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The synthesis of zeolitic imidazolate framework/
prussian blue analogue heterostructure
composites and their application in
supercapacitors†

Xinyue Wu,a Qingling Jing,a Fancheng Suna,b and Huan Pang *a

Zeolitic imidazolate frameworks (ZIFs) and Prussian blue analogues (PBAs) are regarded as a subfamily of

MOFs and possess great electrochemical characteristics, which are widely employed in energy and

environmental applications. Benefiting from the merits of these two MOFs, we report a simple ion-

exchange method to prepare ZIF-67/PBA heterostructure composites (abbreviated as ZP composites)

with ZIF-67 and PBA as precursors. After low-temperature calcination, the structure converted into bi-

metallic N-doped dodecahedra that retained the structures of the ZP composites. The as-prepared ZP

composites were utilized as electrode materials for supercapacitors that exhibited great rate capability

and cycling stability. Furthermore, we assembled an asymmetric supercapacitor device with ZP compo-

sites and activated carbon. These results demonstrated that dual-MOF heterostructure composites

showed great potential when applied as electrode materials.

Introduction

Metal–organic frameworks (MOFs) have attracted widespread
attention in environmental and energy applications owing to
their controllable pore sizes, large specific surface area and crys-
talline porous structure, and are composed of metal ions and
organic linkers.1–6 However, MOFs suffer from inferior electrical
conductivity and unsatisfactory chemical stability, limiting the
further development of MOFs.7,8 To overcome these short-
comings, great efforts have been devoted to designing and deriv-
ing MOF precursors to explore more advanced nanomaterials
with chemical compositions and controlled architectures.9 The
synthesis of desirable functional materials for the construction
of complex MOF composites is highly promising.10–13

With the increasing demand for efficient energy storage
systems, efforts to develop supercapacitors (SCs) with excellent
cycling stability, fast charge–discharge processes, and superior
power density.14 Various MOFs are regarded as remarkable
potential electrode materials used in SCs due to their low cost
and high activity.15–18 Some optimization strategies have been

explored to improve the electrochemical performance of the
MOFs, such as the combination with conductive materials, the
doping of the metal and non-metal, and the construction of
the hollow structure.19–22 Impressively, dual-MOF hetero-
structure composites efficiently integrating two MOFs have
attracted considerable attention, owing to their desirable func-
tionality and controllable structures.23,24 This integration was
usually prepared through the growth guest MOFs on pre-syn-
thesized host MOFs or growth kinetic controlled routes by
various chemical interactions, including epitaxial growth, sur-
factant assisted growth, ligand/metal ion exchange and so
on.25,26 To date, heterostructure composites have various archi-
tectures such as core–shell, core–satellite, hollow multi-shell,
and asymmetric structures, which resulted from the combi-
nation of different functional materials.27,28 The complex
structure of dual-MOF heterostructure composites not only
showed structural diversity, but also had considerable poten-
tial in practical applications when compared with those of
original MOF materials, especially in energy storage. In par-
ticular, as a subfamily of MOFs, zeolitic imidazolate frame-
works (ZIFs) and Prussian blue analogues (PBAs) with their
great electrochemical characteristics are applied in catalysis,
adsorption, sensors, energy conversion and storage.29,30 ZIFs
with excellent chemical and thermal stability consist of tran-
sition metal centres (Co, Cu, Zn, etc.) and imidazole ligands,
generating their expanded zeolite topologies.31,32 PBAs possess
a three dimensional (3D) open-framework, adjustable compo-
sition, and controllable structure with the transition metal
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centres surrounded by six cyanide groups (CuN).33,34

Benefiting from the merits of the two MOFs, the combination
of the ZIF and PBA can be an effective method to enhance the
electrochemical performance and make up for the problem of
low specific capacitance when each is used as an electrode
material.

