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Abstract

The pore characterization of ZIF system using small-angle X-ray scattering

(SAXS) technique is presented for the first time. The pore characterization of

ZIF-67 framework structure as model system using the conventional nitrogen

adsorption and SAXS methods was performed in this work. The comparison

between the results obtained by two methods can provide the verification,

complementary information, and error analysis to the conventional method

using nitrogen atom as probe. The pore network and morphology are subjected

to the topology of ZIF framework structure. The theoretical calculation of pore

morphology in the unit cage of ZIF-67 structure is verified by this SAXS char-

acterization. This SAXS study can be used as the reference of modeling pore

for general ZIF systems.
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1 | INTRODUCTION

Metal–organic frameworks (MOF)1,2 are a class of porous
crystalline materials with high specific-surface-area con-
structed from metal nodes coordinated with organic
ligand as linker. MOFs have a wide range of applications
such as energy storage/conversion,3 gas separation,4

catalysis,5 biomedicine6 carbon capture,7 etc. The func-
tionality diversity can be large due to the structural tun-
ability (pore structure modification and surface
functionalization) where a variety of nodes and linker
can be combined to generate an indefinite number of
promising materials.8 The structural features of the hier-
archically complicated MOFs can be analyzed based on
the network structure (net) topology, composed of nodes
and linkers, for designing new MOF structures. The
diverse topology and pore structure control of MOFs
through variation of linker or metal nodes exhibit drasti-
cally different catalytic activities and properties.9 Zeolite
imidazolate frameworks (ZIFs) are a unique class of
MOFs, currently attracting considerable interest by their

exciting potential for hydrogen storage and carbon diox-
ide capture.10 Especially, tetrahedral metal centers (typi-
cally M = Zn or Co) are coordinated by the imidazolate
bridging ligand (Im = C3N2H3–), forming the extended
3D open framework with zeolite type topology. Over
150 distinct ZIF structures have been synthesized.11–13

Remarkably, ZIFs have the combining advantages:
(a) the excellent chemical and thermal stability of classi-
cal zeolite traits and (b) rich topological diversity and
pore size tunability of MOFs.10–11 It is important to
explore the structure of ZIF for correlating with ZIF
processing and application performance.

Among the ZIFs, ZIF-67 can be particularly synthe-
sized by a facile and environmentally friendly method.
The synthesized ZIF-67 and its derivative due to the tun-
able pore aperture, highly stable nanostructure, and cata-
lytic activity have attracted great interest of scientists. For
the topology of ZIF-67, the metal CO2+ coordinating clus-
ters playing a part in secondary building units are linked
with 2-methylimidazole. ZIF-67 showed a great perfor-
mance in various applications such as catalysts, gas
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adsorption, molecular separation, electrode materials,
etc. Moreover, the network and pore characteristics of
ZIFs have significant effects on the mechanical proper-
ties.10 The small-angle X-ray scattering (SAXS) technique
is an effective and directly nondestructive tool to study
the various structures, such as size, morphology, and dis-
tribution of a large number of nanoparticles in the bulk
sample.14–17 In the past time, SAXS characterization of
ZIFs almost focused on the crystal growth.18–20 There is
no SAXS study investigating the pore characteristics of
ZIFs. Although the pore morphology of ZIF plays an
important role in the control of functionality and perfor-
mance/potential of various applications, the currently
used method characterizing pore structure of ZIFs is the
nitrogen gas adsorption technique. N2 adsorption analysis
can determine the textural properties, such as specific
surface area (SSA), pore size distribution (PSD), total
pore volume, etc. According to the literature,21 the gas
sorption analysis adopted for pore characterization has
several limitations: (a) diffusional hindrance of gas mole-
cule as probe, (b) closed porosity, (c) different interaction
models between gas and adsorbent molecule, and
(d) different assumptions adopted for micropore (slit-like
geometry) or mesopore (cylindrical geometry). The pore
analysis results obtained from different models signifi-
cantly differ from one another. Moreover, the determined
pore size in gas adsorption is sensitive to the size of the
adopted gas molecules as probe, leading to the molecular
scale resolution.

