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Preparation and characterization of Ni2(mal)2(bpy)
homochiral MOF membrane
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ABSTRACT: As an important subclass of metal-organic frameworks (MOFs), homochiral MOFs show special ability of
asymmetric catalysis and enantioselective separation via the open chiral channels or cavities. A new homochiral MOF
membrane [Ni2(mal)2(bpy)]•2H2O (Ni-MB) was synthesized by a secondary growth technique, in which high energy ball
milling was employed to prepare nanosized MOF seeds, and their synthesis condition were optimized. X-ray diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy (SEM), and thermal gravimetric analysis were used
to measure physicochemical properties of the MOF crystals and membranes. In particular, the homochiral MOF membranes
were characterized by nano-indentation/scratch technique with high-resolution mechanical property analysis. The SEM
results indicated that the membrane was continuous and integrated without observable defects; the permeation measurements
of single gas show that the permeate flux of nitrogen was independent on the transmembrane pressure, further confirming the
absence of macroporous defects in the as-prepared chiral MOF membranes. It is expected that the proposed chiral MOF
membrane can be potentially applied to enantioselective separation in the future. © 2015 Curtin University of Technology
and John Wiley & Sons, Ltd.
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INTRODUCTION

Metal-organic frameworks (MOFs), also known as
porous coordination polymers, are a new class of hybrid
materials that are built by metal ions (nodes) and
organic linkers (rods).[1–3] In contrast with other porous
materials such as zeolites and active carbon, MOFs
have attracted wide attentions and have shown
promising applications in hydrogen storage, gas
separation, and catalysis,[4–17] because of their large
surface area, uniform but tunable pore size, and well-
defined and adjustable structure. Homochiral metal-
organic frameworks (HMOFs), as an important subclass
of MOF materials, were commonly synthesized by
involving chiral building blocks or templates.[18,19]

Some HMOFs with unusual integration of absolute
helicity, molecular chirality, and three-dimensional
intrinsic chiral net demonstrate some attractive
properties, such as enantioselective adsorption, chiral
catalysts, and CO2 capture.

[20–24]

Membranes, with typical advantages of low energy
consumption, environmental protection, high efficiency,
and continuous operation, have experienced rapid

growth in the past few decades. Compared with
traditional separation technologies, such as high-
performance liquid chromatography,[25–27] HMOF
membrane-based separation could offer greater potential
applications in terms of its nature properties. However,
the formation and fabrication of HMOF membranes on
porous substrates remains a challenge, although a few
attempts have been made.[28–31] Generally, HMOF
membranes can be synthesized via in situ synthesis or
secondary growth method. One of the significant
prerequisites for defect-free HMOF membranes
demands the formation of nanosized crystals for seeding,
which is however very difficult to be obtained for many
HMOF materials. Meanwhile, the adhesive strength
between separation layer and support layer is also critical
for the development of HMOF composite membranes
for practical applications. Additionally, the stability of
HMOFmaterials has been regarded as another important
factor that determines the processing and using of
HMOF membranes. Therefore, it is necessary to
systematically investigate the synthesis chemistry of
HMOF crystals used for membrane preparation, as well
as the methodology of processing HMOF into separation
membranes with the purpose of minimizing non-
selective defects.
Up to now, many chiral molecules, including

camphanic acid,[32,33] amino acid,[34,35] and isonicotinic

*Correspondence to: Wanqin Jin, State Key Laboratory of Materials-
Oriented Chemical Engineering, Nanjing Tech University, 5 Xinmofan
Road, Nanjing 210009, P. R. China. E-mail: wqjin@njtech.edu.cn

© 2015 Curtin University of Technology and John Wiley & Sons, Ltd.
Curtin University is a trademark of Curtin University of Technology

