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Metal-organic frameworks (MOFs) nanosheets have attracted great attention in

recent years due to their unprecedented properties. However, the synthesis of MOF

nanosheets with controllable thickness still remains a challenge. In this work, a

series of MOF nanosheets, such as CuBDC (BDC = 1, 4-benzenedicarboxylate),

CoNDC (NDC = naphthalene-2, 6-dicarboxylate), CoBPDC (BPDC = biphenyl-4,4’-

dicarboxylate), NiBDC and ZnTCPP (TCPP = tetrakis(4-carboxyphenyl)porphyrin) were

successfully synthesized by using a metal hydroxide precursor approach. Importantly,

the thicknesses of the obtained MOF nanosheets can be well-regulated by controlling the

conversion rate of the metal hydroxides. As a proof-of-concept application, the obtained

CuBDC nanosheets were used as the catalyst for olefin epoxidation, which showedmuch

higher catalytic activity compared to the bulk crystals. This work provides an alternative

method for the synthesis of various MOF nanosheets, holding great potential for various

promising applications.

Keywords: metal-organic framework, nanosheets, metal hydroxide, catalysis, controllable thickness

INTRODUCTION

Metal organic-frameworks (MOFs), as a class of porous materials, have attracted great attentions
in the past decades due to their noticeable features, such as diversified structures, high surface
areas and tunable functionalities, which endow them with favorable applications in separation (Li
et al., 2009), sensing (Kreno et al., 2012), catalysis (Chughtai et al., 2015; Zhao M. et al., 2016;
Yang et al., 2017; Zhu et al., 2017), gas storage (Chaemchuen et al., 2013; He et al., 2014) and
so on. Currently, the exquisite control of MOFs on nanostructure ranging from one dimensional
(D), 2D to 3D, has become increasingly interesting due to their unique size- and shape-dependent
properties (Tsuruoka et al., 2009; Liu et al., 2017; Wang B. et al., 2017; Wang et al., 2019b). In
particular, 2DMOFs with ultrathin thickness is of significant importance not only for fundamental
structure-property investigations but also for technological developments (Tan et al., 2017). 2D
MOFs possess high surface to atom ratio and highly accessible active sites on their surface, which
makes them promising in various applications (Peng et al., 2014; Rodenas et al., 2014; Cao et al.,
2016; Zhan and Zeng, 2016; Zhao S. et al., 2016; Wang X. et al., 2017). For example, Yang and co-
workers synthesized ultrathin Zn2(bim)4 nanosheets to fabricate MOF membranes, which showed
high selectivity for H2 over CO2 while maintaining high permeance (Peng et al., 2014). Zhang and
co-workers reported a filmmade by Co-TCPP(Fe) MOF nanosheets, which exhibited high catalytic
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activity toward the reduction of H2O2, surpassing that
of natural heme protein-constructed sensors (Wang
et al., 2016). These unique properties have tremendously
stimulated research on the devising of innovative
synthesis routes toward 2D nanostructured MOF materials
(Wang et al., 2019a; Zhuang et al., 2019).