Hence, we report a simple method to prepare a series of
ZIF-67/PBA heterostructure composites (abbreviated as ZP
composites) with ZIF-67 nanoparticles as host MOFs by the
ion-exchange method. Furthermore, after low-temperature cal-
cination, the ZP composites converted into bimetallic N-doped
dodecahedra that retained the structures of the ZP composites,
generating final products denoted as ZP-X (X represents temp-
erature). Specifically, the as-prepared ZP2-250 materials exhibi-
ted great electrochemical performances and a specific capaci-
tance of 190.7 F g−1 at 0.5 A g−1 in a 3.0 M KOH solution.
Besides, the aqueous asymmetric supercapacitor (ASC) device
was assembled and it exhibited good electrochemical perform-
ance. This synthetic strategy can be extended to the synthesis
of other dual-MOF heterostructure composites to further
develop various electrochemical applications.

Results and discussion

ZP composites were synthesized through an ion change
method by changing the water/ethanol ratio (Scheme 1). The
ZIF-67 nanoparticles and potassium ferricyanide (K3[Fe(CN)6])
were dispersed in ethanol and water mixed solution with the
volume ratios of ethanol and water = 9 : 1, 1 : 1, and 1 : 2.35

After stirring at room temperature for 4 h, the colour of the
solution changes from bright purple to deep purple. A series
of ZP composites were attained, denoted as ZP1 (ethanol :
water = 9 : 1), ZP2 (ethanol : water = 1 : 1), and ZP3 (ethanol :
water = 1 : 2), respectively. The scanning electron microscopy
(SEM) images in Fig. 1a–f revealed that ZP composites basi-
cally retained the original rhombic dodecahedron shape with
an average size of around 1100 nm. The [Fe(CN)6]

3− anions
react with the Co2+ cations that are released from ZIF-67 nano-
particles, forming a PBA shell. The surfaces of the ZP compo-
sites changed from smooth to rough with the increase of water
in the mixed solution, generating continuous PBA nanocubes
on the surface of ZP2. The nanosheets began to grow when the
volume ratio of ethanol and water = 1 : 2 because ZIF-67 was
unstable and hydrolyzed in an aqueous solution.
Transmission electron microscopy (TEM) measurements can

observe that ZP composites have formed a yolk–shell with a
thin shell and a thick core (Fig. 1g–i).

Depending on the results of thermogravimetric analysis
(TGA) (Fig. S1†), the ZP2 composites can be stable up to
400 °C under a N2 atmosphere before decomposition of the
framework structure, which involved the removal of the co-
ordinated water and some organic ligands from the ZP2 com-
posite structure. To modulate its microstructure, we calcined
ZP composites at different target temperatures under a N2

atmosphere (150, 250, 350 °C), obtaining ZP-X (X denotes
temperature). Fig. 2a–c and Fig. S2† show that the original
rhombic dodecahedron shape of ZP composites can be main-
tained after calcining at different temperatures. To illustrate
the inner structure of ZP composites, the TEM images in

Scheme 1 A simple route for the synthesis of ZIF-67/PBA composites
and derivatives.

Fig. 1 The SEM images of (a, d) ZP1, (b, e) ZP2, and (c, f ) ZP3 compo-
sites. (g–i) The TEM images of ZP1, ZP2, and ZP3 composites.

Fig. 2 (a–c) The SEM images of ZP2-150, ZP2-250, and ZP2-350 com-
posites. (d) High-resolution TEM image of ZP2-250 composites. (e–g)
The TEM images of ZP2-150, ZP2-250, and ZP2-350 composites. (h) The
selected area electron diffraction (SAED) pattern of ZP2-250 compo-
sites. (i) HRTEM-EDX elemental mapping images of Co–K, Fe–K, N–K,
and C–K in ZP2-250 composites.
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Fig. 2e–g show that the pores on the surface became larger
and denser, which could make the active sites exposed more
easily. The high-resolution transmission electron microscopy
(HRTEM) image (Fig. 2d) shows well-resolved lattice fringes
with a d-spacing of 0.36 nm, which is consistent with the (220)
plane of the CoFe-PBA phase. The selected area electron diffr-
action (SAED) pattern (Fig. 2h) exhibited separated concentric
rings from the (220) and (400) facets of CoFe-PBA and (013)
facets of ZIF-67. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image and
elemental mapping of the ZIF-67/PBA heterostructure compo-
sites in Fig. 2i show the presence of elements Co, C, N, and O
in ZIF-67 nanoparticles and the element Fe in potassium ferri-
cyanide, further illustrating the presence and homogeneous
distribution of these elements.