ASIA-PACIFIC JOURNAL OF CHEMICAL ENGINEERING
Asia-Pac. J. Chem. Eng. 2016; 11: 60–69
Published online 22 September 2015 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/apj.1943



acid,[36] have been used to synthesize chiral MOFs.
Among them, amino acids were widely adopted
because of its inexpensiveness, non-toxicity, and
biological features. In previous works, we first reported
homochiral [Zn2(bdc)(L-lac)(dmf)] membrane and [Ni2
(L-asp)2(bipy)] membrane, which could efficiently
separate racemic methyl phenyl sulfoxides[28] and
racemic diols,[29] respectively. Furthermore, the
reported HMOF are limited in the separation of
2-butanol, phenethyl alcohol, and sulfoxide.
Here, we propose to build a new kind of HMOF

membrane, [Ni2(mal)2(bpy)]•2H2O (Ni-MB) membrane,
which is derived from natural product of L-Malic
acid.[37] Different synthesis conditions were optimized
to obtain nanosized Ni-MB crystals for seeding layer
deposition. The Ni-MB membrane formed on a porous
ceramic substrate via secondary growth method was
extensively characterized by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), and thermal
gravimetric analysis (TGA). Nano-indentation/nano-
scratch technique was firstly introduced to probe the
integrity and interfacial adhesion of the as-prepared
HMOF composite membranes. Also, gas permeation
measurement was used to confirm the chiral MOF
membranes without macroporous defects.

EXPERIMENTAL SECTIONS

Materials

Nickel carbonate (NiCO3, Alfa Aesar, 99%), L-(-)-
Malic acid, (L-H2Mi, Alfa Aesar, 97%), 4,4′-Bipyridine
(H2BPY, Alfa Aesar, 98%), and α-aluminum oxide (α-
Al2O3, 99%) were used without further purification.
Methanol (CH3OH, 99.5%) and deionized water were
used as solvents.

Preparation of Ni-MB seeds

Metal-organic framework Ni-MB crystals were
synthesized by solvothermal method according to
previous report.[37] The mixed solution with NiCO3

(0.17808g, 1.5mmol), L-H2Mi (0.5 g, 3.7mmol) and
10mL H2O was placed in a Teflon-lined stainless steel
autoclave (45mL) and stirred at 303K for 30min to
form a homogeneous solution. 0.23g H2bpy, and
10mL CH3OH was added to the hydrolyzed solution
under stirring and then the solution was heated to
423K and remained for 12h. After cooling to room
temperature, the solution was centrifuged. Blue-green
Ni-MB powders were obtained after being washed
intensively with methanol and dried at 343K overnight.
The prepared Ni-MB crystals with an average particle

size of 10μm were ground to submicron-sized particles
using a high-energy ball mill (PM-100, Retsch, India).

The milling speed, the ball diameter, and milling time
were 450 rpm, 3mm, and 3h, respectively (as is shown
in Fig. 1a). The prepared seed concentration is
0.005gmL�1 with methanol as solvent.

Preparation of Ni-MB membrane

The α-Al2O3 porous supports are homemade with an
average pore size of 110nm and porosity of about
35% as in our previous report.[38] The final α-Al2O3

support is 2-mm thick and 22mm in diameter. Before
the growing of the Ni-MB membranes, one side of
the sintered and flinty support was polished by 5000-
mesh SiC sand paper, washed in deionized water to
get rid of powders, and then dried in an oven at 70 °C
before being used for the growth of MOF membranes.
The seed layer of Ni-MB on the pre-treated α-Al2O3

support was fabricated using the dip-coating method
(as is shown in Fig. 1b). Typically, the α-Al2O3 support
was immersed into the Ni-MB suspension for 1min,
and then dried in room temperature. And then the
seeded support was put into a Teflon-lined stainless
steel autoclave (45mL) with a second synthesis
solution and maintained 120h at 150 °C. The solution
was prepared by dissolving NiCO3 (0.17808g) and
H2bpy (0.23g) and L-H2Mi (0.5g) in methanol
(10mL) and water (10mL) mixture under vigorous
stirring at 30 °C for 30min. After cooling to room
temperature, the membrane was washed with large
amount of methanol and dried naturally. The Ni-MB-
based HMOF membrane with green color was well
prepared (Fig. 1d)

