leaching or soluble Zr4+ detected 

in the solution over the pH range of 1 to 12 (Figure 3a). On the other hand, the instability of Zr-

MOFs above pH 12 was accompanied by the absence of soluble Zr4+ by ICP-OES analysis of 

supernatants (Figure 3b), which can be attributed to the formation of zirconium oxide/hydroxide 

solids at pH greater than 12.45 Since the stability of M/Zr-MOFs are not expected to exceed their 
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parent Zr-MOFs, the stability test of all M/Zr-MOFs was conducted within the pH window of 0 to 

12.  

 

Figure 3. (a) Leaching organic linkers (yellow) and Zr4+ (green) from MOF-solids to solutions 

after the treatment of aqueous solution of various pH. The organic linkers and Zr4+ in the 

supernatant were monitored by UV-vis and ICP-OES, respectively to calculate the linker and Zr4+ 

remaining ratios in solids. MOF-808, NU-1000, and UiO-66 show comparable stability within the 

pH range of 0-12. The concentration or organic linkers with in pH range of 1-10 and the 

concentration of Zr4+ with in the pH range of 1-14 were below detection limit of UV-vis and ICP-

OES. (b) Corresponding proposed decomposition mechanisms of Zr-MOFs in acid and base. The 

scheme do not reflect the real stoichiometry of reactions. The H+ assignment and the ratios between 

carboxylate linkers, Zr, and H+ differ depending on the Zr-MOF structure. 
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The heterometals attached to the Zr6 cluster are not directly coordinated to the organic ligands 

in M/Zr-MOFs, thereby do not alter the stability of Zr-MOF-backbones, which was confirmed by 

PXRD, ICP-OES and UV-vis spectra. Taking Co2+/MOF-808 as an example, PXRD of Co2+-

MOF-808 was unaltered within a pH range of 0-12, suggesting the maintained backbone structure. 

The leaching of Zr4+ and organic linker for Co2+/MOF-808 was found comparable to that of parent 

MOF-808 within a pH range of 0-12, implying a stable framework structure. However, an obvious 

color change was observed for Co2+/MOF-808 in pH=0, an indication of significant Co2+ leaching 

(Figure S5b). The precise composition of Co2+/MOF-808 solid after the stability test was analyzed 

by ICP-OES of digested MOF samples, which showed neglectable Co2+ remaining in the solid 

(Figure S5c). Since no obvious Zr4+ leaching was observed during the stability test, the leaching 

of Co2+ was calculated from the Co/Zr ratios in the solid. Using a similar method, the compositions 

of different M/Zr-MOFs under varying pH were examined and compared in Figure 4. 

We first compared the stability of different metal cations anchored onto NU-1000. The stability 

of M/Zr-NU-1000 under different pHs are strongly affected by the valence of incorporated metals 

(Figure 4). We define the stable window as the pH range under which over 80% of heterometals 

are remained in M/Zr-MOF solids. Low valent metal cations (Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and 

Zn2+) were only stable under basic environments (pH = 12 to 11), whereas decreasing of pH was 

accompanied with significant metal leaching (Figure 4a top). This observation is in line with the 

formation mechanism of these M/Zr-MOFs, in which active protons from Zr6 nodes are replaced 

by Mn+ under basic conditions.23-30 Increasing the concentration of H+ will increase the driving 

force of H+ to replace M2+, therefore reverse the metalation process, causing the detachment of 

metal cations from bimetallic M/Zr clusters. The stability windows of Zr-MOFs with all the 

divalent cations were found comparable. Fe2+/Ni2+/Co2+/NU-1000 appeared to have slightly 



 13 

greater stability than Cu2+/Zn2+/Mn2+/NU-1000, which difference can be attributed to the relatively 

stronger crystal field stabilization energy of d6 (Fe2+), d7 (Co2+) and d8 (Ni2+) configurations in 

octahedral coordination geometry. Increasing the valence state of metal cations from 2+ to 3+ or 

4+ greatly increased its stability in Zr-MOFs (Figure 4a bottom), where Zr-MOFs with Ti4+, V3+, 