To further confirm the structures of all samples, the ZIF-67
nanoparticles and ZIF-67/PBA heterostructure composites have
been subjected to powder X-ray diffraction (XRD) to analyse
the purity and phase composition, as shown in Fig. 3a, S3 and
S4.† There were no crystalline impurities observed, and the
crystalline phases of the ZIF-67 nanoparticles were in agree-
ment with those previously reported in the literature.36 The
ZIF-67/PBA heterostructure composites maintain the frame-
work of ZIF-67, which can be observed that all diffraction
peaks were in good accordance with the simulated pattern.
Apart from the diffraction peaks of ZIF-67, two residual peaks
of the ZP composites at 25.0° and 35.5° were identified as the
(220) and (400) planes of CoFe PBA, which strongly supported

the generation of ZP composites.37 After heat treating ZP com-
posites under a nitrogen atmosphere at low temperature, the
products ZP-X composites essentially preserved the primary
shape of the ZIF-67 crystal. Furthermore, the diffraction peaks
of the composites become sharper with the increase of anneal-
ing temperature, indicating the improved crystallinity of the
ZIF-67 phase. This also confirms that there is no obvious struc-
tural change during low-temperature calcination.

The FT-IR spectra of these ZP composites (Fig. 3b, S5 and
S6†) were examined to investigate the chemical bonding and
chemical compositions. The vibrational modes of ZP compo-
sites were similar to that of ZIF-67, suggesting that the frame-
work of ZIF-67 remained the same after PBA modification.
Obviously, a sharp absorption peak at ≈2080 cm−1 can be
observed in the FT-IR spectrum, which is assigned to the
characteristic stretching vibration of CuN from [Fe(CN)6]

3−

anions.38 The peak at 593 cm−1 was attributed to the gene-
ration of the M–O (M = Fe or Co) structure.39 All the results
illustrated that PBA nanoparticles have been generated, imply-
ing the successful synthesis of ZP composites. Besides, the
same functional groups were reserved after the calcination
activation of ZP composites at 150–350 °C. It can be inferred
that low-temperature annealing is the most suitable method to
improve the performance of MOF precursors.

The compositions and chemical states of the ZIF-67, ZP2
and ZP2-250 composites were investigated by XPS. The survey
XPS spectrum (Fig. 3c) showed ZP2 and ZP2-250 composites
containing Co 2p, Fe 2p, O 1 s, C 1 s, N 1s and K 1s. The Co 2p
spectrum (Fig. 3d) has two dominant peaks of Co 2p3/2 and
Co 2p1/2 accompanied by the related satellite peaks, confirm-
ing the coexistence of Co3+ and Co2+.35 Meanwhile, the high-
resolution XPS spectrum of Fe 2p in Fig. 3e included two main
peaks namely Fe 2p3/2 (708.6 eV) and Fe 2p1/2 (721.4 eV).
Different from the ZIF-67 and ZP2 composites, the N 1s spec-
trum of the ZP2-250 composites (Fig. 3f) shows three peaks at
398.5, 400.0 and 401.1 eV corresponding to Co–N, pyrrolic N
and graphitic N, which illustrated that N atoms have been suc-
cessfully mixed into ZP2-250 composites. Compared with
ZIF-697, ZP2 and ZP2-250 composites have a Co–N bond,
meaning the N atom has been doped in ZIF/PBA hetero-
structures. The pyridinic N and pyrrolic N bonds are regarded
as great electron donors and can improve the electron transfer
rate and wettability, strongly contributing to pseudocapacitive
reactions. The graphitic N bond has been found in ZP2-250
composites after calcination, which was converted from a par-
tially unstable pyrrolic N bond. The center of graphitic N
donates a free electron within the sp2 carbon structure and
can effectively improve electronic conductivity and electron
transfer, thus leading to enhanced specific capacitance.40

