
ll
OPEN ACCESS
iScience

Article
Bioinspired inhibition of aggregation in metal-
organic frameworks (MOFs)
Licheng Yu,

Zhihao Nie,

Sicong Xie, ...,

Jingjing Duan,

Markus Antonietti,

Sheng Chen

chicheng@unimelb.edu.au

(C.C.)

jingjing.duan@njust.edu.cn

(J.D.)

sheng.chen@njust.edu.cn

(S.C.)

Highlights
A study of fabricating

MOF colloids was

proposed by using water

as a ‘‘stabilizer’’

The results challenge a

common concept that

MOFs are non-solution-

processable

DFT calculations show

electrostatic repulsion

mechanism to stabilize

MOF dispersion

NiFe-MOF dispersions

can be separated to

produce MOF with

different size

Yu et al., iScience 26, 106239
March 17, 2023 ª 2023 The
Author(s).

https://doi.org/10.1016/

j.isci.2023.106239

mailto:chicheng@unimelb.edu.au
mailto:jingjing.duan@njust.edu.cn
mailto:sheng.chen@njust.edu.cn
https://doi.org/10.1016/j.isci.2023.106239
https://doi.org/10.1016/j.isci.2023.106239
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106239&domain=pdf


ll
OPEN ACCESS
iScience
Article
Bioinspired inhibition of aggregation
in metal-organic frameworks (MOFs)

Licheng Yu,1 Zhihao Nie,1 Sicong Xie,1 Lili Jiang,1 Baokai Xia,1 Ming Li,1 Chi Cheng,1,* Jingjing Duan,1,*

Markus Antonietti,2 and Sheng Chen1,3,4,*
1Key Laboratory for Soft
Chemistry and Functional
Materials (Ministry of
Education), School of
Chemistry and Chemical
Engineering, School of
Energy and Power
Engineering, Nanjing
University of Science and
Technology, Nanjing 210094,
China

2Department of Chemical
Engineering, University of
Melbourne, Parkville, VIC,
Australia

3Max Planck Institute of
Colloids and Interfaces,
14476 Potsdam, Germany

4Lead contact

*Correspondence:
chicheng@unimelb.edu.au
(C.C.),
jingjing.duan@njust.edu.cn
(J.D.),
sheng.chen@njust.edu.cn
(S.C.)

https://doi.org/10.1016/j.isci.
2023.106239
SUMMARY

Different from traditional procedures of using solid stabilizers like polymers and
surfactants, here we demonstrate that water, as a very ‘‘soft’’ matter, could func-
tion as a ‘‘spacer’’ to prevent the aggregation of metal-organic frameworks
(MOFs) in aqueous dispersions. Our theoretical calculations reveal in case of an
excess of positively charged metal nodes of MOFs, where water molecules are
ligated tometal nodes that greatly enhanceMOFs’ solution dispersibility through
electrostatic stabilization. This discovery has motivated us to develop a facile
experimental approach for producing a category of ‘‘clean’’ MOF dispersions
without foreign additives. Potential application has been demonstrated for the
size fractionation ofMOFs,which results in small-sizeMOFs (50–80 nm) character-
istic of superior electrocatalytic oxygen evolution activities (256 mV at 10 mA
cm�2, Tafel slope of 49 mV dec�1 and durability >30 h). This work would provide
new clues for aqueous processing of MOFs for many emerging applications.

INTRODUCTION

Metal-organic framework (MOF) is an emerging category of porous materials that have received enormous

interests recently.1–4 This kind of functional materials is desirable for promising utilizations in technological

areas such as catalysis and separation.5–9 Nevertheless, a lack of an effective strategy to fabricate process-

able MOFs in large quantities has become a significant obstacle to exploiting most proposed

applications.10–13

Like many other materials,14–17 one of the challenging problems in the fabrication of stable MOF disper-

sions is aggregation. MOFs have intrinsically high surface areas, which unless well separated, tends to

aggregate for minimizing surface energies. Recent efforts aimed at inhibiting aggregation has been

devoted to decorating MOFs with foreign stabilizers such as guest functional groups,18–20 polymers,21

and nanocapsule.19,21,22 But these ‘‘solid’’ stabilizers are detrimental for most applications.23–39 New pro-

cedures to fabricate ‘‘clean’’ MOF dispersions are highly desirable.

