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Formation mechanism of rod-like ZIF-L and fast
phase transformation from ZIF-L to ZIF-8 with
morphology changes controlled by
polyvinylpyrrolidone and ethanol†

Huifen Fu,a Zhihua Wang,*b Xun Wang,a Peng Wanga and Chong-Chen Wang *a

Rod-like ZIF-L was formed with the aid of PVP through a self-

assembly mechanism. A fast phase transformation from irregular

ZIF-L to rhombic dodecahedral ZIF-8 occurred once ethanol was

used as the washing solvent due to its weak crystallinity and small

size. ZIFs with different coordination modes, morphologies and

sizes were obtained via this facile method.

Metal–organic frameworks (MOFs), as a class of porous
crystalline materials constructed from metal ions and organic
ligands through coordination bonds, have been of great
interest due to their beneficial characteristics like ultra-high
surface area, well-ordered porous structure and structure
designability.1,2 Zeolitic imidazolate frameworks (ZIFs) are a
kind of typical MOFs, which are constructed from tetrahedral
metal ions like Zn2+ or Co2+ bridged by an imidazolate li-
gand.3,4 ZIFs attracted considerable attention in many
fields,5,6 like catalysis,7 gas separation8,9 and gas storage,10

due to their active sites, ultra-high surface area, and perma-
nent porosity with uniform pore cavity size, along with high
thermal and chemical stability.11,12

ZIF-8, as a three-dimensional (3D) framework adopting
Zn2+ as a template, was firstly prepared by the reaction
between ZnĲNO3)2 and 2-methylimidazole (2-mim) in N,N-
dimethylformamide (DMF).11 Then, it was found that ZIF-
8 can also be obtained in methanol or ethanol solution.3

Lai's group reported for the first time that ZIF-8 can be syn-
thesized in aqueous solution when the ratio of 2-mim to Zn2+

was increased to 70.13 However, Zn-ZIF-L, as a two-
dimensional (2D) ZIF, was formed in aqueous solution when
the 2-mim/Zn2+ ratio was 8, as reported by Wang's group.14

This revealed that the ratio of 2-mim/Zn2+ in aqueous solu-

tion heavily affects the structure of ZIFs, in which the high
ratio facilitates the formation of ZIF-8 while the low ratio is
beneficial to the growth of ZIF-L. In addition, a variety of syn-
thesis routes to ZIF-8 were summarized by Ahn's group.15

Phase transformation from ZIF-L to ZIF-8 has been found
by Wang's group.16 They reported that a solid powder of ZIF-
L could be transformed into ZIF-8 in various organic solvents
at elevated temperatures or after being exposed to various or-
ganic solvent vapors for 72 h at 60 °C. The understanding of
phase transformation was beneficial to studying the growth,
structure and performance of ZIFs, therefore it was necessary
to further investigate the phase transformation of ZIFs.

It was generally deemed that morphology control of MOFs
attracted considerable attention,17 considering that the mor-
phology could greatly affect the corresponding perfor-
mances.18,19 In most cases, ZIF-8 presented a rhombic do-
decahedral morphology.20–22 It was reported for the first time
that cetyltrimethylammonium bromide (CTAB) was selected
to tune the shape and size of ZIF-8, which resulted in rhom-
bic dodecahedral, truncated rhombic dodecahedral and trun-
cated cubic morphologies via changing the CTAB amount.23

Schneider's group24 found that the growth of ZIF-8 in metha-
nol evolved with time from cubes to intermediate shapes. To
the best of our knowledge, most reported ZIF-L presented a
leaf-like structure.25,26 It was reported that ZIF-L and ZIF-
67@ZIF-L with different morphologies were prepared by
changing the volume ratio of methanol/water.27 Chen's
group28 prepared Pd@ZIF-L with a uniform crosshair-star
shape using polyvinylpyrrolidone (PVP)-modified Pd nano-
particles, and Pd@ZIF-L with different morphologies was
obtained by controlling the temperature.29 However, the for-
mation mechanism of ZIFs was rarely reported. Within this
paper, rod-like ZIF-L and ZIF-8 were prepared, then the phase
transformation, morphology evolution and the corresponding
mechanism were investigated in detail.

