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ABSTRACT: As a subset of the metal−organic frameworks,
zeolitic imidazolate frameworks (ZIFs) have potential use in
practical separations as a result of flexible yet reliable control
over their pore sizes along with their chemical and thermal
stabilities. Among many ZIF materials, we explored the effect
of thermal treatments on the ZIF-7 structure, known for its
promising characteristics toward H2 separations; the pore sizes
of ZIF-7 (0.29 nm) are desirable for molecular sieving,
favoring H2 (0.289 nm) over CO2 (0.33 nm). Although
thermogravimetric analysis indicated that ZIF-7 is thermally
stabile up to ∼400 °C, the structural transition of ZIF-7 to an
intermediate phase (as indicated by X-ray analysis) was observed under air as guest molecules were removed. The transition was
further continued at higher temperatures, eventually leading toward the zinc oxide phase. Three types of ZIF-7 with differing
shapes and sizes (∼100 nm spherical, ∼400 nm rhombic-dodecahedral, and ∼1300 nm rod-shaped) were employed to elucidate
(1) thermal structural transitions while considering kinetically relevant processes and (2) discrepancies in the N2 physisorption
and CO2 adsorption isotherms. The largest rod-shaped ZIF-7 particles showed a delayed thermal structural transition toward the
stable zinc oxide phase. The CO2 adsorption behaviors of the three ZIF-7s, despite their identical crystal structures, suggested
minute differences in the pore structures; in particular, the smaller spherical ZIF-7 particles provided reversible CO2 adsorption
isotherms at ∼30−75 °C, a typical temperature range of flue gases from coal-fired power plants, in contrast to the larger rhombic-
dodecahedral and rod-shaped ZIF-7 particles, which exhibited hysteretic CO2 adsorption/desorption behavior.

1. INTRODUCTION

Among metal−organic frameworks, zeolitic imidazolate frame-
works (ZIFs) have attracted the attention of researchers as an
alternative to other microporous materials including zeolites
because of their promising properties such as large surface area,
facile synthesis, and controllable pore size.1−3 In particular,
ZIFs are known for their high chemical and thermal stabilities,
which are primarily due to the strong bonding among their
components.4 Indeed, the use of ZIFs has been reported in
many applications, including sensors,5,6 catalysts,7 catalyst
supports,8 selective layers on catalysts via encapsulation,9−11

adsorbents,12,13 matrix fillers,14−17 membranes,13,18−22 drug
delivery,23,24 and so on.

In particular, on the basis of molecular dynamics
simulations,25,26 ZIF-7 is expected to exhibit high hydrogen
permselectivity, making it a good candidate for establishing a
continuous hydrogen-selective membrane. Indeed, ZIF-7
membranes have been experimentally demonstrated as effective
for H2/CO2 separations in precombustion processes.13,27

However, the thermal stability of ZIF-7, which presumably
affects its intrinsic properties (including adsorption capacities)
in the long term, has not yet been rigorously investigated,
despite its importance for practical and reliable applications.
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To the best of our knowledge, Park et al.4 first reported the
chemical and thermal stabilities of ZIF-7 along with other types
of ZIFs. Chemical stability tests have been conducted via
monitoring of X-ray diffraction (XRD) patterns of ZIF-7
immersed in various solvents (e.g., benzene, water, ethanol,
etc.) at different temperatures and duration times, while the
thermal stability has been examined via thermogravimetric
analysis (TGA). Recently, a study related to structural changes
in ZIF-7 due to thermal treatment was reported; interestingly,
structural changes due to the removal of occluded water inside
the as-synthesized ZIF-7 resulted in restoration of the original
ZIF-7 phase after CO2 readsorption.28 This indicated the
successful incorporation of CO2 within the ZIF-7 framework,
accompanying recovery of the original ZIF-7 phase. More
recently, ZIF-7 phase reversibility was also evidenced via
readsorption of ethanol or N,N-dimethylformamide (DMF),29

indicating the importance of the adsorption−desorption of
guest molecules in determining the structure and, accordingly,
the interactions between the guest molecules and the host ZIF-
7 framework.
In most practical applications (adsorptions, membranes,

catalyst supports or selective layers, etc.), the activation of as-
synthesized ZIF-7s via the elimination of occluded water and/
or solvent is necessary to fully open the pore space. Despite
previous demonstrations of interesting reversible phase
transition features due to the presence of certain guest
molecules,28,29 the structural changes of ZIF-7 should be
appropriately correlated with its properties according to desired
applications. Especially, the properties of ZIF-7 in which
organic compounds are incorporated into the framework
should not be regarded as similar to the properties of
conventional inorganic materials such as zeolites.30 For
example, ZIF-7 activation via thermal treatment has been
shown to induce a structural change in ZIF-7.28,29 Accordingly,
the phase transition should be crystallographically deciphered
and its effect on properties should be studied. On this basis, the
experimental properties of activated ZIF-7s can be correlated
with their structural information; furthermore, the appropriate
simulations and/or theoretical studies can be beneficial in
predicting their properties as necessary.31,32 In addition, an
accurate understanding of the characteristics of ZIF-7s is critical
for their use in desired applications. For example, an
appropriate activation process is required in order to avoid
the defect formation in ZIF-7 membranes that results from a
difficult removal of guest molecules.21 Under this circumstance,
an effective strategy should be developed, as exemplified by
solvent exchange prior to activation for less-defective ZIF-78
membrane formation.33

N2 physisorption analysis, although widely used to analyze
pore structures in microporous materials, has shown significant
inconsistencies in several ZIF-7 materials.14,34,35 This un-
common result might indicate that the pore structure of ZIF-7
is a considerably sensitive function of its synthetic origin and/or
post-treatment method and is thus potentially different in the
final pore mouth and/or channel topology, resulting in a
surface resistance or barrier.36−39 In addition, CO2 adsorption
isotherms in ZIF-7 at temperatures greater than 0 °C are in
good agreement among the data reported in the litera-
ture,28,29,40 showing (1) similar CO2 saturation capacities and
(2) the presence of hysteretic adsorption/desorption behaviors.
Nevertheless, to the best of our knowledge, the effects of the
shape and size of ZIF-7 on its CO2 adsorption properties has
not been intensively studied to date despite its importance in

practical applications such as adsorption- and membrane-based
methods for effective CO2 separations in both pre- and
postcombustion processes.13,41