A three-electrode system with Hg/HgO as the reference elec-
trode and Pt as the counter electrode was established. The
electrochemical performance of the as-prepared samples as
electrode materials was investigated in a 3.0 M KOH electro-
lyte. Cyclic voltammetry (CV) and galvanostatic charge–dis-
charge (GCD) tests were used to evaluate the electrochemical
capacitive performances.41,42 The typical pseudocapacitive

Fig. 3 (a) XRD patterns and (b) FT-IR spectra of ZIF-67, ZP2, ZP2-150,
ZP2-250, and ZP2-350 composites. (c) Survey XPS spectrum of ZIF-67,
ZP2, and ZP2-250 composites. (d–f ) High-resolution Co 2p, Fe 2p, and
N 1s XPS spectra.
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behaviour was proved by the pairs of redox peaks in the CV
curves for these electrodes at different scanning rates and
potentials (Fig. 4c, S8, S9, S11, S12, S14 and S15†). It can be
seen that the redox current increased upon increasing the scan
rate and the shape of the CV curve was well maintained even at
a large scan rate of 100 mV s−1.43,44 Meanwhile, the oxidation
and reduction peaks switched slightly toward higher and lower
potentials, respectively. ZP2-250 composites displayed a higher
peak current than other electrodes, suggesting that ZP2-250
composites had remarkably enhanced electrochemical activity.
The shift of the reduction peak in Fig. S12† can be attributed
to the change in the valence state of Co according to the Co 2p
XPS spectra in Fig. 3d and Fig. S7.† The redox peaks of all
samples can be observed that were ascribed to the valence
state-changing processes of Co2+/Co3+ and Fe2+/Fe3+, respect-
ively. The equations of the associated faradaic redox reactions
are as follows:

K2Co IIð ÞFe IIð Þ CNð Þ6 þ 2OH�

! K2Co IIIð ÞFe IIIð Þ CNð Þ6 OHð Þ2 þ 2e�

CoðiiÞðMeImÞ2 þ OH� ! CoðiiiÞðMeImÞ2ðOHÞ þ e�

The charge–discharge capacitance performance of each
sample is compared in Fig. 4d, S10, S13 and S16,† which
exhibited the GCD curves of the ZP and ZP-X electrodes at
different current densities. The representative potential pla-
teaus of the GCD curves were in good agreement with the CV

curves. Apparently, the charge–discharge mechanisms of the ZP
composites were associated with faradaic behaviour owing to
the nonlinear behaviour of the discharge curves and voltage
plateau. The corresponding specific capacitance values of ZP1,
ZP2, and ZP3 (Fig. 4a) were 92.8, 114.6, and 62.2 F g−1 at 0.5 A
g−1, which were higher than that of ZIF-67 (Fig. S19†).
Meanwhile, the corresponding specific capacitance values of
ZP1-X, ZP2-X, and ZP3-X were 96.8, 76.0, 112.6, 88.4, 190.7,
117.3, 63.4, 64.7, and 73.6 F g−1 at 0.5 A g−1 (Fig. 4b), respect-
ively. The discharging time of the ZP2-250 electrode is much
longer than that of ZP2, demonstrating that the specific capaci-
tance is highly improved by low-temperature calcination.
Besides, the specific capacitance of the ZP2-250 electrode was
higher than that of the other ZIF-based electrode, which was
reported recently (see Table S1†). Compared with other electro-
des, the ZP2-250 composites maintain approximately 80%
(152.2 F g−1) specific capacitance at 5.0 A g−1 (Fig. 4b), which
exhibited superior rate capability. The cycling stability of the
ZP2-250 electrode was further investigated. The specific capaci-
tance retention of the ZP2-250 electrode was approximately
82.14% after 3000 cycles (Fig. 4e). The collapse of the ZP2-250
structure during the long cycles that repeated shuttling of OH−