In nature, it is observed that many colloids (like egg-white and blood) have formed without the need of

foreign stabilizers. The key chemistry component for forming these dispersions is electric double layers

(quantified by zeta potentials), which could promote the stabilization thorough electrostatic repulsion.

Motivated by this interesting phenomenon, here we report a facile procedure to produceMOF dispersions.

The critical step is to manipulate the ratios of metal precursor/organic ligand in synthetic process. As an

example, NiFe-MOF synthesized with the molar ratios of Ni2+/Fe2+/organic ligands of 6.5/1.0/6.7 that

allows for forming stable dispersions characteristic of positive surface charges (up to Zeta potential

of +29.7 mV). This has led to a class of ‘‘clean’’ MOF dispersions without involving foreign additives. Poten-

tial utilizations have been further demonstrated for separating MOFs according to their lateral size, where

the as-resultant small-size MOFs have shown excellent electrocatalytic activities.

At present, many catalytic materials for OER have been fabricated (especially metal Ni, Co, and Fe), for

example, NiCo-LDH/RuO2
40 that demonstrated an overpotential of 276 mV at current density of 10 mA

cm�2 and a Tafel slope of 79.4 mV dec�1, NiFe LDH41 showing an overpotential of 302 mV and a Tafel slope

of 40 mV dec�1 and NiFe LDHs VFe42 showing an overpotential of 245 mV and a Tafel slope of 70 mV dec�1,

etc. In this paper, we first synthesized ultrathin two-dimensional NiFe-MOF nanosheets. Through simple

electrostatic repulsion separation, we obtained ultrathin MOF nanosheets with more uniform size and
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Figure 1. DFT calculations of NiFe-MOF interacted with H2O via electro-static induction

(A) Schematic 3D images of charge density difference of NiFe-MOF, Fe site-H2O, Ni site-H2O and NiFe sites-H2O. The yellow isosurface (7.5 3 10�3 e/Å3)

represents electron accumulation and the blue isosurface (7.5 3 10�3 e/Å3) represents electron depletion.

(B) Schematic 2D slice of charge density difference of NiFe-MOF absorbs H2Owith different metal site, while blue represents the electron accumulation while

red means the electron depletion area. Ni site-H2O, Ni atom adsorbs one H2O molecule. Fe site-H2O, Ni atom adsorbs one H2O molecule and NiFe sites-

H2O, both Fe and Ni atoms adsorb one H2O molecule, respectively. Black spheres represent C atoms. Red spheres represent O atom. White spheres

represent H atoms. Green spheres and blue spheres represent Ni and Fe atoms.

(C) Density of state of NiFe-MOF with and without adsorbed H2O atom. DOS of NiFe-MOF, Ni site-H2O, Fesite-H2O and NiFe sites-H2O.
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smaller transverse dimension, which showed good performance of over potential of 256 mV, Tafel slope of

49 mV dec�1 and stability of more than 30 h at a current density of 10 mA cm�2.
RESULTS

The theoretical structural model of NiFe-MOF is defined as follows: metal ions (M = Ni, Fe) exist in the form

of [MO6] octahedral units; two [MO6] units are coordinated with two trans monodentate carboxylates. In

addition, we have built the structural model of H2O ligated onto different metal sites (Ni, Fe, Ni & Fe) of

MOFs, which is used to simulate the behavior of MOF in aqueous solutions.26,27 Figure 1A demonstrates

both the original structures and corresponding schematic 3D images of charge density difference. As

compared to pristine NiFe-MOF, there are obvious electron accumulation regions between O atoms

and metal atoms after ligated with H2O molecules, which signifying the positive charge transfers from

MOFs to H2O. This result is consistent with the Bader charge analysis, which shows the Ni and Fe sites

are slightly more positive (0.97 e and 1.16 e) after ligated with H2O molecules as compared to pristine

NiFe-MOF (0.90 e and 1.15 e), indicating that the positive surface charges of NiFe-MOF also transfer

into water molecules in the aqueous solution.
2 iScience 26, 106239, March 17, 2023
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Figure 2. Preparation and morphological characterizations of NiFe-MOF dispersed in water

(A) Schematic illustration of synthesizing NiFe-MOF aqueous dispersions.