To this end, a rigorous investigation of the thermal stability
of ZIF-7 and its CO2 adsorption properties is highly desirable
as a starting point, and to the best our knowledge, the present
study is the first attempt for this purpose. Here we employed
three ZIF-7s possessing different shapes and sizes. Although
TGA results suggested the higher thermal stability of ZIF-7s
under air even at ∼400−550 °C,4,15,17,20 XRD indicated that
the ZIF-7 structure had already been converted into zinc oxides
at ∼400 °C, requiring careful consideration under oxidative
conditions. Surprisingly, the guest molecules inside the three
ZIF-7s consisted mainly of DMF, not water as reported in the
literature.4 As inconsistent data for identifying guest molecules
inside ZIF-7s have been reported,17,20,42 the use of comple-
mentary characterization tools (here, C/H/N elemental
analysis, TGA, and FT-IR spectroscopy) is highly desirable to
obtain accurate information.
Finally, we measured the CO2 adsorption isotherms of the

three activated ZIF-7s. Despite their identical ZIF-7 crystal
structures, they showed distinctive CO2 adsorption isotherms,
indicating a difference in their pore structures at the molecular
level. Almost reversible CO2 adsorption/desorption isotherms
were for the first time observed for the smallest ZIF-7 (∼100
nm) and are seemingly due to the flexible pore structure near
and on its outer surface. On the contrary, as previously
reported,28,29,40,44 hysteretic CO2 adsorption/desorption be-
haviors were detected for the other larger ZIF-7s, plausibly as a
result of their nonpreferred interaction with CO2. On the basis
of the fundamental understanding of these unique CO2
adsorption properties, the deliberate choice and effective
control of the ZIF-7 pore structure are necessary for its
realization in energy-efficient CO2 capture.

2. EXPERIMENTAL SECTION
2.1. Synthesis of ZIF-7 Particles. First, spherical ZIF-7 was

synthesized using a reported method.20 Specifically, 0.77 g of
benzimidazole (bim) (98%, Sigma-Aldrich) and 0.3 g of zinc nitrate
hexahydrate, Zn(NO3)2·6H2O (98%, Sigma-Aldrich), were added to
∼100 mL of DMF (99%, Sigma-Aldrich) in a 500 mL plastic bottle.
For convenience, bIM is used to represent benzimidazolate in the ZIF-
7 structures. The final molar composition of the synthesis solution was
0.15 Zn2+:1 bim:200 DMF. After reaction at room temperature for 2
days under stirring, the solid product was centrifuged and washed with
DMF three times. The recovered product was further dried at room
temperature. For convenience, this sample is denoted as ZIF-7-S,
where S represents the spherical morphology of ZIF-7.

Second, rod-shaped ZIF-7 was synthesized using a reported
method.43 Briefly, 0.31 g of bim and 0.27 g of zinc chloride, ZnCl2
(99%, Sigma-Aldrich), were added to ∼30 mL of DMF contained in a
Teflon liner, followed by the addition of 0.47 g of diethylamine (DEA)
(99.5%, Sigma-Aldrich). The final molar composition of the synthesis
solution was 0.74 Zn2+:1 bim:150 DMF:2.4 DEA. The Teflon liner
containing the reaction solution was sealed in an autoclave and rotated
at ∼40 rpm for 24 h in an oven preheated to 130 °C. After completion
of the reaction, the autoclave was quenched in tap water. The product
was centrifuged, washed with DMF three times, and further dried at
room temperature. This sample is denoted as ZIF-7-R, where R
represents the rod morphology of ZIF-7.

Finally, rhombic-dodecahedral ZIF-7 particles were synthesized
using a procedure developed in this study. For the synthesis, 0.41 g of
bim and 0.56 g of zinc acetate dihydrate, Zn(CH3COO)2·2H2O (99%,
Sigma-Aldrich), were added to ∼30 mL of DMF in a Teflon liner,
followed by the addition of 3.14 g of DEA. The final molar
composition of the synthesis solution was 0.75 Zn2+:1 bim:110
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DMF:12.5 DEA. The Teflon liner containing the reaction solution was
sealed in an autoclave and rotated at ∼40 rpm for 48 h in an oven
preheated to 130 °C. After completion of the reaction, the autoclave
was quenched in tap water. The product was centrifgued, washed with
DMF three times, and further dried at room temperature. This sample
is denoted as ZIF-7-D, where D represents the dodecahedron in the
rhombic-dodecahedral morphology of ZIF-7, similar to a previous
study.44 The yields of ZIF-7-S, -D, and -R were estimated as ∼60, ∼70,
and ∼20%, respectively.
In addition to the three synthetic approaches for ZIF-7, another

synthesis in ethanol or methanol media was performed in an attempt
to ascertain the effect of the solvent on the ZIF-7 synthesis. About 0.77
g of bim and 0.3 g of Zn(NO3)2·6H2O were added to ∼100 mL of
ethanol (99.5%, Sigma-Aldrich) or methanol (99.85%, Sigma-Aldrich)
in a 500 mL plastic bottle, giving a final molar composition of 0.15
Zn2+:1 bim:260 ethanol or 380 methanol. After completion of the
reaction at 30 °C for 2 days under stirring, the solid product was
centrifuged and washed with the respective solvent (ethanol or
methanol) three times. The recovered product was further dried under
ambient conditions. For convenience, the samples obtained as
described above are denoted as E_30 and M_30, where E and M
represent ethanol and methanol solvents, respectively, and 30 indicates
the reaction temperature (in °C).
Synthesis using ethanol as the solvent was also attempted at a higher

temperature of 130 °C with a different additive. First, 0.31 g of bim
and 0.58 g of Zn(NO3)2·6H2O were added to ∼30 mL of ethanol in a
Teflon liner, with the subsequent addition of 0.47 g of DEA. Second,
0.31 g of bim and 0.27 g of ZnCl2 were added to ∼30 mL of ethanol in
a Teflon liner, with subsequent addition of 0.35 g of sodium formate,

NaCOOH (99%, Sigma-Aldrich), to the mixture. The final molar
compositions of the two synthesis solutions were: (1) 0.74 Zn2+:1
bim:200 ethanol:2.4 DEA and (2) 0.74 Zn2+:1 bim:200 ethanol:2
NaCOOH, respectively. The Teflon liners containing the reaction
solutions were sealed in autoclaves and rotated at ∼40 rpm for 2 days
in an oven preheated to 130 °C. After completion of the reaction, the
autoclave was quenched in tap water. The product was recovered as
was done for E_30. For convenience, the resulting particles based on
the above two synthetic approaches are denoted as E_130_1 and
E_130_2, respectively, where 130 indicates the synthesis temperature
(in °C).