Characterizations

The crystal phases of samples were determined by powder
X-ray diffraction (PXRD) (Rigaku, Miniflex 600).
Diffraction patterns were collected at room temperature
in the angle range of 5°≤2θ≤50° with a step width of
0.05° and a scan rate of 0.2s step�1. FT-IR (AVATAR-
360) of the as-prepared powders and membrane were
collected, respectively. Thermogravimetric analyzer
(TGA, STA 209 F1, NETZSCH, Germany) was used to
determine the thermal stability of the Ni-MB powder in
the temperature range of 25–800°C with a heating rate
of 10°Cmin�1 in a nitrogen atmosphere. Field emission
scanning electron microscopy (Hitachi Limited, S-4800)
was used to characterize the morphologies of membrane
and support. The working parameters of the SEM are
high voltage 5–15kV, work distance 8–10mm, and spot
2.0–3.0.
Single-gas permeation experiments were performed

on the permeation setup as reported in our previous
work.[28,38] The permeation of small gas molecules
(N2) through Ni-MB membranes was measured at
293K. The membrane permeability (Fi) is defined as
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Fi ¼ J=Δp (1)

where J is the permeate rate (molm�2 s�1) and Δp is
the transmembrane pressure (Pa).
Mechanical strength and interfacial adhesion

properties play important roles in the engineering of
composite membranes, because their reliability and
stability would be limited by wear and static friction
forces that occurred in practical application. Nano-
indentation/nano-scratch system (NanoTest TM, Micro
Materials, UK) used in this work is capable of high-
resolution mechanical property analysis in the
nanometer and micrometer regimes.

RESULTS AND DISCUSSION

Influence of synthetic conditions of Ni-MB seeds

HMOF seeds with high crystalline is very important for
developing separation membrane. Herein, for obtaining
high-quality crystals, the reaction temperature,
concentration, and time were systemically optimized.
Ni-MB crystals were synthesized at 363, 393, 423,
and 463K for 24h according to previous report.[37,39,40]

After washing by methanol, their PXRD were
collected, respectively (Fig. 2a). Surprisingly, almost
no diffraction signal was detected in the Ni-MB
powders synthesized at 363K. In addition, the peak at
8.5° of the sample obtained at 393K was not attributed
to the characteristic peaks of Ni-MB framework, which
might be due to the phase impurity. By further
increasing the temperature to 423K, we found that the
PXRD pattern of the Ni-MB was consistent well with
its simulated form. However, the sharp peaks around
18° to 20° were replaced by broad pattern in the sample
that was synthesized at 453K. Therefore, the

temperature of 423K would be an optimal temperature
for producing high-quality Ni-MB crystal.
Secondly, Ni-MB crystals were prepared by varying

the reaction concentration (Table 1), and their PXRD
patterns are shown in Fig. 2. Generally, lower reaction
concentration could lead to smaller-sized MOF crystals,
which would be favorable for forming thinner layer on
substrate.[40] Nevertheless, the lower yield of crystal
that produced at lower concentration cannot meet the
request for making perfect membrane. In our case, the
yield of Ni-MB crystals at too low concentration (c3)
also obeys the rule that was mentioned previously. After
increasing the concentration from c3 to c2, the trade-off
between particle size and yield can be well balanced. It
can be noted that c1 and c2 concentrations also ensured
the production of Ni-MB particles with high crystalline
(Fig. 2b). To prepare thinner layer, the concentrations of
c2 is selected.
Moreover, reaction time is another important factor

that can influence the product of hydrothermal
synthesis. As shown in Fig. 3a, we found that when
the reaction time was shortened to 6h, the impurity
peaks around 0–15° suggest this reaction time was
insufficient for the growth of Ni-MB crystals. By
increasing reaction time from 6 to 12h, or more, the
PXRD patterns of generated samples were consistent
with the simulated data from single crystal. Therefore,
by heating the mixed solution (c2 concentration) of
metal ion and ligand at 423K for 12h was believed
as the optimized condition for preparing Ni-MB
powder with higher purity and crystalline, as well as
suitable particle size and yield.