(B) The zeta potential of NiFe-MOF aqueous solution. The inset is a photograph of NiFe-MOF aqueous solution with Tyndall effect.

(C) Scanning electron microscopy (SEM) images.

(D) Transmission electron microscopy (TEM) image.

(E) High-resolution transmission electron microscopy (HRTEM) image (scale bar: 5 nm) and selected area electron diffraction (SAED) pattern (scale

bar, 2/1 nm).

(F) Atomic force microscopy (AFM) image and corresponding height profile along the marked green line.

(G) Fourier Transform Infrared Spectrometer (FTIR) spectra of NiFe-MOF.

(H) XRD patterns of NiFe-MOF and simulated Ni-MOF, which suggests the 2 theta degrees of all the diffraction peaks are close to that of Ni(C12H6O4)(H2O)4,

the inset is the 2D framework structure of NiFe-MOF.

(I) Zeta potentials of NiFe-MOF aqueous dispersion change with dialysis time, and the insert is the schematic diagram of the dialysis process.

(J) Zeta potentials of NiFe-MOF aqueous dispersion change with the mass ratios of ligands/metal salts (the mass ratio of nickel and iron were fixed as 4:1).

(K) Zeta potentials of NiFe-MOF aqueous dispersion with the mass ratios of nickel to total metal salts (the mass ratio of metal salts/ligand were fixed as 1:1).
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To better understand the charge transfer process, the corresponding in-silico structures have been further

examined. As shown in Figure 1B, the schematic 2D slice of the charge density difference of NiFe-MOF

clearly demonstrate the expected positive partial charge at Ni and Fe and the partially compensating nega-

tive charge at the oxygen side. Notably, when a H2O molecule is ligated onto NiFe-MOF, there is obvious

charge re-distribution inside the whole structures, bringing positive polarization into the continuous water

structure. The strong interactions between metal sites and H2O are verified by structural and energy ana-

lyses in Table S1, where the structure of NiFe-MOF with both metal sites ligated with H2O molecules show

the shortest bond lengths of Ni-O and Fe-O (1.963 Å and 1.935 Å) and optimal adsorption energy

(�2.939 eV) as compared to other cases. Further, the strong ligand effect has been revealed by DOS shown

in Figure 1C, where the Femi levels of metal sites shift positive after adsorption of H2Omolecules. Based on

above theoretical calculations, it can be hypothesized that in the case of an excess of metal nodes (i.e.,

MOFs’ surface terminated by cations), MOFs are ligated with H2O molecules to that can form stable

MOFs colloids thorough electrostatic repulsion.

Experimentally, the NiFe-MOF has been synthesized by a hydrothermal method by using nickel acetate

and iron nitrates as metal precursors and naphthalene dicarboxylic acid dipotassium as organic ligand pre-

cursor (Figure 2A) .28 We have noted that the key step for making stable MOF colloids is to manipulate the

ratios between metal salts and organic ligands. Next, the pristine sample was subjected to dialysis in water

for 12 h, where weakly bound bridging units are removed, leaving cation terminated crystal surface planes

with NO3
� as counterions. The resultant colloidal product was collected by centrifugation and re-dispersed

in water with a concentration of �0.2 mg mL�1.