2.2. Stability Tests of ZIF-7 Particles. The three ZIF-7-x (x = S,
D, R) materials were heat-treated at temperatures of 110, 200, 300,
400, 500, and 600 °C for certain times using a furnace (CRF-M20-UP,
Plusko-lab, South Korea) or an oven (DX302, Yamato Scientific Co.,
Japan) under air. For convenience, a ZIF-7-x sample heat-treated at y
°C for a duration of z (e.g., z = 1d for a duration of 1 day) is denoted
as ZIF-7-x_y_z. Some ZIF-7-x (x = S, D, R) samples were heat-treated
in a vacuum oven (OV-11, JEIO TECH, South Korea) at 200 °C;
these are denoted as ZIF-7-x_y_z_V, where V indicates the vacuum
condition. In addition, ZIF-7 particles that had already been heat-
treated (ZIF-7-x_200_1d; x = S, D, R) were tested following two
approaches to determine ZIF-7 structure reversibility via water
adsorption; they were exposed to ambient conditions for ∼2 days
and were also immersed in deionized (DI) water and agitated using a
shaker (SI-300R, Lab Companion) for ∼7 days. The resulting sample
after immersion in DI water is denoted as ZIF-7-x_200_1d_W, where
W indicates immersion in water.

Figure 1. (a1−c3) SEM images of (a1) ZIF-7-S, (b1) ZIF-7-D, and (c1) ZIF-7-R (first row) and particles obtained after heat treatments of ZIF-7-x
(x = S, D, R) at (a2−c2) 200 °C (second row) and (a3−c3) 600 °C (third row). For the heat treatment, dried samples were exposed to 200, 300,
400, 500, and 600 °C for 1 day under air; these are denoted as ZIF-7-x_y_1d (x = S, D, R; y = 200, 300, 400, 500, 600). For clarity, the SEM images
of ZIF-7-x_y_1d (y = 200 and 600) are shown here, while the complete set of SEM images is displayed in Figure S1 in the Supporting Information.
(a4−c4) SEM images of particles ZIF-7-x_200_1d_W (x = S, D, R, respectively) recovered after immersion of ZIF-7-x_200_1d in water for 7 days
(last row). Scale bars above the SEM images indicate 1 μm.
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2.3. Characterizations. Scanning electron microscopy (SEM)
images of ZIF-7 crystals were acquired using a field-emission scanning
electron microscope (Hitachi S-4300). A Pt layer was coated onto each
sample via ion sputtering (Hitachi E-1030). XRD patterns of ZIF-7
before and after heat treatments under air were acquired in the θ/2θ
configuration using a Rigaku D/Max-2500 V/PC diffractometer
(Japan) with Cu Kα radiation (40 kV, 100 mA, λ = 0.154 nm). For
comparison, a simulated XRD pattern of ZIF-7 was generated using
Mercury software [available from the Cambridge Crystallographic
Data Centre (CCDC), www.ccdc.cam.ac.uk]. For simulation, a
crystallographic information file (CIF) for ZIF-7 was obtained from
the CCDC Web site (deposition number 602541).4 In addition,
temperature-programmed XRD measurements were performed using
an Empyrean diffractometer (PANalytical) with monochromatized Cu
Kα radiation (λ = 1.54056 Å). The diffractometer was equipped with
an in situ chamber (HTK-16N, Anton Paar) and a temperature control
unit (TCU 200N, Anton Paar). A sample was dispersed in ethanol and
then deposited on a Pt strip. While the temperature was increased
from 25 to 700 °C, in situ XRD patterns were collected isothermally at
intervals of 100 °C. During the measurement, the chamber was filled
with an atmosphere of argon (for inert conditions) or air (for oxidative
conditions). N2 physisorption isotherms at 77 K and CO2 adsorption
isotherms at different temperatures (0−75 °C) of ZIF-7s were
measured using an ASAP 2020 instrument (Micromeritics, Inc.). In
order to eliminate undesired sorption during storage, both thermally
activated ZIF-7-x_200_2d and ZIF-7-x_200_1d_V (x = S, D, R)
particles were further degassed at ∼120 °C overnight before
measurements. In addition, unknown phases (i.e., E_130_1 and
E_130_2) were used to acquire the N2 physisorption isotherm at 77 K
and the CO2 adsorption isotherm at 30 °C; these samples were also
degassed at ∼120 °C at least overnight before measurements. For
TGA measurements, ZIF-7 particles dried at room temperature were
heated to ∼1000 °C at a ramp rate of ∼5 °C·min−1 under either air or
N2 (SDT-Q600, TA Instruments).

3. RESULTS AND DISCUSSION

Figure 1a1−c1 illustrates the differing shapes and sizes among
the three ZIF-7 types: spherical, rhombic-dodecahedral, and
rod-shaped morphologies were observed for ZIF-7-S, -D, and
-R, respectively, with corresponding sizes of ∼100, ∼400, and
∼1300 nm in the longest dimension. The common feature
shared by these three materials is the ZIF-7 structure; however,
their differing geometries and sizes make them good standard
materials for comparing the thermal stabilities of ZIF-7 while
considering kinetic effects.
Figure 2a shows the XRD patterns of ZIF-7-S, -D, and -R

particles and the corresponding XRD patterns after heat
treatment at 200−600 °C for 1 day under air (i.e., ZIF-7-
x_y_1d; x = S, D, R; y = 200, 300, 400, 500, 600). After heat
treatments at 200 and 300 °C, the sharp peaks of ZIF-7-S
broadened in general. This possibly indicates a reduction in its
effective particle size due to some detachment of the initially
aggregated as-synthesized ZIF-7 particles during heat treat-
ment, though it was not pronounced in the SEM images
(Figure 1a1,a2). After heat treatments at higher temperatures
(above 400 °C), the initial ZIF-7-S was totally converted into
zinc oxide, as confirmed by the simulated XRD pattern of zinc
oxide. This result can be interpreted to occur because zinc
atoms incorporated in the ZIF-7 framework apparently become
dissociated and fully oxidized by oxygen in air at high
temperatures. In addition to this obvious outcome, it was
noted that additional peaks appeared for ZIF-7-S after heat
treatments at 200 and 300 °C, as indicated by the blue arrows
in Figure 2a. For convenience, this phase is denoted as ZIF-7-S-
I, where I refers to an intermediate phase en route to the final
zinc oxide phase.