MOFs are assembled from organic ligands and metal
coordination nodes with an infinite network extending
isotopically in three-dimensional. Hence, it is difficult to
fabricate 2D MOFs in the forms of freestanding nanosheets with
thickness in nanometer scale. Generally, the synthetic methods
for 2D MOF nanosheets could be divided into two categories,
principally the top-down and the bottom-up strategy (Zhao
et al., 2017). The top-down strategy uses multi-step approaches
based on the exfoliation of layered bulk MOFs, followed by
centrifugation to remove non-exfoliated particles (Amo-Ochoa
et al., 2010; Peng et al., 2014). This strategy is time-consuming
and only applicable to limited MOFs. Moreover, the preparation
of MOF nanosheets with homogeneous thickness on a large
scale by exfoliation is also a big challenge. Alternatively, direct
(bottom-up) synthesis could produce high-aspect-ratio MOF
nanosheets, with improved yield and at lower cost, which can
meet the demands for large scale practical applications. In the
case of bottom-up synthesis of MOF nanosheets, the key issue is
to restrict the growth of MOFs along the vertical direction, while
promote the growth along the lateral direction (Zhao et al., 2017).
Several efforts have been made to successfully prepare the 2D
MOF through this strategy (Rodenas et al., 2014; Sakamoto et al.,
2015; Zhao et al., 2015). For example, a three-layer synthesis
method was used to control the growth of MOF crystals locally
in a highly diluted medium to obtain the MOF nanosheets, but
the yield of this method is low because the reaction only happens
at the interface. Hereafter, a surfactant-assisted synthetic method
by using polyvinylpyrrolidone (PVP) to selectively restrict the
growth of MOFs in one of three dimensions to form ultrathin
MOF nanosheets was developed. However, the PVP binding
on the surface of MOF nanosheets in this method may block
some of the active sites. In addition, thickness control of MOF
nanosheets through current methods is also hard to achieve.
Therefore, developing an alternative method to prepare MOF
nanosheets with controllable thickness is highly desired.

Herein, we report a general method to synthesize various
MOF nanosheets by using metal hydroxide as precursors,
which serves as the heterogeneous nucleation site and provides
an appropriate release rate of metal ions for the anisotropic
growth of MOFs. As an example, the CuBDC (BDC = 1,4-
benzenedicarboxylate) nanosheets were firstly prepared by using
Cu(OH)2 nanosheet as precursor, which was able to control the
release of Cu2+ for the growth of MOF, leading to the formation
of ultrathin MOF nanosheets. In addition, the thickness of the
CuBDC nanosheets can be well-regulated by controlling the
dissolution rate of Cu2+ from Cu(OH)2 nanosheets through
tuning the solvent composition. Following the similar strategy,
CoNDC (NDC = naphthalene-2,6-dicarboxylate), CoBPDC
(BPDC = biphenyl-4,4’-dicarboxylate), NiBDC and ZnTCPP
(TCPP = tetrakis(4-carboxyphenyl)porphyrin) nanosheets
with controllable thickness were also successfully synthesized,

indicating the generality and effectiveness of this strategy.
As a proof-of-concept application, the as-prepared CuBDC
nanosheets were used in heterogeneous catalytic molecular
oxygen epoxidation of olefins, which exhibited higher activity
compared to their bulk counterparts.

EXPERIMENTAL

Materials
Commercial reagents were purchased from Sigma-Aldrich (ACS
grade) and used as received unless otherwise noted.

METHODS

Synthesis of Cu(OH)2 Nanosheet
Precursors
In a typical procedure, 1.0mmol Cu(NO3)2·3H2O was dissolved
in 40mL deionized water, then 2.0mmol NaOH (Dissolved in
40mL deionized water) was added drop by drop in above solution
under magnetic stirring at room temperature. After that, the
obtained precipitates were filtered and washed with deionized
water for three times.

Synthesis of Co(OH)2 Nanoplate
Precursors
In a typical procedure (Liu et al., 2005), CoCl2·6H2O (1.0mmol)
and hexamethylenetetramine (HMT) (12.0mmol) were dissolved
in 200mLmixture of deionized water and ethanol (Vw:VE =9:1).
Then the resulted solution was heated at 90◦C for 1 h under
magnetic stirring. After the reaction, the obtained solid product
was filtered and washed with deionized water for three times.

Synthesis of Ni(OH)2 and Zn(OH)2
Precursors
For the synthesis of Ni(OH)2 precursors, 1.0mmol
Ni(NO3)2·6H2O was dissolved in 40mL deionized water,
then 2.0mmol NaOH (Dissolved in 40mL deionized water) was
added drop by drop in above solution under magnetic stirring at
room temperature for 12 h. After that, the obtained precipitates
were filtered and washed with deionized water for three times.
The synthesis of Zn(OH)2 precursors is similar as above
mentioned procedure except changing the Ni(NO3)2·6H2O
to Zn(NO3)2·6H2O.