The morphology of as-synthesized NiFe-MOF was characterized by scanning electron microscopy (SEM) as

ultrathin nanosheets (Figure 2C). The lateral and vertical dimensions of NiFe-MOF are imaged by transmis-

sion electron microscopy (TEM) and atomic force microscopy (AFM, Figure 2F), which show mixed-size

nanosheets in the range of tens to hundreds of nanometers (Figure 2D) with an average thickness of

1.5–2.4 nm. Notably, these NiFe-MOF nanosheets have good crystalline structures as revealed by the clear

lattice fringe lattice spacing of �1.4 nm (due to the slit-like pores formed between adjacent metal-organic

carbon layers, Figure 2E), in addition to well-defined peaks (corresponding to 110 and 200 crystal faces,

respectively) in X-ray diffraction (XRD, Figure 2H) profiles,29 as the XRD simulation results are based on

bulk MOF, while the NiFe-MOF prepared in this paper was ultrathin nanosheets (thickness of 1.5–

2.4 nm). The size effect leads to different crystal surface exposure, and part of the diffraction peaks

disappear.

As expected, the as-obtained NiFe-MOF can form stable colloidal dispersions, exhibiting obvious Tyndall

effect without aggregation even after several days (Figure 2B). Particularly, control experiments have been

conducted to examine the influence of different synthetic parameters. Firstly, NiFe-MOF dispersions were

obtained at different dialysis durations, during which the weak bridging ligands on the surface of MOFs

were gradually removed, and consequently the NiFe-MOF has shown more positive charges from 0 to

5 h, and reached a stable value after dialysis for about 5 h (Figure 2I). Secondly, we only adjust the mass

ratio of ligands/metal salts while keeping all the other parameter’s constant. With the increase of the

mass ratios from 0 to 1.4, the zeta potential values of as-synthesized NiFe-MOF aqueous dispersion grad-

ually decreased (Figure 2J), indicating more metal nodes have been coordinated with organic ligands.

Further, the mass ratios of Ni and Fe have been examined while keeping the other parameters fixed. As
4 iScience 26, 106239, March 17, 2023
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shown in Figure 2K, it can be clearly seen that the zeta potentials have slightly dropped and then increased

to its maximum value of +29.7 mV at themass ratios of 40%.When theNi content exceeds 40%, and the zeta

potential values of the formed MOF aqueous dispersion sharply decreases. This result indicates stronger

coordination capability of Ni than Fe to the organic ligands. In this paper, the excessive metal node was

speculated to adjust the positive charge on the surface of MOF colloid, and dialysis can effectively remove

the weak binding ligand adsorbed on the MOF surface through electrostatic attraction, and thus could

improve the accuracy of subsequent experiments. The experimental results show that the zeta potential

of the obtained MOF dispersion drops sharply, indicating that the number of positive metal nodes de-

creases significantly. Finally, the proportion of Fe/Ni in the metal was explored, and it was found that

the effect was not significant, and the regulated metal salt and organic ligand was the key step. The

temperature and salt concentration control experiments (Figures S5 and S6) in the hydrothermal reaction

process were supplemented. It can be seen from the results that temperature and salt concentration have

little influence on zeta potentials of MOF dispersions. All the above results are consistent to previous

hypothesis, highlighting the importance of excess metal nodes for manipulating the surface charges

of MOFs.

The structure of NiFe-MOF was further characterized by Fourier transform infrared spectrometer (FT-IR,

Figure 2G) that shows characteristic peaks in the range from 1000 to 2000 cm�1 originated from organic

ligands of MOF backbones.29 In addition, X-ray photoelectron spectroscopy (XPS, Figures 3C–3F) reveals

the material composed of Ni, Fe, O, and C as the main components (Figures 3C–3F), and the Fe/Ni mass

ratio is 1:7.6 detected by ICP test (Table S3), and thus determines the chemical formula of NiFe-MOF as

Ni0.9Fe0.1(C12H6O4)(H2O)4.
29,36 Importantly, the XPS Ni 2p3/2 peak located at 856 eV indicates the oxidation

state of +2 for Ni, while XPS Fe2p1/2 at 723 eV reflects an oxidation state of +2 for Fe inside MOF structure.

This result is consistent with the evidence of X-ray absorption near-edge spectroscopy (XANES, Figures 3A

and 3B), in which the signal data of elemental Fe and FeO were also provided. The height of the curve in-

dicates their valence state. The results show that the valence of Ni and Fe elements in NiFe-MOF is +2.

