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Freestanding metal-organic framework (MOF) nanosheets have 

great potential applications in molecular sieves, catalytic 

membranes and energy storage, but facile synthesis has been 

technically challenging. In this study, a facile and template-free 

solvothermal method was developed as a bottom-up approach to 

synthesize mesoporous/macroporous MOF nanosheets in a simple 

and scalable way. 

Metal-organic-frameworks (MOFs) are a class of compounds 

composed of metal ions or clusters within a network of organic 

ligand linkages. Similar to other porous materials, MOFs have 

attracted interest for use in gaseous or liquid adsorptions, 

sensor materials 1, catalysis, and biomedical devices 2, 3. The 

large pore volumes and surface areas in conjunction to the 

well-organized structures that MOFs display set them apart 

from other porous materials such as zeolites and activated 

carbons 4. Furthermore, MOFs have enormous flexibility in 

composition and structure, can be synthesized quickly at low 

cost, and can be modified to have distinct functionalities 5. 

 

Theoretically, MOF pore size and functionality can be 

controlled by modification of metal ions and organic linkers. 

However, the typical method of MOF synthesis limits the 

applicability as the agglomerations decrease porosity and 

complicate gas adsorption and separation 4, 6. Recent work 

combined MOFs with other macroporous compounds to form 

materials with both micro- and macroporous features 7, 8.  

Other methods avoid agglomeration and add porosity by 

arranging the MOFs into macroporous and/or mesoporous 

frameworks through packing into monoliths, dispersing in 

aerogels or arranging in films or membranes 2, 3, 9, 10. 

 

MOF films and nanosheets in particular have been of interest 

for commercial applications due to their tendency to form 

meropores and macropores 11, especially in molecular sieving 
12, 13, catalytic membranes and semiconductor materials 14. 

Applications include liquid phase separations and 

chromatography as well as the storage, separation, or catalytic 

conversion of small molecules 9, 15, 16. The applications of MOF 

nanofilms have even extended to photonic devices 17. 

However, the control of nanosheet thickness, crystallinity, and 

growth direction in MOF synthesis remains a work in progress 
6, 18, 19. 

 

Many different methods have been employed to create MOF 

films and nanosheets 17, 20-22. Most methods require templating 

the MOFs onto other substances, including surfactant 

templating 23, 24, liquid phase epitaxy 25, and others 2, 12, 26. 

Though templating methods produce thin layers and 

homogenous coatings, direct synthesis of template-free MOF 

nanosheets or films could significantly reduce the cost and 

complexity of synthesis, but this is largely unavailable. 

 

Efficient, high-yielding methods that can produce MOF 

nanosheets with stable mesoporous frameworks are rare 19. 

Synthesizing MOFs as freestanding and template-free 

nanosheets that retain morphological and structural integrity 

has been a challenge 6. To create films without templates, 

several groups have synthesized agglomerated nanosheets 

with organic solvents, followed by lengthy ultrasonication 14, 19. 

Recently, Li et al. developed a top-town delamination method 

to synthesize crystalline MOF nanosheets from bulk crystals 27. 

Rodenas et al. 6 and Xu et al. 17 employed a diffusion-mediated 

modulation of MOF molecular assembly to form a small layer 

within glass tubes. Nonetheless, the applications are limited by 

the scalability issue of their synthetic methods. 
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In this study, a facile and template-free solvothermal method 

has been developed to synthesize mesoporous/macroporous 

MOF nanosheets. In our method, cupric salts (i.e., Ac-, Cl-, NO3
-

, SO4
2-) and terephthalic acid (TPA) were dissolved in organic 

solvents containing dimethylformamide (DMF) and methanol 

(MeOH). The entire synthesis was performed in a Teflon-lined 

solvothermal autoclave reactor. The growth rate and 

morphology of the MOFs were controlled by the use of 

different copper (II)-ligand coordination complexes. The 

experimental procedures are detailed in the Supporting 

Information. 

 

Figure S1 shows the MOF morphologies resulting from 

different copper (II)-ligand coordination complexes, including 

Cu2+-Ac-, Cu2+-SO4
2-, Cu2+-Cl-, and Cu2+-NO3

-. Figure 1a 

highlights the TEM photomicrograph of the as-obtained MOF 

nanosheets mediated via the Cu2+-Cl- coordination complex. 

The free-standing nanosheets consisted of both individual 

films and macroporous agglomerated stacks. Figure 1b shows 

an SEM photomicrograph of a cross-sectional view of the 

sponge-like MOF nanosheets in the agglomerated form. The 

thickness of an individual nanosheet was about 50 nm, and the 

width of the nanosheet was over 15 µm (Figure S1a). Figure 

S1e showed nanosheet structure at higher magnification 

power, and its selected area electron diffraction (SAED) 

pattern suggests that the nanosheet is in the form of 

polycrystalline. Similar structure were observed in the MOF 

synthesized via Cu2+-NO3
- coordination complex (Figure S1b), in 

which the MOFs had the form of porous and fragmented 

nanosheets. The high degree of crystallinity of both nanocubes 

and nanosheets produces clearly identifiable peaks in the X-ray 

powder diffraction (XRD) patterns. 