Figure 2. (a) XRD patterns of ZIF-7-S (left), -D (middle), and -R (right) along with those obtained after heat treatments. For the heat treatment,
dried samples were exposed to 200, 300, 400, 500, and 600 °C for 1 day under air; ZIF-7-x_y_1d (x = S, D, R; y = 200, 300, 400, 500, 600). The
simulated XRD patterns of zinc oxide and ZIF-7 are included for comparison, and asterisks in the XRD patterns indicate the peaks from the
aluminum sample holder. (b) TGA results for ZIF-7-S (left), -D (middle), and -R (right) in air (black) and nitrogen (red) environments. (c) XRD
patterns of ZIF-7-x, ZIF-7-x heat-treated at 200 °C for 1 day under air, and ZIF-7-x immersed in water under ambient conditions for 7 days [x = S
(left), D (middle), R (right)]. For comparison, the XRD pattern of E_30, a phase obtained in ethanol solvent instead of DMF, has also been
included at the top.
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The observation of such additional peaks was reported in
recent studies.28,29 In particular, those additional peaks
disappeared specifically above a certain pressure of CO2 (∼60
kPa) at 30 °C, resulting in recovery of the original ZIF-7-S
XRD pattern after CO2 readsorption. This reversibility of the
XRD pattern of ZIF-7 was attributed to the replacement of the
positions inside ZIF-7 originally occupied by water with CO2.
Similar changes in the XRD patterns due to heat treatments
were observed for ZIF-7-D and -R, although the additional
peaks appearing after 200 °C (indicated by the red arrows for
ZIF-7-D and -R in Figure 2a) were sharper that those for ZIF-
7-S. In this form, ZIF-7-D and -R can also be denoted as ZIF-7-
D-I and -R-I, respectively, based on the naming of ZIF-7-S-I;
furthermore, these materials are denoted as ZIF-7-I for the
general expression of the intermediate phase regardless of type.
In view of the fact that the ZIF-7 phase transition into the zinc
oxide form is a kinetically limited process given the duration
time (here, 1 day), the coexisting XRD patterns of ZIF-7-R-I
and zinc oxide for ZIF-7-R_400_1d (Figure 2a) suggested that
the structural transition was a function of ZIF-7 size, apparently
reflected by the longer characteristic length of ZIF-7-R
compared with ZIF-7-S and -D (Figure 1a1−c1). In other
words, the temperature delay for the transformation of ZIF-7-R
toward ZnO can be ascribed mainly to the mass transport
limitation during oxidation because of its much larger
dimensions compared with those of ZIF-7-S and -D.
As shown in Figure 1a1−a3 and Figure S1 in the Supporting

Information, we could not distinguish any difference in ZIF-7-S
shapes or sizes before and after heat treatments up to 600 °C
under the SEM resolution, although XRD patterns (Figure 2a)
confirmed that ZIF-7-S exposed to temperatures greater than
400 °C was already converted into the zinc oxide phase. In
contrast, the shape of ZIF-7-D was well-preserved under heat
treatment for up to 1 day at 300 °C, with a dramatic change to
the globular shape above 400 °C (Figure 1b1−b3 and Figure
S1), where a phase transition to zinc oxide was confirmed by
the XRD pattern (Figure 2a). In addition, the rod shape of ZIF-
7-R was preserved up to a heat treatment temperature of 400
°C (Figure 1c1−c3 and Figure S1), seemingly as a result of its
longer dimension compared with ZIF-7-S and -D, as also
supported by the XRD patterns in Figure 2a. As expected,
although a minor zinc oxide phase was observed in ZIF-7-R at
400 °C, the eventual complete change to the zinc oxide phase
was also observed beyond 500 °C, yielding a final globular
shape similar to that for the other two materials.
TGA characterization is often adopted to show the thermal

stability of ZIF-7 materials.4,20 On the basis of TGA, ZIF-7 was
previously established as having thermal stability in either N2 or
air environments up to ∼400−500 °C.4,15,17,20 TGA results for
all three ZIF-7 types (Figure 2b) also indicate that the weight
changed, mainly because of the desorption of guest molecules
at ∼200 °C, with no distinct change observed up to ∼400−450
°C. With respect to the empirical formula of Zn(bIM)2·(H2O)3
for ZIF-7,4 its initial weight change as a result of water removal
was estimated as ∼15.3%, which was close to the measured
value of 12.8% for ZIF-7-S. However, its C/H/N elemental
composition (C, 54.0 ± 1.3; H, 4.2 ± 0.5; N, 19.3 ± 0.6; see
Table S1 in the Supporting Information) was different from the
counterpart according to the above empirical formula (C,
47.54; H, 4.56; N, 15.84).4 Considering the both presence of
H2O and DMF in the as-synthesized ZIF-7-S, the empirical
formula for ZIF-7-S was estimated to be Zn(bIM)2·
(DMF)0.5±0.1·(H2O)0.5±0.5. It appears that the water content

had a higher uncertainty than the DMF content. The presence
of DMF was also supported by the FT-IR results for the as-
synthesized ZIF-7-S (Figure S2), while the amount of H2O was
significantly negligible, validating the aforementioned uncer-
tainty in the H2O fraction. At this point, it would be reasonable
to assume that a majority of the guest molecules were DMF
solvent molecules, though we cannot completely rule out the
presence of some H2O. This leads to the empirical formula
Zn(bIM)2·(DMF)0.6, which is then close to the one reported in
a previous study by Kang et al.15 The estimations based on both
elemental analysis and TGA results for ZIF-7-D and -R resulted
in the comparable empirical formulas Zn(bIM)2·(DMF)0.68 and
Zn(bIM)2·(DMF)0.52, respectively. In Figure 2b, the presence
of zinc oxide due to the complete oxidation of zinc atoms in
ZIF-7s under air accounted for ∼22.3, ∼23.5, and ∼25.6 wt %
portions for ZIF-7-S, -D, and -R, respectively (Table S1). Those
measured values for ZIF-7-x (x = S, D, R) were in good
agreement with the values of ∼23.7, ∼23.3, and ∼24.1%
calculated from the respective empirical formulas. Although the
conclusion that ZIF-7 is stable up to ∼400−450 °C in either air
or N2 environments, similar to the results of previous
studies,4,15,17,20 can be drawn from the TGA results shown in
Figure 2b, the XRD patterns in Figure 2a verified a structural
change of ZIF-7 eventually toward the zinc oxide phase due to
the heat treatment under air.
We found that there have been inconsistent results in the

literature for deriving the empirical formula. For example, the
TGA result around 300 °C showed ∼15.8 wt % loss,20 which
was similar to the original experimental value of 15.8 wt %.4

However, the fraction of zinc oxide under oxidative conditions
was 32.7 wt %, which was significantly different from the
theoretical value of 23.0 wt %. On the other hand, it was
reported that the molecule inside ZIF-7 was DMF, not H2O,
though the corresponding FT-IR spectra exhibited the presence
of H2O.