Combined with the mass ratio of Ni and Fe in ICP experiments, the positively charged metal sites in

MOF can be quantified. When NiFe-MOF is dispersed in aqueous solution, these metal species indeed

are ligated with H2O molecules.

Our observation opens opportunities to process MOFs for many applications, for example enabling size

fractionation of sheet-like NiFe-MOF according to their lateral dimensions.30,31 It is known that the struc-

tural features of MOFs have a great influence on its properties including lateral size, thickness, crystal plane

etc.32 In general, small-size MOFs are suitable for applications involving catalysis,7 biosensing5 and gas

separation,9 while large-size MOFs may restack themselves to form three-dimensional stereo-structure

for gas and energy storage.3,11 Therefore, it is important to control the sizes of MOFs toward specific ap-

plications .32 However, it remains significant challenge to processMOFs for size fractionation in solid states.

This is because of MOFs’ large specific surface areas, where the particles tend to aggregate in dehydration

state through van der Waals interactions.34,35

Consequently, the development of synthetic strategies that could facilitateMOF processability in the liquid

phase is desirable. In the present study, the above negatively charged NiFe-MOF aqueous dispersion was

further disposed by size fractionation to separate NiFe-MOF with different sizes.37 As shown in Figures 4A

and 4F, the zeta potentials of NiFe-MOF dispersions can be modified by titrating in a small amount of

hydrochloric acid (HCl), leading to the precipitation of nanosheets after standing still overnight. The super-

natant suspension and sediment were independently collected and denoted as small-size- (S-MOF; zeta

potential of +29.5 mV) and large-size-MOF (L-MOF, zeta potential of +16.9 mV, inset of Figure 4A), respec-

tively. Despite of both samples’ characteristics of ultrathin and almost transparent lamellar structures, the

lateral size of S-MOF is in the range of 40–80 nm and L-MOF of 120–200 nm (Figures 4B–4E). Several further

characterization experiments (XPS, UV-vis and FT-IR, Figures 3C–3F, 4G, 4H, and S7–S16) reveals that

both S- and L-MOFs contain Ni, Fe, O, and C as the main components with similar features as the pristine

NiFe-MOF.27,29

In a typical linear sweep voltammogram (LSV) plot (Figure 4I), the cathodic current of S-MOF increases as

the potential becomes more negative, signifying a typical oxygen evolution process. As comparison to

L-MOF counterpart, the S-MOF electrode exhibits significantly enhanced OER actives as evidenced by

its small Tafel slopes (49 vs. 61 mV dec�1 for L-MOF), smaller charge-transfer resistance (EIS spectra in
iScience 26, 106239, March 17, 2023 5



Figure 3. Structure characterization of NiFe-MOF

(A) The Fe K-edge XANES spectra for NiFe-MOF as comparison to FeO and Fe-foil counterparts.

(B) the Ni K-edge XANES spectra for NiFe-MOF as comparison to Ni(OH)2 and Ni-foil.

(C–F) XPS survey, C1s, O1s, Ni2p and Fe2p spectra of NiFe-MOF. Next, S-MOF was then applied for the electrocatalytic

oxygen evolution reaction (OER) in 1 M KOH electrolyte in a typical three-electrode system The working electrode has

been prepared by depositing S-MOF onto nickel foam (NF) substrate with an optimal mass loading of �2.5 mg cm�2

(Figure S17–S20). All the data were acquired without iR-correction.
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Figure S21). This result is consistent to the results from electrochemically active surface areas (ECSA), where

S-MOF electrode is 4.8 times of L-MOF (15.22 vs. 3.13 mF cm�2, Figure S22). In addition, the properties of

commercial IrO2 were tested under the same conditions, whose overpotential is 446 mV at 10 mA cm�2 and

ECSA is 5.6 mF, and thus are far lower than those of S-MOF. Furthermore, the S-MOF electrode has shown

excellent catalytic stability with minor activity decay after operation for 30 h in a chronoamperometric test