ZIF-L was obtained after the reaction between aqueous so-
lutions of ZnĲNO3)2 (1 mmol, 0.297 g) and 2-mim (10 mmol,
0.82 g) with different reaction times, as shown in Fig. 1a–c.
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The separation and washing of the obtained products were
realized by centrifugation (8000 rpm, 10 min), and the wash-
ing step was repeated three times. When pure water was used
during the washing step, incomplete leaf-like ZIF-L was
obtained after 2 h (Fig. 1a and c). The sample presented leaf-
like ZIF-L when the reaction time was 24 h (Fig. 1b and c),
which was comparable to that reported in the literature.31,32

The size of the ZIF-L became larger with increasing reaction
time. Therefore, it can be guessed that the formation of leaf-
like ZIF-L underwent nucleation and growth stages.30

Meanwhile, when the surfactant PVP was introduced into
the aqueous solutions of ZnĲNO3)2 and 2-mim (10 mmol, 0.82
g), rod-like ZIF-L was formed after 24 h (Fig. 1d, i and j). To

investigate the growth mechanism of rod-like ZIF-L, samples
obtained at different reaction times were collected, and the
samples were defined as ZIF(2h), ZIF(5h), ZIF(10h), ZIF(15h)
and ZIF(24h) when the reaction time is 2 h, 5 h, 10 h, 15 h
and 24 h, respectively. It can be seen from Fig. 1d that the
XRD patterns of all samples matched well with that of the
simulated ZIF-L, indicating that PVP cannot affect the coordi-
nation mode between Zn2+ and 2-mim, but noticeably influ-
ence the morphology of ZIF-L. It is interesting to find that
ZIF(2h) and ZIF(5h) presented an irregular shape
(Fig. 1e and f), ZIF(10h) consisted of irregular and rod-like
ZIF-L (Fig. 1g), while ZIF(15h) and ZIF(24h) exhibited rod-like
ZIF-L (Fig. 1h–j). This revealed that the formation of rod-like
ZIF-L followed a self-assembly mechanism.35 From the per-
spective of experimental phenomena, the reaction solution
turned into a milky liquid immediately after ZnĲNO3)2 was
added into the aqueous solution of 2-mim in the presence of
PVP. When PVP was absent, the formation of the milky liquid
needed a longer time (10 min). This indicated that PVP accel-
erated the nucleation and growth rate of ZIF-L, which might
be attributed to the identical N atoms in PVP and 2-mim
(Fig. S1†). A larger amount of ZIF-L nuclei was immediately
formed in the presence of PVP, leading to the formation of
ZIF-L with a smaller size and an irregular shape within 2 h. It
was reported that PVP, as a surfactant, could be used to tune
the morphology of metal oxides like CeO2 and ZnO.33,34 In
detail, PVP could be adsorbed onto a specific lattice plane of
metal oxides, limiting the growth of the lattice plane, and fi-
nally leading to the formation of metal oxides with a specific
morphology. In our case, PVP could be selectively adsorbed
onto a specific lattice of the irregular ZIF-L particles. As time
went on, the irregular ZIF-L particles could be assembled into
rod-like ZIF-L through oriented attachment.36

In the absence of PVP, the structure and morphology of
the ZIF-L washed with ethanol were identical to that being
washed with pure water, as shown in Fig. 1a–c and 2a–c.
However, in the presence of PVP, rhombic dodecahedral ZIF-
8 was obtained using ethanol as the washing solvent when
the reaction time was 2 h (Fig. 2d and e). Therefore, it can be
indicated that irregular ZIF-L and rhombic dodecahedral ZIF-
8 were prepared in aqueous solution by changing the wash-
ing solvents with the aid of PVP (Fig. 1e and 2e).