In contrast, SAXS intensity is caused by the spatial
electron density around the atom, providing the very
high resolution. X-ray as probe has high penetration
capacity, which is not affected by the closed pores. SAXS
technique is able to accurately resolve the size, geometry,
and spatial network of the pores at different length scales
for the porous materials, demonstrating the advantages
over the usual techniques.22–24 The SAXS characteriza-
tion can gain significant insight into the real pore struc-
ture and usually serves as the complementary tool
regarding the conventional gas adsorption method. How-
ever, the disadvantages of scattering method are require-
ment of the appropriate modeling to the scattering data
and the pre-knowledge of material characteristics ana-
lyzed. The SAXS pore characterization of similar highly
porous systems25,26 such as MOFs and covalent organic
frameworks (COFs), as the model of interpretation could
play an important role, which is still very few. The pre-
sent study presents the pore characterization of ZIF-67
structure as model system using SAXS analysis for the
first time. The pore characterization of ZIF-67 using the
conventional nitrogen adsorption method was also
performed. The comparison between the results obtained
by two methods can provide the verification,

complementary information, and error analysis to the
conventional gas adsorption using nitrogen as probe. This
SAXS study can also be used as the reference of modeling
for the pore analysis of general ZIF systems. The theoreti-
cal calculation of pore morphology according to the
topology of ZIF framework structure is verified by this
SAXS characterization.

2 | RESULTS AND DISCUSSION

2.1 | Powder X-ray diffraction of ZIF-67
crystal

The prepared ZIF-67 as the model system here has a
three-dimensional crystalline microporous structure, con-
structed by the ligand mIm and CO2+ metal clusters. Fig-
ure 1 shows the powder X-ray diffraction (PXRD)
analysis of the prepared ZIF-67 nanocrystal powders,
exhibiting the sharp characteristic peaks of ZIF-67, at
2θ = 7.7� for (011), at 2θ = 10.5� for (002), at 2θ = 12.9�

for (112), at 2θ = 18.2� for (222), etc..27 The measured
ZIF-64 PXRD pattern is consistent with the calculated
pattern of the typical ZIF-67 bulk structure with cubic
crystal symmetry and unit cell parameters
a = b = c = 16.95 Å.11 The well-prepared ZIF-8 crystal is
expected to have ordered microporous cages and network
for pore characterization.

2.2 | Textural properties measured by
nitrogen gas adsorption method

To understand the textural properties of the prepared
ZIF-67 crystal, the N2 77 K adsorption and desorption

FIGURE 1 Measured PXRD pattern of ZIF-67 crystal in

comparison with the theoretical calculation
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measured are performed and the obtained isotherms are
shown in Figure 2. The specific surface area (SEA) deter-
mined by BET method is 1780 m2/g. Total pore volume
obtained from N2 adsorption isotherm at P/p = 0.99 is
0.73 cm3/g. Micropore volume determined from t-plot
model is 0.67 cm3/g. The BET SSA of ZIF-8 is about 1780
m2/g, which basically agrees with the literature reports13

and is the highest among the ZIF-67 prepared by the
other groups. The pore size distribution determined by
nonlocal density functional theory (NLDFT) model is
shown in Figure 3. The pore diameter of 1.1 nm is domi-
nant. The pore distribution has a broad distribution rang-
ing from 0.9 to 1.5 nm. In contrast, two peaks appeared
in the pore size distribution of ZIF-8 crystal (with the
same lattices structure but Zn metal cluster) determined
by adsorption method and H-K model are at 1.7 and
2.2 nm.13 Apparently, the pore size determined by gas
adsorption method has a substantial discrepancy.

2.3 | Topology and framework structure

For the network topology of ZIF-67 framework structure,
the metal CO2+ metal clusters as tetrahedral building
blocks, also known as secondary building units, are coor-
dinated by 2-methylimidazole ligand (mIm linker) into a
sodalite unit cell (or called sodalite cage), as shown in
Figure 4. Different architectures of the incorporated
linkers (substituted ligand) cause the extended 3D open
framework of ZIF structures exhibit unique network
topologies (nets). SOD and LTA having cubic arrange-
ment are two well-known types of ZIF topology,28 as
shown in Figure 4. The ZIF-7, −8, −9, and −67 structure
(composition: Zn(bIm)2, Zn(mIm)2, Co(bIm)2, and

Co(mIm)2, respectively) have SOD-type nets. The ZIF-20
structure has LTA-type net. The ZIF-68 (composition:
Zn(bIm)(nIm)) structure has complicated GME-type net.
The ZIF-8, −67, and −20 structures with cubic symmetry
can afford high porosities and SSAs.10