Synthesis of CuBDC Nanosheets
The pre-prepared Cu(OH)2 nanosheets (0.021mmol) and 1,4-
benzenedicarboxylic acid (H2BDC) (0.024mmol) were added
in a 4mL mixed solution of dimethylformamide (DMF) and
deionized (DI) water (VDMF:Vw = 7:1) in a 20mL capped
vial under stirring. After that, the vial was heated to 50◦C
and kept for 12 h. The resulting blue CuBDC nanosheets were
washed twice with DMF and ethanol, respectively. Finally, the
obtained CuBDC nanosheets were redispersed in ethanol. Under
these synthesis conditions, a 38% yield of CuBDC nanosheets
(6–15 nm) was obtained. CuBDC nanosheets with different
thickness were synthesized following the same procedure
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described above except changing the DMF/H2O ratio to 3:1
and 2:2.

Synthesis of CoNDC and CoBPDC
Nanosheets
Synthesis of CoNDC Nanosheets
The pre-prepared Co(OH)2 nanosheets (0.021mmol) and
naphthalene-2,6-dicarboxylic acid (H2NDC) (0.024mmol) were
added in a mixed solution of 3.0mL DMF and 1.0mL
DI water in a 20mL capped vial under stirring. After
that, the vial was heated to 50◦C and kept for 12 h.
The resulting CoNDC nanosheets were washed twice with
DMF and ethanol, respectively. Finally, the obtained CoNDC
nanosheets were redispersed in ethanol. Under these synthesis
conditions, a 70% yield of CoNDC nanosheets (∼3 nm)
was obtained.

Synthesis of CoBPDC Nanosheets
CoBPDC nanosheets were synthesized with the similar
procedure described above except replacing the ligands
H2NDC (0.024mmol) to biphenyl-4,4’-dicarboxylic
acid (H2BPDC) (0.024mmol). Under these synthesis
conditions, a 61% yield of CoBPDC nanosheets (below 2 nm)
was obtained.

Synthesis of NiBDC and ZnTCPP
Nanosheets
For the synthesis of NiBDC nanosheet, the pre-prepared

Ni(OH)2 nanosheets (0.021mmol) and 1,4-benzenedicarboxylic

acid (H2BDC) (0.024mmol) were added in a 4mL mixed
solution of DMF and DI water (VDMF:Vw = 7:1) in a 20mL

capped vial under stirring. After that, the vial was heated to
70◦C and kept for 12 h. The resulting NiBDC nanosheets were

washed twice with DMF and ethanol, respectively. Finally, the
obtained NiBDC nanosheets were redispersed in ethanol. Under

these synthesis conditions, a 47% yield of NiBDC nanosheets
was obtained. The synthesis of ZnTCPP is similar as above
mentioned procedure except changing the Ni(OH)2, H2BDC and

temperature to Zn(OH)2, TCPP and 50◦C, respectively. Under
these synthesis conditions, the yield of ZnTCPP nanosheets was
about 59%.

RESULTS AND DISCUSSION

Copper 1,4-benzenedicarboxylate (CuBDC) MOF nanosheets
is chosen as an example to demonstrate the metal hydroxide
precursor synthesis strategy, which was schematically illustrated
in Figure 1. By using the Cu(OH)2 as the precursor, the metal
ions dissolve rate from Cu(OH)2 is adjustable. High ions dissolve
rate leads to a fast conversion of Cu(OH)2 and results in the thick
CuBDC nanosheets. In contrast, slowing down the metal ions
dissolve rate is more favor for the formation of ultrathin CuBDC
nanosheets. In a typical synthesis, the pre-synthesized Cu(OH)2
nanosheets (Supplementary Figure 1) and H2BDC were added
into a mixed solution of DMF and DI water (VDMF:Vw =

