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A B S T R A C T

A new micron-sized leaf- two-dimensional (2D) structured zeolitic imidazolate framework (ZIF-L) and nano-
sized ZIF-8 were successfully synthesised in aqueous basic solution at room temperature with the same molar
ratio of reagents (Zn+2/Hmim= 8). Both ZIFs have attracted tremendous research interest due to their wide
applications including absorption, separation, and catalysis. This phase and morphology change could be tai-
lored by changing the concentration of base-type additive triethylamine (TEA). Also, this morphology change
from 2D (ZIF-L) to three-dimensional (3D) (ZIF-8) was observed by X-ray diffraction (XRD), transmission
electron microscopy (TEM), field emission scanning electron microscopy (FESEM), thermogravimetric analysis
(TGA), attenuated total reflectance infrared (ATR-IR) spectroscopy analysis, and surface area and pore textural
properties using micromeritics gas adsorption analyser. The total amount of basic sites and carbon dioxide (CO2)
desorption capacity were also calculated using CO2 temperature-programmed desorption (CO2-TPD) technique.
Furthermore, TEA/total mole ratio of 0.0006 was proved as transition loading between two phases. Also, the
particle and crystal size of samples decreased with increasing TEA/total mole ratio. The smallest ZIF-L and ZIF-8
particles obtained were 1.6 μm and 177 nm, respectively that showed excellent thermal stability. The basicity
and uptakes of CO2 improved proportionally with TEA and followed this order: ZIF-8 > ZIF-L. This study
provides some new insights into zeolitic imidazolate framework by controlling crystal growth and morphology.

1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are a new subclass of metal-
organic frameworks (MOFs) and emerge as a new family of molecular
sieves and porous structure. The highly diversified structures, tunable
pore sizes, and versatile functionalities inspired many researchers to
explore its different industrial applications such as CO2 adsorption [1],
catalysis [2], membrane fabrication for gas separation [3], and gas
storage [4,5]. Common metal sites used for synthesis of ZIFs are Zn+2

and Co+2 and there are many types of imidazole-type linkers like
imidazole (IM), 1-methylimidazole (mIM), 2-methylimidazole (Hmim),
1-ethylimidazole (eIM), and 2-nitroimidazole (nIM). The combination
of different metal sites and imidazole ligands would result in different
structures and properties of ZIFs [6]. Solvothermal method and mi-
crowave-assisted are the most versatile approaches and to the best of

our knowledge, most types of MOFs can be synthesised through these
methods [6,7,8]. Despite the maturity of the process, both approaches
suffer from high energy requirement while utilising expensive organic
solvent in highly diluted manner [9,10]. Contradictory, aqueous system
synthesis is reported to provide economical, rapid, nano-sized, and
higher yield of formation compared to solvothermal and microwave-
assisted synthesis [9,11]. Up to date, only limited types of MOFs have
been successfully synthesised in aqueous solution because most organic
ligands are insoluble in water [12,13].

Among the MOFs, ZIF-L and ZIF-8 have been documented to be well
compatible with aqueous system synthesis. Nonetheless, MOFs are well-
developed porous compounds but ZIFs are still in their infancy, such as
crystal growth and pore structure. Recently, many researchers have
synthesised and characterised various types of ZIFs particles
[2–4,13–32]. Liquid-phase diffusion in methanol process is used for the
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production of ZIFs crystals [28,29] but it takes many days to produce it.
Zhang et al. [33] identified that Co/Hmim molar ratio played an im-
portant and crucial role in the synthesis of ZIF-L-Co with leaf-like
structure. They also concluded that lower concentration of reactants
gave larger particle size and vice versa. Pan et al. [34] replaced the
organic solvent with water during the synthesis of ZIF-8 at room tem-
perature and the resultant ZIF-8 nanoparticles showed excellent
thermal stability. However, the requirement of the high molar ratio of
zinc salt and organic ligand (1:70) makes this process costly and ha-
zardous. Despite the different approaches that have been used for
tuning the crystal shape and morphology of ZIFs, far less effort has been
employed to the economical, friendly, and fast synthesis of ZIFs for CO2

adsorption.
ZIF-L and ZIF-8 have many similarities that provides a unique op-

portunity to investigate their crystal growth during the synthesis such
as both have the same reagents, i.e., zinc salt and Hmim [22,31]. Also,
similar CO2 adsorption capacity makes them promising materials for
purification of natural gas [4]. A 2D ZIF-L is made up of the same
building blocks as ZIF-8 [28] and have been widely used in various
separation processes as an adsorbent to remove hazardous wastes such
as dyes, aromatics, arsenic, and heavy metals [35], gas detachment,
heterogeneous catalysis, drug delivery, and sensors [36].