2.4 | Theoretical calculation of pore in
cage and open framework

According to the theoretical calculation of Yaghi's
group,29 the existence of ligand linker with a side chain

FIGURE 2 Nitrogen 77 K adsorption (solid symbol) and

desorption (empty symbol; inset) isotherms of the prepared ZIF-67

crystal

FIGURE 3 Pore size distribution determined by nitrogen gas

adsorption isotherm and NLDFT model

FIGURE 4 Schematic representations of (1) ZIF-67 unit cage

(blue: tetrahedral metal cluster; black: carbon), and (2) SOD and

LTA network topologies extended by the same unit cell/or cage
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(e.g., CH3 or NO2 group) or an aromatic ring on the
linker makes the pore heterogeneously functionalized
across the series. Figure 5 shows the relationship between
network topology, unit cage, and pore morphology for
different ZIFs. The diameters of the largest sphere that
will fit into the cavity for ZIF-8, −20, −67, and −68 struc-
tures are calculated to be 11.6, 15.4, 11.6, and 10.3 Å,
respectively. On the other hand, the Cheetham's group10

calculated the effect of pore occupancy in the ZIF-67
framework in which the DMF solvent molecules are
trapped inside the pore, as shown in Figure 6. Two differ-
ent calculations consistently show the diameter of acces-
sible pore is 11.6 Å for ZIF-67.

2.5 | Pore characterization by SAXS

Figure 7 shows the measured SAXS profiles of FIZ-67 nano-
crystal sample as a function of scattering vector Q. There
is an upturn intensity in low-Q region of 0.01–0.12 Å−1

showing the power-law scattering behavior (I[Q] / Q-α).
Because the exponent α is 3.8, the upturn intensity can be
attributed to the fractal surface of ZIF-67 crystallites. This
SAXS profile has a shoulder at Q = �0.26 Å−1, indicating
the contribution of particle form factor from spherical
pores.14,16 The SAXS profiles can be modeled by

I Qð Þ=A �Qα +
4π
3

� �2

NΔρ2
ð∞
0
f Rð ÞR6F2 QRð ÞdR+ b, ð1Þ

where the first term is used to describe the power law
scattering from fractal surface of nanocrystals, A is a

constant. The constant b is incoherence scattering back-
ground. The second term is the form factor of polydis-
perse sphere pores. N is number density of pores. Δρ is
the scattering length density difference between pore and
crystalline matrix. f(R) is Schulz distribution and used to
assume the pore size distribution. R is the pore radius.
The polydispersity of pores is defined by σ/Ravg. σ is the
variance of the size distribution. Ravg is the averaged radius

FIGURE 5 The cages of ZIF-67, −20, and −68 structures are

shown in the top row (Zn tetrahedral clusters in blue; Co

tetrahedral clusters in pink; linker is shown in ball-and-stick

representation; C, black; N, green; O, red). The yellow ball indicates

the space in the cage (corresponding pore morphology). The bottom

row displays the corresponding nets (with SOD, LTA, and GME

topology, respectively), demonstrating the morphology of pore

network (in yellow color). Reproduced with permission from ref.

[29], 2008 Copyright Science

FIGURE 6 Pore morphology and accessible volumes

(indicated by yellow surface) of ZIF-67 unit cage (ZIF-8 has the

same cage). Hydrogen atoms are omitted here for clarity. (Zn,

pink; C, gray; N, blue). (Reproduced with permission from ref. [10],

2010 Copyright, Proc. of National Academy of Science)

FIGURE 7 The measured SAXS profile of ZIF-67 crystal in

comparison with the calculated intensity by model (solid black

curve). The dashed blue line is the contribution of the form factor

of spherical pores resolved from the model. The inset shows the

SAXS data subtracted from the power-law-scattering data in the

low-Q region and the incoherent background that is in the Q region

corresponding to the pore size and have the error bars of 5–20%

WANG ET AL. 503



of size distribution. F(QR) is the scattering amplitude of the
pore with radius R as given by14,16

F QRð Þ= sin QRð Þ−QRcos QRð Þ½ �
QRð Þ3 : ð2Þ

The measured SAXS profile can be fitted well by
Equation (1). The fitted diameter is 11.8 Å. The polydisper-
sity is 13%, showing the very narrow width of distribution.
This variance of pore size distribution is due to the quality
at the atomic scale of the prepared ZIF-67 single crystallites.
The SAXS analysis result is very close to the theoretical
diameter (11.6 Å) of the pore in the cage compared to the
size measured by gas adsorption method. In this work, the
form factor assuming cylindrical pore cannot get the best fit
result. The SAXS method using the electron density contrast
can successfully probe the spherical pore morphology con-
tained inside the unit cage.