15 In addition, the C/H/N elemental analysis results in
a recent work42 were close to those reported by Park et al.,4

indicating that the empirical formula was also Zn·(bIM)2·
(H2O)3. However, the corresponding weight loss up to 300 °C
(∼6.1%) was much smaller than the expected value (15.8%),
and the FT-IR results also indicated the presence of DMF in
the as-synthesized ZIF-7 to some extent. These inconsistent
reports support the importance of the rigorous, accurate
characterization of ZIF-7s as demonstrated in this study and the
need to use multiple characterization methods for reasonable
validation. At this point, we would like to emphasize that on the
basis of the accurate understanding of ZIF-7, the thermal
activation processes required for full opening of the pore space
should be appropriately conducted for desired applications, as
exemplified by a novel strategy to lead to less-defective ZIF
membranes via the effective removal of guest molecules (e.g.,
DMF).21,33

We further investigated the structural change of ZIF-7 by
varying the heat treatment time up to 7 days at 200 °C. Figure
S3 shows the XRD patterns of ZIF-7-x_200_z (x = S, D, R; z =
12 h, 1 day, 2 days, and 7 days). In all three samples, ∼12 h
exposure at 200 °C led to similar changes in the XRD patterns,
and the resulting XRD patterns were maintained for up to ∼7
days without further noticeable changes; this implies that the
structural change was primarily due to the removal of guest
molecules (mainly, DMF), as indicated by TGA in Figure 2b.
However, no apparent difference in ZIF-7 shapes was noted
before and after heat treatment at 200 °C (Figure 1a1−c1 and
Figure S4).
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Figure S5 shows the XRD patterns of ZIF-7-S after heat
treatments at 400 °C with varying duration times (up to 24 h).
Even after a short time of 2 h, the above-mentioned typical
change in the XRD patterns (Figure 2a) was also clearly
evident, indicating the facile removal of guest molecules at the
higher temperature (400 °C). Unlike the heat treatment at 200
°C, additional peaks between ∼31 and 36° appeared after
treatment for ∼12 h and became gradually more pronounced
with increased time. A treatment time of 20 h was sufficient for
conversion of the ZIF-7 phase to the zinc oxide phase. This
kinetic study of the structural change of ZIF-7-S at 400 °C
indicated that as guest molecules were totally desorbed from
the ZIF-7-S framework, broadened XRD peaks were initially
observed along with the appearance of the additional peaks
(corresponding to ZIF-7-S-I); as time further elapsed, the ZIF-
7-S-I phase began to collapse and rearrange, resulting in the
total conversion to the zinc oxide phase. Along with the XRD
patterns in Figure 2a, this supports the conclusion that the zinc
in the original ZIF-7 was gradually oxidized with increasing
time under air and eventually converted into zinc oxide.
As previously reported,28 one may expect that the removal of

water and/or solvent in ZIF-7 induces its structural change. In
order to confirm this, we traced the transient weight change of
ZIF-7-S mainly due to the gradual removal of guest molecules
(i.e., DMF along with very little H2O) at ∼110 °C (Figure 3a)
and analyzed the corresponding XRD patterns in order to
correlate the structural change with the amount of guest
molecules inside ZIF-7-S (Figure 3b). Figure 3a shows that as
guest molecules were quickly removed from ZIF-7-S up to ∼10
h and then were slowly desorbed, a plateau was reached after
∼24 h. The ZIF-7-S phase appeared to be well-preserved up to
∼18 h. However, after ∼21 h, especially when the guest
molecules were almost removed (Figure 3a), the ZIF-7 phase
was then transformed into the aforementioned intermediate
phase (i.e., ZIF-7-S-I). On the basis of both the TGA and XRD
characterizations, one may conclude that the structural change
in ZIF-7-S can be strongly ascribed to the complete elimination
of guest molecules in ZIF-7-S. Recently, the ZIF-7 phase
accompanied by an additional phase was reported for a ZIF-7
sample after heat treatment at 200 °C prior to CO2 adsorption
isotherm measurements.28 On the basis of the current study,
the XRD pattern in that study indicated that the occluded water
was successfully removed by degassing processes. However, in a
more recent study,35 although as-synthesized ZIF-7 was dried at
130 °C before characterizations, the corresponding XRD
pattern was still similar to that of as-synthesized ZIF-7. As a
possible reason, solvent exchange of the as-synthesized ZIF-7
with methanol allowed its substitution for water, and the

subsequent elimination of methanol did not induce the phase
change; otherwise, the water or methanol was not fully
removed during drying, though pretreatments in that study
(∼155 °C for 3 h under vacuum) for measuring N2
physisorption and CO2 adsorption isotherms were likely
sufficient for removal purposes. At that time, the XRD pattern
would be similar to that of the ZIF-7-I phase. This
demonstrates the importance of deliberate handling of ZIF-7
for its appropriate use due to its intrinsic properties, especially
via the accurate understanding of post-treatments and the
corresponding structural information.
Despite an indirect investigation, we exposed ZIF-7-