3.5:0.5). Then the resulted solution reacted at 50◦C for 12 h.
After the reaction, the as-obtained CuBDC nanosheets were
characterized by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). The TEM and SEM images
demonstrate the CuBDC nanosheets are well-dispersed and
homogeneously distributed in small square shapes with lateral
dimensions of 0.5–1.0µm (Figures 2a,b). The TEM image also
indicates its ultrathin nature, deduced from their low contrast
(Figure 2a). The thickness of the CuBDC is in the range of 6–
15 nm, determined by atomic force microscopy (AFM) analysis
(Figure 2c, Supplementary Figure 2). The energy dispersive X-
ray spectroscopy (EDS) confirms that the CuBDC nanosheets
contain the C, O and Cu elements (Supplementary Figure 3a).
The powder X-ray diffraction (XRD) was then used to determine
the crystal structure of the obtained CuBDC nanosheets. As
shown in Figure 2d, the XRD pattern of CuBDC nanosheets
shows three obvious reflections at 2θ of 10.1◦, 16.8◦, and 34.1◦,
which could be indexed to the (110), (−201), and (−402)
crystallographic planes of the CuBDC structure, respectively.
These reflections are well-matched with the peaks in a simulated
CuBDC crystal pattern. However, compared to the simulated

FIGURE 1 | Scheme illustration of the controllable synthesis of CuBDC nanosheets with different thickness by using metal hydroxide precursor approach.
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FIGURE 2 | (a–d) TEM (a), SEM (b), AFM (c) images, and XRD pattern (d) of CuBDC nanosheets. (e,f) SEM images of CuBDC nanosheets with different thickness

synthesized at DMF:H2O = 3:1 (e) and 2:2 (f), respectively (the insets of the high magnification SEM images show the thickness of the nanosheets).

pattern, some peaks in the products were absent, which was due
to the fact that the obtained MOF structure prefer to orient
along the basal plane of (−201) (Rodenas et al., 2014). The
Fourier transform infrared (FTIR) and Raman spectroscopies
of CuBDC nanosheets were further measured to confirm the
coordination of metal centers with the organic ligands in
the nanosheets. As shown in Supplementary Figure 3b, the
FTIR spectrum of the CuBDC nanosheets exhibit the bands
around 3,429 and 1,507 cm−1 resulting from the stretching
vibrations of OH− and para-aromatic CH groups, respectively.
In addition, the band of νas(-COO-) is shifted from 1,673
cm−1 in pure BDC to 1,631 cm−1 in CuBDC MOF, indicating
the coordination of metal ions with the linker molecules.
Additionally, the Raman spectrum largely mirrors the FT-IR
spectrum. The Raman spectrum of the CuBDC nanosheets are
dominated by the vibration modes of the BDC ligand. Peaks
at 1,432 and 1,613 cm−1 corresponding to the asymmetric and
symmetric C–O stretches, respectively, are red shifted compared
to the pure BDC, also demonstrating the coordination of metal
ions with the ligands (Supplementary Figure 3c). It is worth
mentioning that the thickness of the CuBDC nanosheets could
be well-controlled by regulating the DMF to DI water ratio
in the mixed solvent. When increase the water amount in
the mixed solvent, the metal ions dissolution rate from the
Cu(OH)2 precursor is promoted (Kuo et al., 2012), which
results in the formation of thicker MOF crystals. As shown in
Figures 2e,f, the thickness of the obtained CuBDC nanosheets

increased to about 100 and 400 nm when using the mixed
solvent of DMF:H2O = 3:1 and 2:2, respectively. Compared to
the ultrathin CuBDC nanosheets (6–15 nm), the XRD of the
CuBDC nanosheets with thickness of 400 nm shows the three
diffraction peaks located at 2θ of 10.1, 16.8◦ and 34.1◦ increased
correspondingly, and several new peaks which also belong
to CuBDC crystals were observed (Figure 2d). In addition,
the morphology effect of the Cu(OH)2 precursors on the
synthesis of CuBDC nanosheets was investigated. When the
Cu(OH)2 nanorods (Supplementary Figure 4a) were used as
the precursors, the CuBDC nanosheets could also be obtained
(Supplementary Figures 4b,c). It is also worth mentioning that
this method is easy to scale up and the yield (38%) of the CuBDC
nanosheets is three times higher than that of the layer deposition
method (10%) (Rodenas et al., 2014).