However, The SAXS intensity contributed by the large-
scale pore network formed by the all connected pores in the
3D framework structure cannot be detected due to the dom-
ination of contribution of fractal surface of crystal. On other
hand, there is a diameter (3.4 Å) of a spherical pore passing
through that pore (or a width of pore channel passing
through the 3D framework) according to the Yaghi's crystal
structure calculation.29 The pore channel with diameter of
3.4 Å can also be seen in Figure 6. This small pore size is
too small to be detected because the Q range is beyond the
SAXS instrument limitation.

On the other hand, there is a model-independent
approach for cross check. First of all, the Porod invariant can
be calculated by the integration of SAXS profile as
follows16,25

~Q=
ð∞
0
Q2I Qð ÞdQ: ð3Þ

In Equation (3), I(Q) is the SAXS profile subtracted
from the power-law scattering intensity and the incoher-
ent background (also shown in Figure 7). The ratio of
surface to volume (S/V) for pores can be determined by
Porod law as follows16,25

S
V

=
π

Q̌
Q4I Qð Þ� �

Q!∞: ð4Þ

The Q4I(Q) value is the asymtotic value determined in
the high-Q region of Porod plot. The determined S/V
ratio from the SAXS profile is 0.67. The S/V ratio of
spherical pore coresponding the model fitting result is 0.5
(= 3/R). The deviation may be due to the polydispersity
of pore size and the error bars of SAXS data (5–20%). In

contrast, the theoretical S/V ratio of thin-rod-like pore or
the pore channel formed by the confinement of network
is 0.33. This value largely deviates from the result of
model-independent SAXS approach. Most space of the
pore channel with a diameter of 3.4 Å (indicated in
Figure 6) is included in the spherical pores except for a
small portion (neck connecting two spherical pores).
Therefore, the SAXS intensity contributed by the small
pore channel can be neglected.

3 | EXPERIMENTAL

3.1 | Synthesis of ZIF-67

The ZIF-67 was synthesized based on a previous reported
literature.27 CO(NO3)

2�6H2O of 1.46 and 2.46 g of
2-methylimidazole were dissolved in 75 ml of methanol
followed by 30-min stirring in ambient temperature.
Then, the solution aged for 24 hr at ambient temperature.
The purple precipitates were filtered and washed with
methanol three times. Finally, the ZIF-67 as-synthesized
was evacuated in vacuum with 100�C for 12 hr.

3.2 | X-ray diffraction, nitrogen
adsorption isotherms and small-angle X-
ray scattering measurement

The PXRD measurement of ZIF-67 is performed by Bruker
D2 Phaser X-ray diffractometer using Cu Kα (λ = 1.54 Å)
target under operation of 30 kV and 10 mA. The PXRD pat-
terns were collected from 5�–70�, with a scan step size of
0.04� and a scan rate of 7�/min. The nitrogen adsorption
and desorption isotherms of ZIF-67 were obtained at 77 K
using Micromeritics ASAP 2020 volumetric gas adsorption
analyzer. The prepared sample was pretreated at 120�C
overnight under high vacuum (<10–2 mbar) environments
before nitrogen introduction. The SAXS experiment was
carried out at BL23 beamline of National Synchrotron Radi-
ation Research Center, Taiwan. The prepared SAXS sample
has transmission of �0.46. The SAXS configuration can
enable the Q range be 0.007–0.4 Å−1. The SAXS profile was
reduced from 2D SAXS pattern according to the standard
procedure.

4 | CONCLUSIONS

The SAXS characterization for pore morphology of ZIF
stricture is presented for the first time, verifying the cal-
culation based on the crystal structure. Pore morphology
in the unit cage of ZIF-67 can be quantitatively
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determined by the SAXS analysis in this work, being
more effective than the conventional method. The pore
network and morphology is subjected to the topology of
ZIF framework structure. The NLDFT model determin-
ing the pore size distribution of ZIF based on nitrogen
adsorption can provide a better evaluation than the HK
model.
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