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Abstract. Double metal cyanide (DMC) structures of Zn3[Co(CN)6]2 were modified by different organic
ligands and tested for their catalytic activity in the cycloaddition of CO2 and epoxides. ZnCoPBAs show an
face-centred cubic structure with a high density of Lewis acidic Co(II)/Zn(II) metal sites and basic –CN–
groups. The high crystallinity and excellent textural properties of the prepared ZnCoPBAs materials were
confirmed by XRD and the N2 adsorption-desorption. We found the morphology and structure of ZnCoPBAs
are related to the polarity of organic ligands. Through the analysis of morphology, crystallinity, specific
surface area and pore size, explored the influence of different organic ligands on the catalytic performance of
ZnCoPBAs. ZnCoPBA-TBA exhibited higher catalytic activity than other catalysts (ZnCoPBA-DMF,
ZnCoPBA-MT, ZnCoPBA-ET). For a given catalyst weight, ZnCoPBA-TBA showed the best catalytic
performance among the tested ZnCoPBAs, and the conversion rate of propylene oxide higher than 95% under
relatively qualitative reaction conditions (2.0 MPa, 353 K).
Keywords. DMC; Modified; Organic ligands; Cycloaddition; ZnCoPBAs.

1. Introduction
In the biosphere, man-made carbon dioxide emissions
have reached terrible levels and are suspected to be the
cause of ocean acidification and global warming.1
Nevertheless, the high availability, non-flammability,
renewability and non-toxic properties of carbon dioxide have attracted widespread attention, and therefore,
it has been used in a variety of organic conversions.2–5
Through carbon capture and utilization technology, an
effective and attractive way to reduce the level of
carbon dioxide can be found. The captured carbon
dioxide can be effectively converted into various
valuable products, such as polyurethane, formic- acid,
dimethyl carbonate and cyclic carbonate.6–9 In this
case, sustainable carbon dioxide separation for the
production of cyclic carbonates with high yield and
selectivity by cycloaddition reaction with epoxide is
considered to be an atomic economic method.10–16

However, kinetic inertness and the thermodynamic
stability of CO2 are the main factors to be recyclable
under environmental conditions. To achieve this task,
it is hopeful to develop an ideal heterogeneous catalyst
with good chemical stability and recyclability. Cyclic
carbonates are high value-added chemical intermediates, which are widely used in the production of drugs,
fine chemicals and electrolyte of lithium-ion
batteries.17–24
The structure of Prussian blue analogues (PBA) is
similar to molecular sieves, so a lot of research has
been done on the application of PBA in the storage of
small molecules.25–28 The Prussian blue analogues as a
bimetallic cyanide complex have a large surface area
and Lewis acid sites. These characteristics can make
Prussian blue complexes a good catalyst for many
reactions. At the same time, PBA was initially developed by the general rubber company of the United
States as a catalyst for ring-opening polymerization of
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epoxy compounds,29–32 and PBA as a simple
bimetallic cyanide complex PBA was also used as a
solid-phase catalyst.33,34 However, in the study of
Prussian blue analogues as catalysts, it is found that
the catalytic activity of the products synthesized by the
above preparation methods is not ideal. Moreover, the
catalytic activity of PBA catalysts has a great relationship with the composition of ligands. Therefore,
the study of introducing ligands to modify PBA catalysts has attracted more and more attention. The performance of PBA catalyst is related to the composition
of the backbone and ligand. For a long time, the focus
of research is to improve the preparation method of the
catalyst, search for efficient organic ligands or change
the backbone of the PBA catalyst. It is found that the
factors affecting its activity are: preparation process,
kinds and contents of metal ions, types of organic
ligands, and so on. In addition, PBA catalysts are
combined with other materials to improve their
activity (such as molecular sieve, oxide and inorganic
salt). The addition of metal salts35 or organic ligands
can effectively improve the catalytic activity of PBA
catalyst.
Herein, this paper report a simple and efficient
method for the synthesis of ZnCoPBAs, which are
modified by a series of organic ligands. We also
studied their catalytic application in the cycloaddition
reaction of carbon dioxide. Using Fourier transform
infrared spectroscopy (FT-IR), x-ray diffraction
(XRD), energy spectroscopy (EDS), elemental analysis (EA), X-ray photoelectron spectroscopy (XPS), N2
adsorption/desorption, scanning electron microscopy
(SEM) and thermal The structure and morphology of
PBA NPs were characterized by heavy (TG).

2. Experimental
2.1 Materials
Zinc chloride (Shanghai Lingfeng chemical reagent
CO. LTD, C99%), K3[Co(CN)6] (MACKLIN, C99%),
Tetrabutylammonium bromide (bidepharm, 98%),
N,N0 -dimethyl formamide (DMF, C99%), methanol
(C99%), ethanol (C99%) and tert-butanol (C99%)
were all of analytical grade and used without further
purification.