The objective of this work is to investigate the effect of base type
additive (TEA) on the morphology of ZIFs and CO2 adsorption perfor-
mance. Besides, critical loading of TEA that was used for intermediate
structure between ZIF-L and ZIF-8 was identified during the synthesis
process. Also, its influence on their CO2 adsorption capacity would be
reported and discussed here. The temperature programmed desorption
(TPD) is the best technique to calculate basicity and CO2 adsorption/
desorption behaviour of porous materials [37]. To the best of our
knowledge, the presented CO2-TPD results for ZIF-L and ZIF-8 are the
first experimental evidence of basicity calculations.

2. Experimental Section

2.1. Materials

The materials used to synthesise ZIF-L were zinc nitrate hexahydrate
(Zn (NO3)2 ∙6H2O, 99% purity), an organic linker, 2-methylimidazole
(Hmim, 99% purity), and base-type additive triethylamine (TEA, 99.5%
purity) to change its structure. All chemicals were purchased from
Sigma-Aldrich and used without any further purification.

2.2. Synthesis of ZIF-L and ZIF-8

The synthesis of ZIF-L was described in literature [1,28] while some
changes were done in this work to enhance the yield, decrease the
chemical usage and improved desorption capacity. Briefly, the key
synthesis parameters were the ratio of Hmim/zinc ion molar ratio (e.g.,
8) and TEA/total mole ratio of the reactants. Approximately 2.95 g
(1.98 mmol) of Zn (NO3)2 ∙6H2O and 6.5 g (15.83 mmol) of Hmim were
dissolved in 200 mL of deionised water. Various amounts of TEA were
added to Hmim solution as the deprotonation agent as shown in
Table 1. Then, the aqueous solution of Zn (NO3)2 ∙6H2O was added into
the aqueous solution of Hmim with stirring. The mixture was stirred at
room temperature at various time intervals. The product was obtained
by repeated centrifugation (10,000 rpm for 10 min), washed by deio-
nised water to remove residual chemicals, and then dried in an oven at
60 °C for 12 h. The products ZIF-L (A0, A1, A2, and A3) were obtained
at TEA/total mole ratios of 0, 0.0002, 0.0003, and 0.0005, respectively.
Also, A4 and A5 represented transition stage. Meanwhile, ZIF-8 samples
(A6 and A7) were also obtained when the TEA/total mole ratios of the
reactants were increased up to 0.001 and 0.002, respectively. The yield
of the products was measured using Eq. (1) and reported in Table 1.

=
− −

− −

×Yield (%) ZIF L or ZIF 8 (obtained)
ZIF L or ZIF 8(theoretical)

100
(1)

2.3. Characterization

2.3.1. Physicochemical Analysis
The field emission scanning electron microscopy (FESEM) images

were taken using a Hitachi SU 8020 microscope. The X-ray diffraction
(XRD) analysis was performed on a Rigaku smart lab diffractometer
using CuKα radiation at 40 KV and 30 mA in the 2θ range of 3°–100°.
The attenuated total reflectance infrared (ATReIR) spectroscopy ana-
lysis was performed using IRTracer-100 (Single Reflection Diamond for
Spectrum Two, Shimadzu) to observe the functional groups of the
synthesised ZIF-8 samples. The thermogravimetric analysis (TGA, Q
500, TA Instrument, USA) was used to check the thermal stability of the
synthesised samples at different TEA loadings. TGA recorded the weight
changes of the sample when heated from 30 to 900 °C at a heating rate
of 10 °C/min under nitrogen atmosphere. The flow rate of N2 was used
up to 40 mL/min. The specific BET surface area, pores textural prop-
erties of the synthesised samples, and nitrogen adsorption-desorption
isotherms were measured using Micromeritics gas adsorption analyser
ASAP 2010 instrument equipped with a commercial software for cal-
culation and analysis.

2.3.2. CO2 Temperature Programmed Desorption (CO2-TPD)
CO2 temperature-programmed desorption tests were conducted to

determine the total amount of basic sites on the surface of the ZIF-L and
ZIF-8 samples. Experiments were carried out on Auto Chem II 2920

Table 1
Different TEA/total mole ratio, yield and time for the synthesis of ZIL-L and ZIF-8.

Sample TEA/total
mole ratio

TEA
volume
(mL)

Duration of
synthesis (min)

Yield (%) Product

A0 0 0 240 [23] 90 ZIF-L
A1 0.0002 0.5 60 80 ZIF-L
A2 0.0003 1 60 90 ZIF-L
A3 0.0005 1.5 60 90 ZIF-L
A4 0.0006 2 60 80 Transition

phase
A5 0.0009 3 60 80 Transition

phase
A6 0.001 4 60 80 ZIF-8
A7 0.002 5 60 90 ZIF-8

Fig. 1. XRD pattern of the synthesised samples with different TEA/total mole ratios: A0
(0), A1 (0.0002), A2 (0.0003), A3 (0.0005), A4 (0.0006), A5 (0.0009), A6 (0.001), and A7
(0.002).
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