Characterization of Ni-MB seeds

Secondary solvothermal growth is a common method
used for MOF membrane preparation. The key step is

Figure 1. Schematic diagram of the preparation of Ni-MB membrane. This figure is
available in colour online at www.apjChemEng.com.
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the production and deposition of seed on the porous
support. As shown in Fig. 4a, the particle size of
Ni-MB crystals synthesized at optimized conditions is
around 10μm. They are not suitable to be used as seeds
coating on porous support, because the larger size of
crystals are prone to form defects during membrane
preparation.[38] Thus, the central problem is how to
reduce the crystal to nanoscale. Here, we used a new
technique of high-energy ball milling to obtain
submicron-sized Ni-MB seeds. As shown in Fig. 4b,
the nanocrystals with an average particle size of
~200nm were well downsized from large Ni-MB
crystals. The corresponding PXRD patterns (Fig. 4c)
show that no remarkable change on the crystal structure

was observed after the ball-milling treatment, owing to
the good mechanical stability of Ni-MB crystals. The
TGA results of the Ni-MB powder and ball-milled
Ni-MB seeds demonstrate that the Ni-MB framework
can be stable up to 300°C. The little change of the
temperature between the as-prepared Ni-MB powders
and the ball-milled Ni-MB seeds may be caused by
the solvent effect during the process of ball milling.

Integrity of Ni-MB membranes

After coating the nanosized Ni-MB seeds on the
ceramic substrate, the secondary growth was processed
with controlled time. As shown in Fig. 5a1 and b1, the

Figure 2. Power X-ray diffraction patterns of Ni-MB synthesized at different
temperature (a) and different concentration (b) for 24 h, and the simulated Ni-MB
single crystal was shown for reference. This figure is available in colour online at
www.apjChemEng.com.

Table 1. Ni-MB crystals prepared by systemically tuned concentration.

No. n (NiCO3) n (H2BPY) n (L-H2Mi) n (CH4O) n (H2O)

c1 3 7.5 3 0.62× 105 1.39× 105

c2 3 7.5 3 2.47× 105 5.56× 105

c3 3 7.5 3 4.96× 105 11.2× 105

Figure 3. (a) X-ray diffraction patterns of Ni-MB synthesized by different reaction time
at 423K and simulated Ni-MB single crystal; (b) the weight of synthesized Ni-MB
powders for different reaction time. This figure is available in colour online at www.
apjChemEng.com.
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Ni-MB membrane is not continuous and intergrowth
under short synthesis times (6 and 9h). When reaction
time was extended to 12h, the membrane surface is
highly intergrown and free of cracks (Fig. 5c1). The
Ni-MB membrane prepared under synthesis time of
12h is covered by grains with an average size of 10μm.
Furthermore, we used nano-scratch test to check the

integrity of membranes synthesized in different time.
The NanoTest system, which monitors and records the
scratch distance relationships with the dynamic load,
penetration depth, friction force, and corresponding
friction coefficient, can make finely controlled low load
to the indenter and to the precise movement of indenter
relative to the membrane surface.[41–44] During the test,
the applied load was constant at 0.05mN between 0 and
20μm, and then was ramped to the maximum load
50mN at the end of the scan (400μm) with the ramping
rate about 2.5mNs�1.
Three parallel tests were performed on each composite

membrane, and the results were given in Fig. 5. In the
depth-distance profile, the indenting depth above the
baseline (0nm) is corresponding to the signals from
Ni-MB layer. When the reaction time is 6h, there are
several areas in the depth-distance far below the baseline,

even up to �20000nm, indicating large defects in the
membrane. Although some of the positive depths were
found, the ultra-low signals suggests that only a small
amount of Ni-MB crystals were formed on the substrate
with the reaction time of 6h. The depth-distance of
Ni-MB membrane grown for 9h still has a few defects
that lead to the initial parts of the depth less than 0nm.
As the reaction time increased to 12h, strong positive
signals were found in the depth-distance of Ni-MB
membrane (Fig. 5c2), which can be attributed to the
Ni-MB crystal layer. It means that the sufficient growth
of Ni-MB seeds on the ceramic substrate generated a
continuous Ni-MB layer without macroporous defects.
Thus, the synthesis time of 12h was selected to prepare
Ni-MB membrane in the following work.