(Figures 4K and S23, showing the characteristic peak of the organic ligand still exists after stability test).32,37

It can be seen from XPS (Figures 3C, S7, and S12) that the O/C ratio in the obtained S-MOF is significantly

reduced. Consequently, as comparison to L-MOF, the carboxyl content in S-MOF is reduced, and more

metal nodes that do not fully coordinate with organic ligands are exposed. This result is consistent to
6 iScience 26, 106239, March 17, 2023



Figure 4. Applications of NiFe-MOF aqueous dispersions for size fractionation according to their lateral dimensions (S- and L-MOF) and their

electrocatalytic properties for oxygen evolution reaction (OER)

(A) Schematic illustration of the size fractionation of NiFe-MOF. The right are photographs of S-MOF (up) and L-MOF (down) aqueous solutions.

(B and D) High-resolution transmission electron microscopy (HRTEM) images of S- and L-MOF.

(C and E) Atomic force microscopy (AFM) images of S- and L-MOF with the size distribution histograms.

(F) Zeta potential of S- and L-MOF dispersions (1 mg mL-1 original NiFe-MOF nanolayer aqueous, 5 mL) as a function of the added amount of 0.01M of HCl

solution (0, 20, 40, 60, 80, 100 mL).

(G) UV-vis spectra of S- and L-MOF aqueous solutions.

(H) FTIR spectra of S- and L-MOF, showing that both contain four main absorption bands at 3340, 1630, 1410 and 456 cm-1.

(I) Linear scan voltammogram (LSV) plots obtained with S-MOF, L-MOF and IrO2 for OER at 10 mV s�1 in 1 M KOH; The insert are CV plots of S- and L-MOF.

(J) Tafel plots of S- and L-MOF.

(K) Chronoamperometric testing of S- and L-MOF for 15,000 s at current density of 10 mA cm�2 (vs. RHE) in 1 M KOH; The inset photograph shows the

evolution of oxygen gas bubbles at the S-MOF electrode at an applied cell voltage of 1.6 V.
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CV test (illustration of Figure 4I), where there is an obvious redox peak in the S-MOF as comparison to

L-MOF, indicating that the metal sites in the S-MOF are more likely to be activated into the active state.

Further, XRD test (Figure S2) shows that the obtained S-MOF and L-MOF are consistent, however the lateral

size of S-MOF is smaller than L-MOF in AFM images, leading to more edge exposure, which may be the

reason why S-MOF has good OER performance.

As an excellent OER material, S-MOF was also used as the cathode material for Zn-air battery. The primary

fuel cell formed with zinc flakes as cathode material to electrically drive small bulbs. After charging for

10 min at a current density of 10 mA cm�2, it can provide 1.97 V voltage and drive small bulbs to emit light.

DISCUSSION

In summary, we have conducted a systematic study combining theoretical models and experiments for syn-

thesizing ‘‘clean’’ MOF aqueous dispersions. The additive-free feature allows for further fabrication of

MOFs-based hybrid architectures with many other functional materials. The ease of preparation and the

remarkable aqueous processability of MOFs make this emerging nanostructure promising not only for

traditional technological fields such as catalysis, but also emerging areas such as membranes, nitrogen

electroreduction, water splitting and catalysis s. It is believed that the present work has promoted a signif-

icant step forward to bringing MOFs closer to commercialization.

Limitations of the study

Webelieve that the design of the present work takes an important step toward commercialization of MOFs.