It has been reported that ZnĲNO3)2 reacted with 2-mim in
aqueous solution to form ZIF-L when the ratio of 2-mim to
ZnĲNO3)2 was not very high, i.e. 8.14 In our case, the ratio is
10, and ZIF-L should be formed in aqueous solution. How-
ever, ZIF-8 was formed after a washing process using ethanol
as solvent. It was implied that an inter-dimensional phase
transformation from ZIF-L to ZIF-8 occurred when ethanol
was used during the washing process. Therefore, it can be
concluded that the phase transformation should be con-
trolled by ethanol. In addition, when the products were sepa-
rated from the original reaction system, and then re-
dispersed in ethanol for 30 min, rhombic dodecahedral ZIF-
8 could also be formed, as shown in Fig. S2.† Phase transfor-
mation from ZIF-L to ZIF-8 occurred only when PVP existed,

Fig. 1 (a) TEM and (b) SEM images of ZIF-L prepared without PVP
when the reaction time is 2 h and 24 h. (c and d) XRD patterns of sam-
ples prepared (c) without and (d) with PVP. (e–i) TEM and (j) SEM im-
ages of ZIF-L prepared with PVP when the reaction time is (e) 2 h, (f) 5
h, (g) 10 h, (h) 15 h and (i and j) 24 h. All samples were washed with
pure water.
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indicating that the phase transformation was also controlled
by PVP. As shown in Fig. 1e and 2e, when the reaction time
was 2 h, the sizes of ZIF-L prepared with PVP were smaller
than those prepared without PVP. Ethanol could control the
phase transformation from ZIF-L to ZIF-8 resulting from the
diffusion of ethanol molecules into the inner part of ZIF-L, in
which the diffusion rate of ethanol can be heavily affected by
the size of ZIF-L. A smaller size of ZIF-L along with PVP
resulted in the faster diffusion of ethanol and phase
transformation.

ZIF-8 and ZIF-L are both made up of the same building
blocks with different topology structures.16 ZIF-8 has a 3D
skeleton structure with a sodalite (SOD) topology,11 while

ZIF-L has a 2D layered structure, in which the layers of ZIF-L
were bridged by N–H⋯N hydrogen bonds.37,38 It has been
reported that the 2D layered network structure of ZIF-L is
part of the 3D ZIFs, and the transformation from ZIF-L to 3D
ZIFs can be easily understood.39 The ZIF-L prepared with PVP
would adsorb extra Zn2+ due to the weak interaction between
Zn2+ and N atoms in PVP. When irregular ZIF-L prepared
with PVP was re-dispersed in ethanol, the phase transforma-
tion would start, and the 2-mim with free and uncoordinated
N–H in ZIF-L could further coordinate with Zn2+ adsorbed on
PVP. Finally, the rhombic dodecahedral ZIF-8 was formed.
Furthermore, in this process, the size of the particles became
larger. In other words, in the presence of PVP, not only the
coordination mode but also the morphology and size would
change when ethanol was used in the washing step.

In addition, ZIF-8 could also be obtained using methanol
and isopropanol as washing solvents when the reaction time
was 2 h (Fig. S3†), indicating that methanol and isopropanol
can also induce the phase transformation from ZIF-L to ZIF-
8. Ethanol was selected as the preferential washing solvent
due to its lower price and toxicity.

It was generally reported that complete phase transforma-
tion was observed in ethanol for 72 h at 60 °C.16 However, in
our case, complete phase transformation was achieved within
an hour at room temperature. The fast transformation may be
caused by the weak crystallinity of ZIF-L. It can be seen from
Fig. 1d that the crystallinity of ZIF(2h) and ZIF(5h) was not
good enough in the presence of PVP, which might contribute
to the fast phase transformation from ZIF-L to ZIF-8 (Fig. 2d–
f). With increasing reaction time, the crystallinity of ZIF-L
could become better, and the size of ZIF-L would become
larger. It can be speculated that the rate of the phase transfor-
mation would become increasingly slower with increasing re-
action time. As shown in Fig. 2d and g, when the reaction
time was extended to 10 h, a mixture of ZIF-8 and ZIF-L was
obtained as the irregular ZIF-L with weak crystallinity was
transformed into rhombic dodecahedral ZIF-8, and rod-like
ZIF-L with better crystallinity was maintained using ethanol
as the washing solvent. When the procedure continued for
more than 15 h or even 24 h, only rod-like ZIF-L was obtained
(Fig. 2h–j). The schematic diagram of the formation mecha-
nism is shown in Fig. 3.