x_200_1d (x = S, D, R) to ambient conditions in order to
determine whether it could possibly be converted back into the
original ZIF-7 via adsorption of water vapor in the air.
However, exposure of ZIF-7-x_200_1d (x = S, D, R) to
ambient conditions for up to ∼2 days did not result in a
reversible transition to the original ZIF-7-S, suggesting an
insufficient amount of adsorbed water vapor to regenerate the
original ZIF-7 (Figure S6). This can be attributed to the low
rate of diffusion of water into the ZIF-7-I phase and the low
water vapor pressure (∼3 kPa) as a driving force at room
temperature. Instead, we immersed ZIF-7-x_200_1d samples (x
= S, D, R) in DI water and left them for 7 days to expedite
water adsorption; Figure 2c shows that the immersion of the
three ZIF-7s in water rather caused the phase transition to an
unknown phase, which was coincidentally similar to that
obtained after synthesis in ethanol or methanol media instead
of DMF (Figures S7 and S8). Unlike ZIF-7, the unknown phase
was well-preserved after heat treatment at 200 °C for 1 day
(Figure S8). For convenience, the unknown phase is denoted as
phase X from now on. Such a phase has recently been reported
in the literature for an attempted ZIF-7 synthesis in a water/
ethanol mixture.29 Compared with the synthesis at room
temperature, the XRD patterns of phase X were more
pronounced for the synthesis at a higher temperature of 130
°C (Figure S9). Despite the improved crystallinity at that
temperature, N2 physisorption and CO2 adsorption isotherms
(Figure S9) suggest that the unknown phase X was
considerably dense with no accessible microporous structures
and was of no use for any practical membrane- or adsorption-
based separations.
Figure 1a4−c4 and Figure 2c reveal that the exposure of

ZIF7_S_200_1d to liquid water resulted in not only the phase
transition to phase X but also its concomitant morphological
change. After its immersion in water, the small globular ZIF-7-S
was changed to particles consisting mainly of large
parallelopipedons. Some residual globular ZIF-7-S particles

Figure 3. (a) TGA results for ZIF-7-S at 110 °C as a function of time. (b) XRD patterns of ZIF-7-S after the exposure to 110 °C under air over
varying durations (2 h to 4 days), along with the simulated XRD patterns of zinc oxide and ZIF-7.
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(indicated by red arrows in Figure 1a4), apparently in the
process of transformation to the final unknown phase X, were
also observed on the outer surface of the parallelopipedons.
The existence of residual ZIF-7-S was noted by the retention of
the main XRD pattern of ZIF-7-S (indicated by a blue arrow in
Figure 2c). A similar morphological change after water
immersion for 7 days was also observed for the other ZIFs,
as shown in panels b4 and c4 of Figure 1. At this point, it is
worth mentioning that despite differences in the synthetic
routes for the ZIF-7s and E_30 or M_30, the immersion of
ZIF-7s in water resulted in an identical crystal structure but a
different crystal shape (Figure 1a4−c4 and Figure S7).
Unlike the manifest feature whereby full oxidation of zinc

atoms in ZIF-7 results in a zinc oxide phase (Figure 2a), we
conjectured that an inert environment would not lead to the
ZIF-7 phase change until a certain temperature, where thermal
degradation and concomitant structural collapse take place. In
order to confirm this, we acquired temperature-programmed
XRD patterns of all three ZIF-7s under both air and argon flows

(Figure 4). Under air, XRD patterns similar to those observed
in Figure 2a were also recognized; new XRD peaks in addition
to those of ZIF-7 (corresponding to the ZIF-7-I phase)
appeared at ∼200 °C, and the ZIF-7-I phase was further
converted into zinc oxide at a temperature higher than ∼400
°C. Among the three, the XRD patterns at ∼500 °C for ZIF-7-
R revealed the coexistence of ZIF-7-R-I with zinc oxide, as
opposed to the ZIF-7-S and -D, which were completely
transformed to zinc oxide at that temperature. On the contrary,
under inert argon flows, all three ZIF-7 structures were well-
preserved, even at 500 °C, in the form of the ZIF-7-I phase. As
the heat treatment temperature was increased to 600 °C, the
XRD patterns corresponding to the ZIF-7-I phase were
transformed either to a new unidentified phase (for ZIF-7-S
and -D) or coexisted with the unidentified phase (for ZIF-7-R).
The new peaks around 2θ = 40° (indicated by red arrows in
Figure 4a2,b2) accompanied the appearance of the unidentified
phase for ZIF-7-S and -D. Heat treatment at a higher
temperature (≥700 °C) under argon flows is likely to

Figure 4. Temperature-programmed XRD patterns measured under (a1−c1) air and (a2−c2) argon flows for ZIF-7-S, -D, and -R, respectively.
Asterisks denote the XRD peaks attributed to the Pt sample holder. For clear comparison, the XRD patterns at 100 °C are marked in red and the
XRD patterns that indicate phase conversion to zinc oxide under air (upper row) or thermal degradation under argon (lower row) are marked in
blue.

Figure 5. (a1−c1) N2 physisorption (upper row) and (a2−c2) CO2 adsorption isotherms (lower row) of ZIF-7-S_200_2d (left), -D_200_2d
(middle), and -R_200_2d (right) particles. For N2 physisorption, black and red points represent adsorption and desorption, respectively, while for
CO2 adsorption, solid and open points indicate adsorption and desorption, respectively. The SEM images of ZIF-7-x (x = S, D, R) from Figure 1a1−
c1, respectively, are shown in the insets of (a1−c1) for size comparison.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja5016298 | J. Am. Chem. Soc. 2014, 136, 7961−79717967



completely collapse the unidentified phase, as shown for ZIF-7-
D (Figure 4b2). As the largest ZIF-7-R showed the highest
structural stability under air conditions (Figure 2a and Figure
4a1−c1), the XRD pattern corresponding to the unidentified
phase in the largest ZIF-7-R were also preserved at a higher
temperature (here, 700 °C) under an argon flow. Interestingly,
the XRD patterns stemming from the smallest ZIF-7-S showed
the existence of the unidentified phase at 700 °C under an
argon flow, while the XRD pattern almost disappeared at the
same temperature for the larger ZIF-7-D counterpart under an
argon flow. This possibly suggests that thermal degradation was
retarded in the aggregated form of ZIF-7-S, though the ZIF-7-S
particles were smaller than the ZIF-7-D particles.
Temperature-programmed XRD analysis (Figure 4) indicates

that the structural integrity of ZIF-7 was strongly correlated to
the thermal treatment employed (i.e., temperature and
environment). Indeed, ZIF-7, which is known for its high
thermal stability,1,4 displayed thermal stability up to ∼500 °C
under inert conditions, though longer exposure tests are
necessary to confirm this. This result is a reflection of the
strong interaction between the benzimidazolate ligands and
zinc atoms; however, when activation processes that are mainly
targeted to remove water and/or solvent must be conducted
under air or any oxidative conditions, careful attention should
be paid to avoid the undesired phase transition. The activation
process at ∼200 °C under air, as supported by the long-term
heat treatment up to 7 days (Figure S3), appears to be desirable
for ZIF-7, especially in eliminating DMF and/or water and thus
fully opening the interior pores. FT-IR spectra of the ZIF-7-I
phase (Figure S2) also evidenced the successful removal of the
guest molecules after heat treatments at 200 °C.
Recognizing discrepancies in the N2 physisorption results in