However, this study only analyzed two-dimensional MOF, and there was a lack of studies on more different

types of others microstructures.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Nickel acetate (Ni(Ac)2$4H2O, 98%) Sigma-Aldrich 6018-89-9

Iron nitrate (Fe(NO3)3$9H2O, 98%) Sigma-Aldrich 7782-61-8

2,6-Naphthalenedicarboxylic acid dipotassium Sigma-Aldrich 2666-06-0

Potassium hydroxide (KOH, 99%) Sigma-Aldrich 1310-58-3

Hydrochloric acid (HCl, 36%) Sigma-Aldrich 7647-01-0

Nafion solution (5 wt%) Sigma-Aldrich 31175-20-9

Deposited data

PowerPoint 2019 Microsoft www.microsoftstore.com.cn

Software and algorithms

MedeA-VASP Materials Design, Inc. https://www.materialsdesign.com/

Other

Thermo Scientific ICAP 6500 duo optical emission spectrometer Thermo https://www.thermofisher.cn/

SHIMADZU UV-2600 spectrophotometer SHIMADZU https://www.shimadzu.com/

Tecnai G2 Spirit and JEOL JEM-ARM200F Japan Electronics Co., Ltd https://www.jeol.co.jp/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Sheng Chen (sheng.chen@njust.edu.cn).
Materials availability

The materials that support the findings of this study are available from the corresponding authors upon

reasonable request. This study did not generate new unique reagents.

Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d DFT calculation model and data are available from the lead contact upon request.

d Any additional data supporting findings on this study are available from the lead contact upon request.
METHOD DETAILS

Synthesis of NiFe-MOF dispersions

In a typical synthesis procedure, a mixed solution was made of 10 mL of DI-water, 80 mg of Ni(Ac)2$4H2O

and 20 mg of Fe(NO3)3$9H2O. Next, 100 mg of organic ligand 2,6-naphthalenedicarboxylate tetrahydrate

was added into the above solution, and the vial was sealed for reaction at 60�C for 20 h. After cool down to

room temperature, the product was collected and dialyzed for 24 h, and then redispersed in DI-water to

form a colloidal suspension (�0.2 mg mL�1).
Size fractionation of NiFe-MOF nanosheets

The zeta potential of NiFe-MOF nanosheets aqueous dispersions (0.2 mg mL�1) was adjusted by 0.01 M

HCl and the processed solutions were left to stand overnight. During this process, part of the NiFe-MOF
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was precipitated. Both the sediment and the residual dispersions were collected and dialyzed with DI-wa-

ter respectively. These two NiFe-MOF fractions are defined as L-MOF and S-MOF.

Working electrode preparation based on S-MOF for electrocatalytic oxygen evolution

reactions (OER)

1 mg of S-MOF, 1 mg of acetylene black, 30 mL of Nafion solution (5 wt%) were dispersed in 750 mL of

isopropanol and 220 mL of water by ultrasonication for 1 h to form a homogeneous ink. Then, the

dispersion was evenly dropped on the hydrophobic carbon paper with area of 1.0 cm�2 and loading

level from 0.2 mg cm�2 to 3.0 mg cm�2, followed by dry under ambient conditions. L-MOF and pristine

NiFe-MOF were also prepared as working electrodes according to the preparation process of S-MOF.

Physical characterizations

XRDwas performed on a Philips 1130 X-ray diffractometer (40 kV, 25mA, Cu Ka radiation, l= 1.5418 Å); XPS

was performed on an Axis Ultra (Kratos Analytical, UK) XPS spectrometer equipped with an Al Ka source

(1486.6 eV); inductively coupled plasma optical emission spectrometer (ICP-OES) methodology was

used for elemental analysis conducted on a Thermo Scientific ICAP 6500 duo optical emission spectrom-

eter fitted with a simultaneous charge induction detector; FT-IR spectra were recorded on a Nicolet

6700 spectrometer; UV-vis spectra were performed on a SHIMADZU UV-2600 spectrophotometer; Zeta po-

tential was monitored on a Malvern ZS90 Zetasizer Nano series analyzer; AFM was conducted on Bruker

Dimension ICON SPM using peak force mode; morphologies of the samples were observed on TEM (Tec-

nai G2 Spirit and JEOL JEM-ARM200F) and SEM (QUANTA 450); X-ray absorption near-edge structure

(XANES) spectra were carried out at the BL14W1 beamline at the Shanghai Synchrotron Radiation Facility.

For comparison, a series of spectra standards (Fe foil, FeO, Ni foil and Ni(OH)2) were also collected.