This synthetic strategy to ultrathin MOF nanosheets by
metal hydroxide precursor approach is general, which is
applicable for the synthesis of various MOFs nanosheets.
Firstly, the synthesis of MOF nanosheets with other metal
centers, such as Co, was investigated. The CoNDC nanosheets
were successfully prepared by using Co(OH)2 nanoplates
(Supplementary Figure 5) as precursor and NDC as ligand. The
TEM image confirms the obtained CoNDC is nanosheet with
low contrast, indicating its ultrathin thickness (Figure 3a). The
ultrathin of the CoNDC nanosheets was further demonstrated
in the SEM observation (Figure 3b). AFM analysis shows
the thickness of the obtained CoNDC nanosheets is below
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FIGURE 3 | TEM (a,e), SEM (b,f) images and powder XRD patterns (c,g) of CoNDC (a–c) and CoBPDC nanosheets (e–g). (d,h) SEM images of the thicker CoNDC

(d) and CoBPDC (h) nanosheets synthesized by increasing the temperature to 80
◦

C. Insets: the corresponding high magnification SEM image, respectively.

FIGURE 4 | TEM image (a,c) and XRD pattern (b,d) of NiBDC (a,b) and

ZnTCPP (c,d) nanosheets.

3.1 nm (Supplementary Figure 6). The XRD pattern shows the
CoNDC nanosheets have the same crystal structure with the
bulk CoNDC crystals (Figure 3c, Supplementary Figure 7a).
The FTIR spectrum shows the characteristic peaks of the -COO-
group in CoNDC at 1576 and 1,345 cm−1. Absorption peaks
of the naphthalene ring can be observed at 3,603, 1,496 and
1,390 cm−1, respectively (Supplementary Figure 8a). The
EDS confirms only the C, Co, and O elements were in the

CoNDC nanosheets (Supplementary Figure 8b). The metal
hydroxide precursor approach also adapts to synthesize MOF
nanosheets with other ligands. For example, when using the
Co(OH)2 nanoplates as the metal precursor but changing the
ligand to BPDC, CoBPDC nanosheets were also obtained. The
nanosheet structure of CoBPDC was confirmed by TEM and
SEM observation (Figures 3e,f). The thickness of CoBPDC
nanosheets is <1.8 nm, which determined by AFM analysis
(Supplementary Figure 9). The crystal structure of CoBPDC
nanosheet is same with the bulk CoBPDC crystals, as confirmed
by XRD pattern (Figure 3g, Supplementary Figure 7b). In the
FTIR spectrum of CoBPDC, signals belong to -COO- group, C–
H stretching vibration absorption and ring vibration in benzene
in the BPDC ligand can be observed at 1,590 and 1,372, 3,603,
as well as 1,543 cm−1, respectively, indicating the successfully
synthesis of CoBPDC MOF (Supplementary Figure 8c). The
EDS confirms the existence of C, Co, and O elements in
the CoBPDC nanosheets (Supplementary Figure 8d). By
changing the conversion condition, the thickness of the CoNDC
and CoBPDC can also be well-regulated. When increase the
conversion temperature to 80oC, the metal ions dissolution rate
from the metal hydroxide is increased, resulting in the thicker
MOF crystals. As shown in Figures 3d,h the thickness of CoNDC
and CoBPDC nanosheets were increased to about 50 and 10 nm,
respectively. Following this strategy, the Ni and Zn-based
MOFs, NiBDC, and ZnTCPP nanosheets were also successfully
synthesized by using Ni(OH)2 and Zn(OH)2 as precursors
and H2BDC and TCPP as the ligands, respectively (Figure 4,
Supplementary Figure 10). Collectively, the aforementioned
results prove that the hydroxide precursor approach is simple and
versatile to produce various MOF nanosheets with controllable
thickness, which is a promising way to tune the functionality of
the MOFs.
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TABLE 1 | Aerobic olefin epoxidations catalyzed by CuBDC nanosheets.