the literature,14,34 we also measured N2 physisorption isotherms
at 77 K for all three ZIF-7 samples (Figure 5a1−c1). In
particular, heat-treated ZIF-7 samples (i.e., ZIF-7-x_200_2d),
which apparently contained no guest molecules, were chosen
for adsorption measurements in an attempt to ascertain their
representative features. Figure 5a1−c1 demonstrates that the
N2 physisorption results for the three samples were
considerably different as well, and the corresponding external
surface areas extracted from Brunauer−Emmett−Teller (BET)
analysis (∼150, ∼25, and ∼4 m2·g−1 for ZIF-7-S, -D, and -R,
respectively; Table S2) indicated that N2 was mainly
physisorbed on the external surface and thus that N2
physisorption was dependent on their particle sizes. In addition,
CO2 adsorption isotherms for all three ZIF-7s were measured
in the range of 0−75 °C (Figure 5a2−c2). The CO2 adsorption
isotherms of ZIF-7-D and -R were similar to those reported in
previous studies28,29,40,45 with respect to CO2 saturation
capacity (∼2−3 mol·kg−1) and the presence of hysteresis.
However, the CO2 adsorption isotherms of ZIF-7-S were totally
distinct, especially at 30−75 °C, the typical temperatures of
flues gases generated from a coal-fired power plant:41 they
exhibited both identical adsorption and desorption points and a
reduced CO2 adsorption amount at 100 kPa. It was reported
that simulated CO2 adsorption isotherms at ∼25−30 °C28,46

could not account for the hysteretic behavior, presumably
because of a lack of structural information on the ZIF-7-I phase,
and thus showed reversible adsorption/desorption behaviors.
Figure S10 reveals that the simulated CO2 adsorption isotherms
followed the general trend of monotonic, smooth increase, and
in particular, the result reported by Morris et al.46 was in good
agreement with that of ZIF-7-S at 30 °C shown in Figure 5a2.

Despite the similarities between the simulated adsorption
data for ZIF-746 and the experimental data for ZIF-7-S in this
study, the activation process for the experimental counterpart46

was apparently not appropriately conducted because the
resulting XRD pattern was identical to the simulated ZIF-7
XRD pattern; this indicated that the occluded molecules were
not yet fully removed, as discussed from the results in Figure 3.
Nevertheless, hysteretic behavior was observed in the
experimental CO2 adsorption isotherm of ZIF-7 in that
study.46 This also addresses the importance of ZIF-7 handling
for an accurate understanding of its intrinsic properties (here,
CO2 adsorption isotherms) and for its appropriate use in
applications. Figures S11 and S12 indicate that the environment
during heat treatment was irrelevant to ZIF-7 activation, as
reflected by the almost identical XRD patterns and CO2
adsorption isotherms at 30 °C for heat-treated ZIF-7-x (x =
S, D, R) under air and vacuum conditions.
With the discrepant, unique CO2 adsorption isotherms, we

turned to NMR techniques in an attempt to assess the possible
defects inside ZIF-7s. Although 67Zn NMR spectra would be
useful for this purpose, the low content of Zn inside ZIF-7 and
the low natural isotopic abundance and small magnetogyric
ratio of 67Zn make it challenging to obtain 67Zn NMR spectra
of ZIF-7.47 Alternatively, the 13C cross-polarization/magic-
angle-spinning (CP/MAS) NMR spectra of as-synthesized ZIF-
7s (ZIF-7-x; x = S, D, R) and heat-treated ZIF-7s (ZIF-7-
x_200_2d) were obtained (Figure S13). For all three samples,
the 13C CP/MAS NMR spectra also evidenced the presence of
DMF, as observed for their FT-IR spectra (Figure S2). After
heat treatments at 200 °C for 2 days, it appeared that DMF was
almost completely removed from the ZIF-7 structure. There
was no marked difference among the 13C CP/MAS NMR
spectra of ZIF-7-x_200_2d, but we noticed that the spectra
corresponding to the carbon positions 3 and 4 in the
benzimidazolate (Figure S13) had multiple sharp peaks and
were comparable for ZIF-7-D and -R, while for ZIF-7-S the
counterparts were rather smeared out. This can be understood
by the possible presence of disordered structures near the outer
surface for the smallest ZIF-7-S. The disordered structure could
be more flexible than the core ZIF-7 structure, interacting with
guest molecules (here CO2) and favoring their facile
adsorption/diffusion inside. This flexibility, which would be
expected to decrease at lower temperatures, is also supported
by the increased degree of the hysteresis in ZIF-7 at low
temperatures (0 and 15 °C) (Figure 5a2). On the contrary, the
rigid structures in the larger ZIF-7-D and -R would not provide
the same degree of structural flexibility, and thus, a higher CO2
pressure would be required to induce the preferred interaction
that leads to its adsorption/diffusion inside ZIF-7s. Proposed
schematics for the structures of ZIF-7-S and ZIF-7-D and -R are
illustrated in Scheme S1 in the Supporting Information.
The remarkable discrepancy in the CO2 adsorption

isotherms of the three ZIF-7s in Figure 5a2−c2 can be
understood by the above-mentioned disordered structure in
ZIF-7-S, as its degree is generally increased with decreasing
particle size. The agreement between the isotherm for ZIF-7-S
and the simulated counterpart46 (Figure S10) possibly indicates
that although ZIF-7-S was transformed into the ZIF-7-S-I phase
after guest molecule removal, the structure of ZIF-7-S-I was still
close to that of the original ZIF-7-S and the transport resistance
near and on the outer surface was not pronounced in the ZIF-
7-S and ZIF-7-S-I phases. Furthermore, the isosteric heats of
CO2 adsorption calculated from the CO2 adsorption points at
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30−75 °C for ZIF-7-S in Figure 5a2 were ∼32−34 kJ·mol−1