Electrochemical characterizations

OER was studied in a standard three-electrode glass cell connected to a 760E workstation (Pine

Research Instruments, US) using the NiFe-MOF as the working electrode, carbon rod as a counter elec-

trode, and Hg/ HgO/ KOH (1 M) as a reference electrode. All the measured potentials were converted

to reversible hydrogen electrodes (RHE) according to Potential = EHg/HgO + 0.059 pH + 0.098. The electro-

lyte was prepared using DI-water (18.25 MU cm�1) and KOH. LSV and CV plots were recorded with the scan

rates of 5 mV s�1 and 10 mV s�1, respectively; Tafel plots were recorded with the linear portions at low

overpotential fitted to the Tafel equation (h = b log j + a, where h is overpotential, j is the current density,

and b is the Tafel slope); EIS was recorded under the following conditions: AC voltage amplitude 0 or 1.5V,

frequency ranges 106 to 0.01 Hz, and open circuit; the current density was normalized to the geometrical

area; All CV and LSV data was presented without iR correction.

The electrochemical specific surface areas (ECSAs) of MOF nanosheets electrodes weremeasured by cyclic

voltammetry (CV) in the potential window of 1.228–1.328 V (vs. RHE) with different scan rates of 110, 130,

150, 170 and 190 mV s�1 in 1 M KOH electrolyte. The plot of DJ (Ja- Jc, mA) at 1.25 V (vs. RHE) against

the scan rate was nearly linear, and its slope is twice the double layer capacitance (Cdl, mF). We then

used the benchmark specific capacitance of Cs = 0.035 mF cm�2 to estimate the ECSAs of various

electrodes (ECSA = Cdl/Cs). The S-MOF and L-MOF electrode durability were tested by chronoampero-

metric response which was conducted at a potential (vs. Hg/HgO) corresponding to certain current density

(10 mA cm�2) for 20 h.

Zn-air battery driven small bulb based on S-MOF cathode material

5 mg of S-MOF and 30 mL of Nafion solution (5 wt%) were dispersed in 750 mL of isopropanol and 220 mL of

water by ultrasonication for 1 h to form a homogeneous ink. Then, the dispersion was evenly dropped onto

the nickel foam with an area of 2.0 cm�2, followed by dry under ambient condition. We use Zn sheet as the

cathodematerial, 3M KOH+0.5M zinc acetate mixed solution as the electrolyte, and CHI 760 workstation to

charge the electrolytic cell for 10 min at a current density of 10 mA cm�2, and finally light up the small bulb.

Computational methods

First-principles calculations are performed using theMede A-VASP based on DFT within the planewave ba-

sis set approach. The electron-ion interactions are described by the Density function method, and the elec-

tron-electron exchange correlations are described by the Perdew-Burke-Ernzerhof (PBE) functional.
12 iScience 26, 106239, March 17, 2023
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For the structure optimization, we use the RMM-DIIS update algorithm. We use low precision for efficient

computation and normal precision for accurate computation. The convergence is 0.08 and 0.05 for effi-

ciency and accuracy computation. Both efficiency and accuracy computation use 400 eV planewave cutoff.

A Gaussian smearing with a width of 0.05 eV was also utilized. For the surface Brillouin zone integration, a

1 3 1 3 1 Monkhorst�Pack kpoint mesh was used. The convergence criteria for electronic self-consistent

iteration and ionic relaxation were set to 10�4 eV and 10�5 eV. Hubbard-U correction method (DFT + U) was

carried out to improve the description of highly correlated Ni/Fe 3d orbitals with the value of U set to

4.0/6.4 eV.

To evaluate the interaction strength between an adsorbed NiFe-MOF and the H2O, the surface energy is

calculated as

Eads = EMOF�H2O � EMOF � EH2O

where EMOF-H2O is the total energy of the H2O absorb on theMOF, EMOF is the energy of an isolatedMOF

calculated in a 38 3 9.5 3 9 box, and EH2O is the energy of the adsorption of water. Eads is the energy of

adsorption.
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