Cr3+, and Fe3+ were found stable in alkaline and neutral environments but metal leaching was found 

to occur in acid. Cr3+ appeared to exhibit the highest stability within a pH range of 0 to 11, which 

is comparable to parent Zr-MOF. The reaction equation of metal leaching from M/NU-1000 are 

shown in Figure S6a. According to the equation, the concentration of a metal cation in the solution 

should be linearly related to [H+]n, where [H+] is the concentration of proton in the solution and n 

is the charge of the metal cation. The concentration of metal in the solution with different pHs 

measured from ICP-OES in the logarithmic scale with the H+ concentration in the solution was 

largely linear, where the slope (0.088 for Co2+, 0.16 for V3+, 0.20 for Ti4+ obtained by linear 

regression) is proportional to the charge of metal cations (Figure S6b). Further increasing the 

valence state of metal ions to 5+ and 7+ (i.e. V5+ and Cr6+) led to MOFs stable only under neutral 

conditions but unstable under strong acidic and basic conditions (Figure 4b), where the anionic 

metalates (VO4
3- and CrO4

2-) can either be protonated by H+, or replaced by OH-.46  
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Figure 4. Stability test of M/Zr-MOFs monitored by ICP-OES. (a) Stability of metal cations in 

M/NU-1000 (Mn+ = Ti4+, V3+, Cr3+, Fe3+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+); (b) stability of 

metalates (VO4
3- and CrO4

2-) in M/NU-1000; (c) a comparison of stability for Fe3+/MOF-808, 

Fe3+/NU-1000, and Fe3+/UiO-66. Insert shows the structural model of Zr6 clusters in respective 

MOFs. The stability test was carried out by incubating 10 mg M/Zr-MOFs in 20 mL aqueous 

solution of different pH for 1 h (pH was adjusted by NaOH and HCl). The solids were collected, 

digested, and analyzed by ICP-OES to obtain M/Zr ratio. The remaining metals in solids after 

stability test was calculated by comparing the M/Zr ratio with that of as-synthesized M/Zr-MOF.  

The effects of different Zr-MOF motifs on the stability of incorporated metals were further 

examined. As an example to show the stability difference, Fe3+ substituted onto Zr-MOF-808 and 

NU-1000 were more stable than that in UiO-66 (Figure 4c). The lower metal leaching of Fe3+-
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MOF-808 and NU-1000 can be attributed to the fact that Zr6 cluster low carboxylate connection 

numbers (i.e. with more terminal −OH2/OH) stabilizes the attached metals, which is supported by 

previous work having Zr6 cluster possess more terminal −OH2/OH are more prone to deprotonate 

to bind with Fe3+,47 and less likely to be protonated to cause Fe3+ leaching. The connection number 

of Zr6 clusters in UiO-66 is almost 12-connected, leaving limited −OH2/OH to stabilize Fe3+. In 

addition, multiple terminal −OH2/OH groups from Zr6 cluster with low connection numbers may 

binds to a Fe3+ simultaneously, stabilizing Fe3+ by chelating effects.26 To further confirm the effect 

of connection numbers on the stability, a Zr-MOF with 8-connected Zr6 cluster, namely DUT-53,42 

was selected to form bimetallic Fe3+/DUT-53. Bearing the same type of 8-connected Zr6 clusters, 

Fe3+/DUT-53 and Fe3+/NU-1000 shows comparable stability (Figure S7). The slightly higher 

stability of Fe3+/NU-1000 was tentatively attributed to its more rigid framework. It should be noted 

that different metal cations with various M/Zr ratios may possess distinct binding modes with the 

Zr6 supports, which may also affect their stability. But this will not be discussed herein since the 

local structure of heterometal cations on the M/Zr-MOFs was not the focus of this work. 