The functional groups of the ZIFs obtained in the pres-
ence of PVP with different reaction times were examined by
FTIR spectroscopy. As shown in Fig. S4a and b,† the charac-
teristic absorption peak of Zn–N stretching bands is observed
at 418 cm−1. The bands at 600–800 cm−1 and 900–1350 cm−1

are assigned to the out-of-plane and in-plane bending of the
2-mim ring, respectively.16,40 The entire ring stretching of the
imidazole is located at 1350–1500 cm−1.16,40 The spectral re-
gion of 2900–3200 cm−1 arises from the aliphatic and aro-
matic C–H stretching of 2-mim. The peak at 1565 cm−1 is as-
sociated with the N–H bending vibration of 2-mim (Fig. S4c
and d†), while the peak at 2426 cm−1 can be assigned to the
N–H⋯N hydrogen bond that bridges the ZIF-L layers (Fig.
S4e and f†).16 It can be clearly seen that in the presence of

Fig. 2 (a) TEM and (b) SEM images of ZIF-L prepared without PVP
when the reaction time is 2 h and 24 h. (c and d) XRD patterns of sam-
ples prepared (c) without and (d) with PVP. (e–i) TEM and (j) SEM im-
ages of ZIF-L prepared with PVP when the reaction time is (e) 2 h, (f) 5
h, (g) 10 h, (h) 15 h and (i and j) 24 h. All samples were washed with ab-
solute ethanol.
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PVP, these two peaks (1565 cm−1 and 2426 cm−1) did not ap-
pear when the reaction time was shorter than 10 h, but with
increasing reaction time, the two peaks appeared, indicating
that ZIFs with different coordination modes can be obtained
in the presence of PVP when the reaction time is changed.
However, the peaks at 1565 and 2426 cm−1 were always pres-
ent for the ZIFs obtained at different reaction times without
PVP, revealing that only ZIF-L was formed in the absence of
PVP even though ethanol was used during the washing pro-
cess. This corresponded well with the XRD and TEM results.

The structure transformation often follows two mecha-
nisms: one is a solid-to-solid transformation mechanism that
does not need liquid phase involvement; the other one is a
dissolution–recrystallization mechanism, in which the sol-
vent plays an important role in the process of crystalliza-
tion.39 To confirm the mechanism of the phase transforma-
tion evolved in this study, an experiment was conducted. In
detail, ZIF(2h) prepared with PVP and washed with pure wa-
ter was placed in a device, as shown in Fig. S5a.† The device
was placed in an oven, and then heated at 80 °C for a period
of time. ZIF-8 could also be obtained without liquid ethanol
contact (Fig. S5d†), indicating that ZIF-L can be transformed
into ZIF-8 in ethanol vapor via the solid-to-solid transforma-
tion mechanism.

From the above discussion, it can be concluded that a fac-
ile method to prepare both ZIF-8 and ZIF-L in aqueous solu-
tion was developed using ethanol as the washing solvent dur-
ing the washing process in the presence of PVP when the
ratio of 2-mim to ZnĲNO3)2 was 10. In addition, nitrogen ad-
sorption–desorption isotherms of ZIFs with different reaction
times in the presence of PVP are shown in Fig. S6 and Table
S1.† It could be seen that the specific surface area of ZIFs de-
creased with increasing reaction time because ZIF-8 has a
much greater surface area than ZIF-L, and the size of the ZIFs
increased gradually.

In summary, leaf-like ZIF-L and rod-like ZIF-L were facilely
prepared from aqueous solutions of ZnĲNO3)2/2-mim in the
absence and presence of PVP, respectively. The formation of
the leaf-like ZIF-L underwent nucleation and growth stages,
while the rod-like ZIF-L was formed through a self-assembly

mechanism. In the presence of PVP, the different washing
solvents used to wash the products during their separation
from the corresponding mother solution led to different out-
comes within the first 10 h. In detail, when pure water and
ethanol were used to wash the products, ZIF-L and ZIF-8 were
obtained within 5 h, respectively. It was found that the phase
transformation was controlled by both PVP and ethanol. PVP
facilitated the nucleation of ZIF-L due to the weak interaction
between Zn2+ and N atoms in PVP, resulting in the presence
of a large amount of ZIF-L particles with weak crystallinity
and small size, which contributed to the phase transforma-
tion when ethanol was introduced during the washing pro-
cess. With this facile method, ZIFs with different morphol-
ogies, sizes and coordination modes can be obtained just by
changing the reaction time.
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