Physical and chemical properties of Ni-MB
membranes

The XRD patterns of the seeding substrate, Ni-MB
membrane and Ni-MB single crystal are displayed in
Fig. 6. Only weak characteristic peaks can be observed
in Fig. 6a, indicating a thin seed layer on the support.
Over 12h secondary growth, the formed Ni-MB

Figure 4. (a) Scanning electron microscopy (SEM) image of original Ni-MB powders; (b) SEM image
of Ni-MB seed after high-energy ball mill; (c) X-ray diffraction patterns of simulated Ni-MB single
crystal, as-prepared Ni-MB particles, and ball-milled Ni-MB seeds; and (d) thermal gravimetric curve
of Ni-MB crystal and ball-milled Ni-MB seeds. This figure is available in colour online at www.
apjChemEng.com.
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membrane exhibited a very strong diffraction, and the
characteristic peaks well agreed with the XRD pattern
of Ni-MB single crystal. FT-IR analysis is frequently
used to characterize the HMOF chemical structure. In
the present work, it was employed to confirm if Ni
atoms were bonded into the framework of the Ni-MB
HMOF. In order to avoid the influence of water and
adsorbed molecules, all samples were dried at 70 °C
under vacuum overnight before measurement. As
shown in Fig. 7, the FT-IR spectra of both Ni-MB
seeding layer and membrane are consistent with that
of the as-synthesized Ni-MB single crystal. The peak
at 1509cm�1 was often referred to Ni-O, which has

been widely accepted as a proof of Ni atoms
substitution into the framework. The peak at
1585cm�1 also indicates to the bending vibration of
C=C of the bipyridine. Compared with the spectra of
the Ni-MB seed layer on the support (Fig. 7a), the
Ni-MB membrane (Fig. 7b) showed an increased
magnitude of the band around 1509cm�1.
The surface morphologies of the seeding layer and

the prepared Ni-MB membranes are shown in Fig. 8b
and c, respectively. The submicron-sized Ni-MB seeds
are evenly distributed on the substrate. The membrane
surface is covered by truncated cubic grains with an
average edge length of 10μm. The corresponding

Figure 5. Scanning electron microscopy images of Ni-MB membrane of different reaction time (a1) 6 h, (b1)
9 h, and (c1) 12 h, and the corresponding profiles of the depth-distance of different reaction time (a2) 6 h,
(b2) 9 h, and (c2) 12 h. This figure is available in colour online at www.apjChemEng.com.
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cross-sectional SEM image (Fig. 8d) illustrates that the
thickness of the Ni-MB layer is about 25μm. In
addition, energy-dispersive X-ray spectroscopy (EDX)
characterization was used to better distinguish the
separation layer and the supporting layer. Two main
elements distributions of Ni and Al in the selected cross
section of HMOF composite membrane were given in
Fig. 8e. It can be clearly observed that there is a sharp
transition between Ni-MB layer and α-Al2O3 substrate.

Interfacial adhesion properties of Ni-MB
membranes

The nano-scratch experiment was carried out with the
conical probe (Fig. 9a). In the scratch scan, a constant

load at 0.05mN was applied between 0 and 20μm.
Corresponding with a ramping rate of 2.5mNs�1, the
maximum load was up to 50mN at the end of the scan
(500μm). Duplicate tests were conducted three times
for each membrane. The adhesion strength of
separation layer to the substrate can be evaluated by
the critical load at failure, which is obtained by noting
the obvious discontinuity in the scratch depth-
displacement curve (Fig. 9b). This critical load at the
failure is a measure of the adhesive strength of the
composite membrane (Fig. 9c). We found the critical
load of the Ni-MB composite membrane is about
20.6mN. It suggests that the Ni-MB layer exhibited a
strong adhesive force onto the ceramic substrate, which
would promise the Ni-MB membrane mechanically
stable during the module installation and long-term
continuous operating for separation.[45,46]

Gas permeation properties of Ni-MB
membranes

In order to further confirm the integrity of Ni-MB
membrane, single-gas permeation experiments were
performed at 25 °C. Before the experiment, the
membrane sample was dried at 70 °C under vacuum
overnight. The feed side was controlled at different
pressures, and the permeate side was open to
atmosphere. As shown in Fig. 10, the permeate flux
of N2 through the α-Al2O3 substrate increases with
the transmembrane pressure drop, because the process
of gas through the large pore size support mainly exists
in the form of the massive contribution of viscous flow
to the total flow. In contrast, the permeate flux of N2

through the Ni-MB membrane is much lower than that
obtained in the blank ceramic substrate. Moreover, it is
almost independent on the transmembrane pressure
drop, indicating the absence of macroscopic defects.[38]