Based on the experimental observations, decomposition mechanisms of M/Zr-MOFs in acid and 

base are proposed here. In acid, M/Zr-MOFs undergo a two-step decomposition pathway, which 

can be viewed as a reverse process of the MOF formation (Figure 5a). For metal cations attached 

Zr-MOFs, the relatively labile M−O coordination bond will be initially dissociated by H+ attack, 

leading to the detachment of Mn+. Further increasing the H+ concentration will subsequently break 

the strong Zr−O bond and dissolve the whole material. In base, the carboxylate ligands will be 

replaced by OH-, leading to the leaching of organic ligands while generating metal 

oxide/hydroxide solids. For metalates attached Zr-MOFs, the decomposition can happen in both 

acidic and basic environments (Figure 5b). As an anion, metalates can be replaced by −OH− or 
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protonated by H+, leading to the metal leaching. These mechanisms are supported by the stability 

trends of M/Zr-MOFs observed in this study, which are discussed in detail below. 

 

Figure 5. Schematic representation of decomposition mechanisms of M/Zr-MOFs in acid and 

base. (a) Low-valent-metal-based M/Zr-MOF (M = Ti4+, V3+, Cr3+, Fe3+, Mn2+, Fe2+, Co2+, Ni2+, 

Cu2+, and Zn2+) decompose into carboxylate and metal hydroxide in base. In low concentration 

acid, heterometals will leach. In high concentration acid, Zr4+ will leach causing the framework 

decomposition. (b) High valent metal (V5+ and Cr6+) leach from M/Zr-MOFs as metalates in base 

or protonated forms in acid. Further increasing of base or acid concentration cause the 

decomposition of Zr-MOF. The scheme do not reflect the real stoichiometry of reactions. The H+ 

assignment and the ratios between carboxylate linkers, Zr, M and H+ differ depending on the Zr-

MOF structures and the M species. 

The dissociation of relatively labile M−O bond is believed to be responsible for the 

decomposition of M/Zr-MOFs. Low-valent metal cations form weak M−O bonds, which are 

vulnerable to the attack of H+ in the solution. Increasing the valency will greatly strengthen the 

M−O bond owing to the enhanced columbic interactions. As a result, the high valent metal cations 

such as Ti4+, V3+, Cr3+, and Fe3+ bind strongly with Zr-MOF backbone. For example, oxidizing 
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Fe2+/NU-1000 into Fe3+/NU-1000 significantly extended its stability window from pH = 11-12 to 

pH = 2-12. The valency of metalates also affects their stability. Compared with V5+ (VO4
3-), 

Cr6+(CrO4
2-) are more stable in acid but less stable in base, due to its higher valency. Indeed, high 

valent chromates are less basic than vanadate, which are less likely to be protonated in acidic 

solutions. The stability pH window of M/NU-1000 are summarized in Figure S8. Possible 

operational conditions and application scopes of M/Zr-MOFs can be predicted based on their 

stability window. Divalent-metal-based M/Zr-MOFs possess narrow operational pH window, 

which is not suitable for catalysis/electrocatalysis in aqueous solutions. To be applied in aqueous 

environments, high valent metal species are usually required. It should be noted that while the 

incubation time for stability test was set to 1 h to differentiate the stability range of different M/Zr-

MOFs and define their stability trend in this work, practical applications may require more harsh 

conditions during longer exposure time. 

Descriptor of M/Zr-MOFs Stability in Acid and Base. The pKa of hydrated metal cations 

[M(H2O)m]n+48 and water exchange rate constant (kex) of metal cations49 were examined as 

descriptors of stability. Water exchange rate constant of a metal cation is defined as the rate 

constant by replacing a coordinated water on the cation with water in the solution. Correlations 

were both observed when plotting the lowest stable pH of M/Zr-MOFs against the pKa of hydrated 

metal cations [M(H2O)m]n+ or water exchange rate constant of Mn+ (logarithmic scale). Simple 

linear regressions of two plots give comparable Pearson correlation coefficients (0.88 for Figure 

6a and 0.92 for Figure 6b). Based on the definition of pKa and kex, pKa of hydrated metal cations 

[M(H2O)m]n+ reflects the bond strength of O−H bonds (Figure 7a), whereas kex describes the 

inertness of M−O bonds (Figure 7b). The leaching of heterometals from M/Zr-MOF is caused by 

the dissociation of M−O bond, a similar process as water exchange reaction (Figure 7c). Therefore, 
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the lowest stable pH, as a reflection of dissolution rate constant (kd) of M/Zr-MOFs, should 

correlate to the kex. In fact, the kex and pKa are also related, as strong M−O bonds within 

[M(H2O)m]n+ are expected to polarize O−H by inductive effect, making the O−H bond easier to 

dissociate. As the water exchange rate constant for metal cations have been well-documented, it 

can be readily used as a descriptor to roughly predict the stability of MOFs. 