(Figure S14), which were very close to the calculated binding
energies of 29.6 or 31.8 kJ·mol−1 in preferential CO2 adsorption
sites.46 This remarkable agreement also supports the plausible
similarity between the ZIF-7-S and ZIF-7-S-I structures.
In order to obtain ZIF-7 with ideal intrinsic properties, it

must undergo appropriate activation, mainly by heat treatment.
In this study, the complete removal of guest molecules (mainly
DMF) from ZIF-7 by conducting the heat treatment at ∼200
°C allowed for a fully opened pore structure accompanied by
the inevitable structural transition of ZIF-7 to the ZIF-7-I phase
(Figure 2a). With respect to membrane-based H2/CO2
separation, one of the promising candidates for the utilization
of ZIF-7 was tested up to 220 °C in the literature,27 and it was
found that the structure of the as-synthesized or dried ZIF-7
membranes could be changed to a mixed phase containing ZIF-
7 and the unknown phase (i.e., ZIF-7-I) depending on the
exposure time and environment. For example, above a CO2
partial pressure of ∼60 kPa at 30 °C, the ZIF-7 phase would be
recovered;28 however, at a higher temperature, the 60 kPa
partial pressure would not be enough to maintain the original
ZIF-7 phase. Although the ZIF-7 phase would be preserved
near the membrane surface, the gradual structural change along
the membrane thickness due to the monotonically decreasing
fugacity is likely to occur. Accordingly, H2/CO2 separations
would not be determined by the intrinsic molecular sieving of
ZIF-7, although the low CO2 adsorption capacity for ZIF-7-D
and -R is beneficial in improving H2 separations via a reduction
in the CO2 permeation rate. On the contrary, the reversible
CO2 adsorption behavior of ZIF-7-S at ∼30−75 °C is rather
desirable for CO2/N2 separations in the postcombustion
process compared with ZIF-7-D and -R.
Importantly, the hysteretic CO2 adsorption behavior shown

in Figure 5b2,c2 demonstrates the difficulty in desorbing the
permeating molecules in ZIF-7 membrane constituents,
probably resulting in the unexpected permeation results and,
accordingly, separation performance. This in turn requires a
rigorous analysis of the effects of hysteretic adsorption/
desorption behaviors on the permeation flux. In particular,
the CO2 adsorption points for ZIF-7-D and -R were
comparable, while the desorption points differed considerably;
lower pressures were required to desorb CO2 molecules for
ZIF-7-D, indicating the greater difficulty in removing
preadsorbed CO2. In view of the fact that the size of ZIF-7-
D is smaller than that (in either the radial or longitudinal
direction) of ZIF-7-R, the pronounced irreversible adsorption
behavior for ZIF-7-D, as reflected by the wider hysteresis in
Figure 5b2, suggested that the CO2 desorption behavior was
not related to the particle size because smaller particles would
provide more flexible structures, as shown for ZIF-7-S. Since
the XRD and NMR data revealed that ZIF-7-D and -R shared
almost identical ZIF-7 structures (Figures 2 and S13), the
adsorption/desorption behavior was likely determined by an
additional resistance on the outer surface (often called a surface
barrier or resistance).36,48 Because the discrepant behavior was
observed only for desorption, not adsorption, it can be
attributed to a distinctive transport resistance for desorption
processes. One plausible scenario is that the preadsorbed CO2
molecules in ZIF-7-D might experience more difficulty while
desorbing as a result of inhibition by other CO2 molecules
adsorbed on and/or near the outer surface, as supported by the
∼6 times higher surface-to-volume ratio for ZIF-7-D than for

ZIF-7-R. This rather suggested the dependence of the hysteric
behavior on the particle size of ZIF-7s.
When the discrepant adsorption−desorption behaviors in all

of the ZIF-7s as shown in Figure 5a2−c2 are taken into
account, the CO2 adsorption behaviors, if extracted or
estimated from a direct measurement via the ZIF-7 membranes,
will be desirable for predicting and deciphering CO2

permeation fluxes. If the discrepancy were to originate from
the outer surface of ZIF-7, a molecular transport mechanism on
the membrane surface and interface with a support, reflected by
either surface resistance49−51 or gate-opening behavior,12,32,52,53

should be appropriately taken into account. In view of the
coupled effects of adsorption and diffusion on membrane
permeation, molecular simulations of the adsorption/desorp-
tion behaviors and diffusion inside ZIF-7 as well as permeation
modeling for ZIF-7 membranes are important for appropriately
representing the permeation flux and thus the separation
performance.

4. CONCLUSION

In summary, we have synthesized three types of ZIF-7 particles
(ZIF-7-S, -D, and -R) that differ in both shape and size. Heat
treatments of all three ZIF-7 materials at 200 °C under air
resulted in the appearance of new XRD peaks in addition to
those of the original ZIF-7 phase (i.e., corresponding to the
ZIF-7-I phase). Heat treatment at a higher temperature (above
200 °C) under air produced a gradual change in the ZIF-7
structure eventually toward the zinc oxide phase. The phase
transition could apparently be regarded as a kinetically limited
process, as reflected by the delayed process rate in the largest
ZIF-7-R. In addition, we found that the guest molecules in the
three ZIF-7s were mainly DMF solvent molecules, not water
molecules, unlike the well-known result in the literature. This
points to the importance of the accurate understanding of ZIF-
7s (obtained by different synthetic routes and prepared by
various post-treatments) for appropriate use.
In contrast, thermal treatments in inert environments did not

result in the complete phase transition to zinc oxide up to ∼500
°C, after which structural collapse occurred instead. The high
thermal stability in inert environments revealed the strong
interaction between the ZIF-7 components. In addition, we
found that when the guest molecules (water and DMF) were
removed, new XRD peaks corresponding to ZIF-7-I appeared,
indicating thermal activation accompanied by an inevitable
structural change.
Finally, the distinct CO2 adsorption isotherms of the three

types of ZIF-7 suggested that the adsorption−desorption
behavior was strongly correlated to the synthesis protocol
and thus that a disordered structure near the surface (usually
pronounced for smaller particles) and/or a surface barrier
(requiring study at the fundamental level) on the outer surface
plausibly exists, affirming the importance of the rigorous
analysis of ZIF-7 structures for reliable use in desired
applications. Currently, we are attempting to interpret the
structural changes in ZIF-7 due to the desorption of guest
molecules from the ZIF-7 framework crystallographically with
the aim of elucidating the effects of structural changes on the
resulting adsorption properties, mainly for effective CO2

separations.
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