 

The as-obtained MOFs with diverse morphologies were 

subjected to XRD analysis of their chemical composition 

(Figure 2). The XRD analyses of the chemical compositions of 

the as-obtained MOFs with different morphologies revealed 

the same cupric-TPA-based MOF 28. However, the changes in 

original cupric-ligand coordination complex could help 

engineer the size and shape of the MOF nanocrystals by 

determining the packing and growth rate of the MOF crystals 

during the solvothermal synthesis. Therefore, the differences 

in crystal packing and gas storage capacity were investigated 

between MOF nanocubes (Cu2+-Ac-) and MOF nanosheets 

(Cu2+-Cl-) in the present study.  

 

 

Figure 1. a) Micrograph of MOF nanosheet from transmission 

electron microscopy (TEM); b) Micrograph of MOF nanosheet 

from scanning electron microscopy (SEM). 

 

Figure 2 compares the XRD powders diffraction pattern 

between the anisotropic MOF nanosheet prepared from Cu2+-

Cl- coordination complexes and the isotropic MOF nanocubes 

formed via Cu2+-Ac- coordination complexes. Ac- is a weaker 

ligand to Cu2+ and the organic ligand has better solubility in the  

 

Figure 2. The XRD powder diffraction pattern of MOF (a) 

nanocubes formed via Cu2+-Ac- coordination complex, (b) 

nanosheet formed via Cu2+-Cl- coordination complex, and (c) 

the identified single crystal diffraction pattern from ICDD 

database. 

 

organic solvent base of DMF and MeOH comparing to the Cl- 

ligand. The differences in ligand affinity and solubility could 

have led to a slower reaction rate and the anisotropy in the 

crystal growth kinetics 29. The MOF nanosheet revealed the 

significant change in the ratio of peak intensity (Figure 2). The 

increase in peak intensity at 2θ = 16.380° was assigned to (h,k,l 

= 2,0,0) crystallographic plane, and the drop in peak intensity 

at 2θ = 12.165° was assigned to (h,k,l = 0,2,0) crystallographic 

plane. The significant change in (020 and 200) peak intensity 

(Figure 2b) was a result from out-of-plane XRD diffraction 

(Figure S2a). The nanosheet pattern was further fitted using Le 

Bail refinement fitting for preferred orientation (PO) tendency 

analysis (Figure S3 and S4). The results suggest that the 

stronger Cu2+-Cl-  coordination complex could either induce 

preferred covalent bond formation in the (100) plane along the 

b, c axises, or inhibit the crystallization process along the a axis 

(Figure S2b), in order to form the anisotropic MOF nanosheet. 

Nonetheless, the lattice parameters (Table S1), calculated from 

the Le Bail refinement of the XRD spectrums (Figure 3S and 

4S), remained constant among MOF nanosheets, nanocubes 

and the International Centre for Diffraction Data (ICDD) 

database 28. Therefore, the copper (II)-ligand coordination 
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complexes determines the PO tendency toward crystallization 

of MOF in the solvothermal method without affecting unit cell 

structure. 

 

The differences in crystal packing and MOF morphology also 

determine the porosity and functionality of the as-obtained 

MOF nanostructures. The N2 isotherm, from which the 

Brunauer–Emmett–Teller (BET) surface area and total pore 

volume (TOPV) were determined, is provided in Figure 3. The  

 

Figure 3. Comparison of N2 adsorption-desorption isotherms 

measured at 77 K as a function of relative pressure between 

MOF nanosheet (top) and MOF nanocubes (bottom). 

 

sharp rise in the isotherms at low values of P/Po are indicative 

of a large population of micropores (< 20Å). A comparison of 

the micropore volume to the total pore volume evaluated 

from the loading at P/Po of ~1.0 reveals that ~63% of the pore 

volume, of both samples, comes from the micropores (Figure 

S5). This is also consistent with the high BET surface area 

values evaluated for these materials, i.e., 708 and 544 m2/g for 

the MOF nanosheets and nanocubes, respectively. The cupric-

TPA nanocubes has a similar BET surface area compared to a 

previous report 28, but the cupric-TPA nanosheet showed a 

30.2% increase in BET surface area. The improvement of 

surface area in MOF nanosheet could be attributed to the 

involvement of mesoporous and macroporous cavities (Figure 

1b), especially inside the agglomerated nanosheets structures. 

The cumulative and percent incremental pore volume plots are 

provided in Figures S5a and S5b, respectively. The data 

suggests that a broad pore size distribution exists in the 

mesoporous and macroporous regions. The MOF nanocubes 

also have a small population of pores centered at ~40Å and 

above 500Å, whereas MOF nanosheet has an extensive 

amount of mesoporous and macroporous cavities above 400Å. 

Conclusions 

A facile and template-free solvothermal method has been 

developed for mesoporous and macroporous MOF 

nanosheets. It was found that different copper (II)-ligand 

coordination complexes mediated the controlled growth and 

morphology of MOF crystals. By controlling the size and shape 

of the MOF crystals, it shows the possibility to adjust and tailor 

the structure and performances of the assemblies. This work 

provides a bottom-up approach to synthesize MOF films and 

nanosheets in a simple and scalable way, which may have 

potential applications for gas storage and separation, 

molecular sieving, catalytic membranes and semiconductor 

materials in the future. 
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