 

Figure 6. The relationship between the lowest stable pH and pKa of hydrated metal cations 

[M(H2O)m]n+ for M/NU-1000. The relationship between the lowest stable pH and water exchange 

rate constant of metal cations (kex) for M/NU-1000 (Mn+ = V3+, Cr3+, Fe3+, Mn2+, Fe2+, Co2+, Ni2+, 

Cu2+, and Zn2+). The lowest stable pH was defined as the pH under which over 80% of heterometals 

are remained in M/NU-1000 solids. The values of pKa and kex were taken from previous 

literature.48, 50 

Guided by this principle, the development of stable MOFs can be directed. According to the 

water exchange rate, increasing the oxidation states of metal cations, either in a one pot synthesis 

or post-synthetically, is a valid method stabilize MOFs. Among the first-row transition metal 

cation, Cr3+ and Co3+ show the lowest water exchange rate. Cr3+-based MOF have already been 
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demonstrated as one of the most stable class of MOFs.14, 51 However, reports of Co3+-MOFs are 

still rare, possibly due to their highly oxidative nature, which tends to react with common solvents 

during solvothermal synthesis. Post-synthetic oxidation of suitable Co2+ based MOFs might be 

required to obtain stable Co3+ based MOFs. For the first-row divalent metals, V2+ is an outlier with 

unexpected high-water exchange rate constant, which may give rise to stable MOFs but has been 

overlooked by MOF field. Furthermore, a greater exploration of third-row transition metals, such 

as Ir3+, Rh2/3+, Ru2/3+, and Pt2+, may lead to the discovery of more stable MOFs. More importantly, 

the stability of MOFs has been found to be dictated by the oxidation states of metal cations, which 

provides a way to stabilize MOFs by increasing its metal oxidation states. For example, oxidation 

of Fe2+/NU-1000 into Fe3+/NU-1000 have been demonstrated to dramatically increase its stability. 

This concept may extend the application scopes of MOFs in electrocatalysis, because the oxidation 

state of metals in MOFs can be tuned by varying the electrode potential. For instance, the 

electrochemical oxidation of Co2+ to Co3+ on an electrode may extend the operation window pH 

of Co/Zr-MOFs, making them suitable for electrocatalysis. We expect that as high-valent MOFs 

with unknown high stability can be in-situ generated and stabilized on the cathodically polarized 

electrode, which can hardly be synthesized by traditional method. Although being a facile method 

to predict the stability of MOFs, potential limitations of kex as a stability descriptor still exist. For 

example, the coordinating groups of organic ligands (e.g. carboxylate, azolate, or pyridyl) can 

strongly affect the stability of MOFs, which is not described by kex. In addition, it cannot be applied 

to high valent metal cations that tend to hydrolysis in water (such as Ti4+).  
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Figure 7. Simplified chemical equation representing deprotonation of [M(H2O)m]n+ (a), water 

exchange (b), and M/Zr-MOF decomposition (c). 

4. CONCLUSIONS 

In conclusion, a series of M/Zr-MOFs with different heterometals (Mn+ = Ti4+, V3+, V5+, Cr3+, 

Cr6+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, and Zn2+) have been synthesized, and their stability has 

been examined in aqueous solutions of various pH. Based on the stability trend, water exchange 

rate constant has been proposed as a stability descriptor of M/Zr-MOFs. Metal cations with higher 

water exchange rate constant tend to form more stable MOFs. This work has clarified the stability 

and possible operational conditions of M/Zr-MOFs, which will direct the exploration of 

applications in energy related fields including heterogenous catalysis and electrocatalysis. 

Furthermore, the understanding of stability trend will be applied to guide the discovery of future 

stable MOFs.  
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