Entry Substrate Product Catalyst Conversion

(%)

1 CuBDC

nanosheets

100

Bulk CuBDC 54.7

Cu(NO3)2·3H2O

and H2BDC

mixture

18.7

2 CuBDC

nanosheets

62.7

Bulk CuBDC 30.5

Reaction conditions: 0.5mmol of catalyst, 1.0mmol of olefin, 2.0mmol of

trimethylacetaldehyde, 5mL of acetonitrile, 1 atm O2 bag, reaction temperature

of 25◦C, and reaction time of 12 h.

As known, MOFs are widely used in heterogeneous catalysis
because of their high surface area, porosity, and chemical
tunability. More importantly, like other 2D materials, the MOF
nanosheets possess many highly accessible active sites on their
surface, which can act as diffusion-free heterogeneous catalysts
and should be significant for the catalytic applications (Cao
et al., 2016; Huang et al., 2017; Wang Y. et al., 2019; Xiao
et al., 2019). As a proof-of-concept application, the molecular
oxygen epoxidation of olefins, which is a highly important
oxidation reaction in industrial processes (Punniyamurthy
et al., 2005), was chosen as a probe reaction. Table 1 shows
the conversion for the epoxidation of cyclooctene and 1-
hexene on the CuBDC nanosheets and bulk CuBDC crystals
(Supplementary Figure 11). As shown in Table 1, the catalytic
activity of the CuBDC nanosheets was nearly twice higher
than that of bulk CuBDC crystals in the case of cyclooctene
and 1-hexene as substrates. The performance of CuBDC
nanosheets is also comparable with other reported MOF-based
catalysts for cyclooctene epoxidation (Supplementary Table 1).
In contrast, the precursor mixture of CuBDC nanosheets,
i.e., copper nitrate and H2BDC, only provided the desired
epoxide in 18.7% yield and no epoxide was produced
when no catalyst was used. To explain the better catalytic
activity of CuBDC nanosheets beyond CuBDC bulk, the
NH3 and CO2 temperature program desorption (TPD)
was conducted. As shown in Supplementary Figure 12, the
CuBDC nanosheets show higher intensity of NH3 and CO2

desorption peak than that of CuBDC bulk, demonstrating
more acid and basic sites in the CuBDC nanosheets than
the CuBDC bulk. Therefore, the enhanced catalytic activity
can be attributed to a large number of active sites exposed
on the surface of the CuBDC nanosheets, which make

them can be readily reached by the substrates during the
reaction. In addition, the recycling catalytic experiment showed
good reusability of the CuBDC nanosheets. As shown in
Supplementary Figure 13a, the yield of epoxide remains 96%
after 5 recycles. The crystal structure only shows slightly change
after the catalysis, which may due to the desolvation of the
DMF in the crystal structure (Supplementary Figure 13b)
(Carson et al., 2009).

CONCLUSION

In summary, we report a general approach to synthesize
various MOF nanosheets. This novel strategy relies on using
metal hydroxide as precursor to serve as the heterogeneous
nucleation sites and control the release of metal ions for
MOF growth. Various MOF nanosheets, including CuBDC,
CoNDC, CoBPDC, NiBDC, and ZnTCPP were successfully
synthesized by this approach. Additionally, the thickness
of the MOF nanosheets can be well-controlled through
regulating the metal ions dissolution rate from metal hydroxide.
As a proof-of-concept application, CuBDC nanosheets are
successfully used for catalytic molecular oxygen epoxidation
of olefins, which exhibited higher activity compared to bulk
CuBDC crystals. Considering this method is general and
effective for synthesizing various MOF nanosheets, thus, we
believe it will accelerate the development of 2D MOFs in
different applications.
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