at the electrode/electrolyte interface was the main reason for the
reduced capacitance, as shown in Fig. S20.† 45 Electrochemical
impedance spectroscopy (EIS) measurements were performed
and Fig. S17 and S18† present their corresponding Nyquist
plots. The slope of the straight line was a reflection of Warburg
impedance in the low-frequency regions. The ZP2-250 electrodes
present that the straight line along the Y axis was more ideal,
indicating that the diffusion resistance was smaller. In the case
of the uncalcined ZP electrodes, the sites of the PBA and the
ZIF-67 unit cell were in part filled by the coordinated water
content, reducing the total number of diffusion sites that are
available to K+ ions and leading to limited capacitance. The
low-temperature calcination can provide a large specific surface
area and increased micropore volume, which can increase the
contact between the electrode and the electrolyte, supply more
active sites and enhance the reactivity (Table S2†). The ZP com-
posites’ open framework began to collapse with the increase in
annealing temperature. These results demonstrated that the
ZP2-250 composites showed great electrochemical performance
thanks to their structural stability, efficient diffusion of K+ ions,
and high specific surface area.

Besides, an aqueous solution device ZP2-250//AC was
assembled with ZP2-250 as the positive electrode and activated
carbon (AC) as the negative electrode to further investigate the
practical application of ZP2-250 composites. At different scan-
ning rates and different voltages, the CV curves of ZP2-250//AC
are presented in Fig. 5a and b. The ZP2-250//AC water-based
device displayed pseudo-capacitance behaviour owing to the
distinct oxidation and deoxidation peaks. Besides, the CV
curve was well formed even at a scanning rate of 100 mV s−1,
illustrating the outstanding rate performance of the ZP2-250//
AC aqueous solution device. The ZP2-250//AC aqueous solution
device has been further researched on the charge–discharge
performance. The GCD curves of this device from 0.5 to 5.0 A

Fig. 4 (a) Specific capacitance at different current densities of ZP1,
ZP2, and ZP3 composites. (b) Specific capacitance at different current
densities of ZP1-X, ZP2-X, and ZP3-X composites. (c) CV curves of ZP2-
250 composites at different scanning rates. (d) GCD curves of ZP2-250
composites at different current densities. (e) Cycling performance of
ZP2-250 composites at 3.0 A g−1.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2023 Inorg. Chem. Front., 2023, 10, 78–84 | 81

Pu
bl

is
he

d 
on

 2
2 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 6
/3

0/
20

24
 9

:3
1:

17
 A

M
. 

View Article Online

https://doi.org/10.1039/d2qi01966c


g−1 are presented in Fig. 5c, and the corresponding specific
capacitance values were 86.3, 84.7, 85.3, 85.5, 82.7 and 82.9 F
g−1 (Fig. 5d). The cycling stability of the ZP2-250//AC aqueous
device (Fig. 5e) was tested, which demonstrated that the
capacitance retention of the ZP2-250//AC aqueous device was
84.33% after 3000 cycles at 3.0 A g−1. Significantly, the inset
image of Fig. 5e shows that a yellow LED has been illuminated
by two ZP2-250//AC devices linked in series, which illustrated
big application potential for the ZP2-250//AC aqueous device.

In short, the greater electrochemical properties of ZP-X
composites could be attributed to the following reasons
according to the electrochemical reaction mechanism: (1) an
incessant conductive network has been generated by the con-
tinuous PBA nanocubes, which can efficiently enhance the
spreading of OH− between the electrolyte and the active
material. (2) Micro/nanostructures are constructed with more
adequate active centres and the larger specific surface area of
the electrolyte, offering abundant ion and electron transport
pathways and expediting electrochemical reactions. (3) Low-
temperature calcination can remove coordinated water and
offer extra free volume that helps buffer volume strain during
repeated charging and discharging processes.

Conclusions

In summary, we report a simple synthetic route to prepare
ZIF-67/PBA heterostructure composites by the ion-exchange

method with the volume ratios of ethanol and water = 9 : 1,
1 : 1, and 1 : 2, which can be used as efficient electrode
materials. After low-temperature calcination, the structures of
the ZP composites are still retained and the electrochemical
performance has improved. Specifically, the ZP2-250 compo-
sites exhibited a specific capacitance of 190.7 F g−1 and great
cycling stability (capacitance retention ≈82.14%) in three-elec-
trode systems. This kind of synthesis strategy can be extended
to the synthesis of other dual-MOF heterostructure composites
with multiple elemental components due to the characteristics
of low cost, facile synthesis and environmental friendliness,
which can inspire further capability for various electro-
chemical applications.
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