Then, the single permeation performances (H2, N2,
CH4, and CO2) of the compact Ni-MB membrane were
measured using gas permeation setup.[38] All tests were
conducted at 25 °C, 0.1MPa. The CO2 selectivity with
respect to H2, N2, and CH4 was investigated in details.
As shown in Fig. 11, the corresponding permeances of
H2, N2, CH4, and CO2 reach 15.49×10�8, 4.81×10�8,
4.46×10�8, and 0.17×10�8molm�2 s�1Pa�1,
respectively. The ideal selectivities of H2/CO2, N2/
CO2, and CH4/CO2 were calculated by the permeance
ratio of gas pairs, which are 89, 27, and 25,
respectively. These values are much higher than the
Knudsen diffusion selectivities (3.74, 1.23, and 1.66,
respectively). A reasonable explanation for this unusual
phenomenon may be that the strong interaction
between gas molecules and Ni-MB frameworks
provides powerful adsorption of CO2 molecules onto
the Ni-MB membrane because of the significant
quadrupole moment and polarizability.[47,48] As a
result, the channels (or pores) for transporting CO2

Figure 6. (a) X-ray diffraction patterns of the Ni-MB seed layer
on -Al2O3 substrate and (b) Ni-MB membrane on -Al2O3
substrate; and (c) Ni-MB single crystal diffraction data. This
figure is available in colour online at www.apjChemEng.com.

Figure 7. Fourier transform infrared spectra of the Ni-MB seed
layer (a), Ni-MB membrane (b), and Ni-MB crystal (c). This
figure is available in colour online at www.apjChemEng.com.
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molecules may be partially blocked, which decreases
CO2 diffusion. According to the solution–diffusion
model for gas separation, it is well known that the

diffusivity has a great effect on the permeance.[10]

Therefore, the Ni-MB membranes exhibit an excellent
H2/CO2 ideal selectivity.

Figure 8. Photograph of blank ceramic substrate and as-prepared Ni-MB membrane (a); surface scanning
electron microscopy (SEM) images of Ni-MB seed layer (b) and Ni-MB membrane (c); cross-sectional SEM
image of Ni-MB membrane and selected area for energy dispersive X-ray (EDX) spectroscopy (d), EDX
spectroscopy: red-Al; green-Ni (e). This figure is available in colour online at www.apjChemEng.com.

Figure 9. (a) Detailed schematic diagram of a nano-scratch on a composite membrane; (b) scratch
load for the Ni-MB membrane; and (c) corresponding friction for Ni-MB membrane. This figure is
available in colour online at www.apjChemEng.com.
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From the structure of Ni-MB crystal, three oxygen
atoms of malate anions coordinate in a mode by
hydroxy and carboxylic oxygen atoms,[37] and one
nitrogen atom from 4,4′-bipyridyl is bounded in trans
position with its the hydroxo. Co2+ forms coordinate
bond with oxygen atoms from malates of two adjacent
Co-mal entities. The overall framework represents five-
connected uninodal network and owns a sequential
quadratic programming topology with a small 4×4Å
channels of the bridging 4,4′-bipyridyl into the
framework. Therefore, the as-prepared membrane can
be anticipated to the potential chiral separation of small
molecule racemic alcohols and aliphatic amines such as
butanediol and butafume, because of the unique
channels or pores of Ni-MB structure.

CONCLUSION

In summary, by analyzing the factors of temperature,
concentration, and time, good quality of crystal with
high yield of nanosized Ni-MB seeds can be obtained.
Combining the method of high ball milling and
secondly growth, a new homochiral MOF membrane,
[Ni2(mal)2(bpy)]•2H2O, has been successfully
synthesized on a porous substrate. SEM imaging
together with nano-indentation/nano-scratch technique
identified the formation of continuous Ni-MB layer
on the top of ceramic substrate with a strong interfacial
adhesion force of 20.6mN. Additionally, the integrity
of Ni-MB membrane was well confirmed by
experiment of nitrogen permeation. Regarding with
rapid development in chiral MOF materials and distinct
advantages of membrane separation, the Ni-MB
homochiral MOF proposed in this work was
anticipated to have potential application for chiral
compounds separation.
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