2.2 Preparation of catalysts
2.2a Preparation of ZnCoPBA-DMF: 100 mL of
K3[Co(CN)6] solution (0.02 mol/L) was added
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dropwise to the ZnCl2 solution (0.4089 g of ZnCl2
was dissolved in a mixture of 100 mL of water and
10 mL of DMF) for the preparation of ZnCoPBADMF. After stirring for 2 h, the mixture was allowed
to stand for 24 h. Then, the precipitate was collected
by centrifugation and washed several times with
distilled water and DMF. After drying at 60 °C for 8
h, the resulting powder was named ZnCoPBA-DMF.
2.2b Preparation of ZnCoPBA-MT: 100 mL of
K3[Co(CN)6] solution (0.02 mol/L) was added
dropwise to the ZnCl2 solution (0.4089 g of ZnCl2
was dissolved in a mixture of 100 mL of water and
10 mL of methanol) for the preparation of ZnCoPBAMT. After stirring for 2 h, the mixture was allowed to
stand for 24 h. Then, the precipitate was collected by
centrifugation and washed several times with distilled
water and methanol. After drying at 60 °C for 8 h, the
resulting powder was named ZnCoPBA-MT.
2.2c Preparation of ZnCoPBA-ET: 100 mL of
K3[Co(CN)6] solution (0.02 mol/L) was added
dropwise to the ZnCl2 solution (0.4089 g of ZnCl2
was dissolved in a mixture of 100 mL of water and
10 mL of ethanol) for the preparation of ZnCoPBAET. After stirring for 2 h, the mixture was allowed to
stand for 24 h. Then, the precipitate was collected by
centrifugation and washed several times with distilled
water and ethanol. After drying at 60 °C for 8 hours,
the resulting powder was named ZnCoPBA-ET.
2.2d Preparation of ZnCoPBA-TBA: 100 mL of
K3[Co(CN)6] solution (0.02 mol/L) was added
dropwise to the ZnCl2 solution (0.4089 g of ZnCl2
was dissolved in a mixture of 100 mL of water and
10 mL of tert-butanol) for the preparation of
ZnCoPBA-TBA. After stirring for 2 h, the mixture
was allowed to stand for 24 h. Then, the precipitate
was collected by centrifugation and washed several
times with distilled water and tert-butanol. After
drying at 60 °C for 8 h, the resulting powder was
named ZnCoPBA-TBA.

3. Results and Discussion
3.1 XRD analysis
To study the formation and phase composition of the
ZnCoPBAs catalysts, XRD measurements were carried out, and patterns are shown in Figure 1. The XRD
peak of all catalysts is consistent with the simulation
mode of a monoclinic Zn3[Co(CN)6]2 according to
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Figure 1. X-ray diffraction patterns of ZnCoPBAs

Figure 2. The FT-IR spectrums of ZnCoPBA-MT,
ZnCoPBA-ET, ZnCoPBA-TBA and ZnCoPBA-DMF.

Wojdel et al.,36 which verifies the successful formation of all catalysts. The diffraction peaks (2h) at 13.7,
16.5, 19.9, and 21.8° can be indexed to the (200),
(220), (400), and (420) crystal faces, respectively,
demonstrating the face-centred cubic structure of
ZnCoPBAs. The XRD patterns show that after different organic ligands are modified, the crystallinity of
ZnCoPBAs were different. The study found that the
greater the polarity of the organic ligand, the worse the
crystallinity, because crystal defect increased with
growth of Organic ligand polarity.37 The positions of
the crystal faces (200) and (220) are different, which
means modified by different organic ligands, the
growth rate of crystal particles along these two crystal
planes will change, leading to changes in particle
morphology. This was further confirmed by subsequent scanning electron microscope characterization.
In summary, the addition of organic ligands does not
change the basic structure of the ZnCoPBAs catalysts,
but has different effects on the morphology and
crystallinity.

DMF, a relatively small peak at 1737 cm-1 is the
characteristic peak of C=O stretching vibration in
N,N0 -two methyl formamide. The presence of DMF for
ZnCoPBA-DMF is manifested by the low-intensity
adsorption band at 1257 cm-1 that can be connected to
the vibration absorption peak of the C–N bond in the
amide. In the FT-IR spectra of ZnCoPBA-MT, a relatively small peak at 1112 cm-1 is the C–O stretching
vibration peak of methanol.39 In the FT-IR spectra of
ZnCoPBA-ET, a relatively small peak at 1114 cm-1 is
the C–O stretching vibration peak of ethanol. In the
FT-IR spectra of ZnCoPBA-TBA, a relatively small
peak at 1201 cm-1 is the C–O stretching vibration
peak of tert-butanol.39 In summary, FT-IR spectra
shows that ZnCoPBAs are successfully modified by
different organic ligands. The movement of characteristic peaks of some functional groups is due to the
interaction between organic ligands and inorganic
phases in ZnCoPBAs structure.

3.3 Morphology analysis
3.2 FT-IR spectroscopy characterization
The FT-IR spectra of the ZnCoPBAs modified by
different organic ligands are shown in Figure 2. The
peaks around 2181 cm-1 in all catalysts are assigned
to the Zn2?–CN–Co2? stretching vibrations.38 The OH
stretching vibration and bending vibration of the water
molecules could be observed at the peaks around
3421 cm-1 and 1608 cm-1, respectively. The relatively small peak in the range of 3650–3660 cm-1
indicates that water molecules enter into the ZnCoPBAs lattice.27 In the FT-IR spectra of ZnCoPBA-

ZnCoPBA-DMF, ZnCoPBA-MT, ZnCoPBA-ET and
ZnCoPBA-TBA were scanned by SEM to observe the
surface morphology of PBAs catalytic materials. The
results show that the morphology of ZnCoPBAs particles is changed by the organic ligands with different
polarity. After modified with methanol and tert-butanol,
the morphology of ZnCoPBAs becomes spherical and
the particle size becomes smaller. The morphology of
ZnCoPBAs modified by ethanol is irregular and
agglomerates. The average particle size of the three
catalysts are ZnCoPBA-MT (average particle size is
about 0.3 lm)\ZnCoPBA-TBA (average particle size
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about 0.45 lm) \ ZnCoPBA-ET (mean particle size
about 0.5 lm). Interestingly, after modification by
DMF, the morphology of ZnCoPBA becomes cubes.
The results show that the carbon number of organic
alcohol can affect the morphology of ZnCoPBA particles. Figure 3 E shows the EDS spectra of ZnCoPBATBA material and confirms the presence of Zn, Co, O, N
and C in the material, which is consistent with the previous FT-IR spectral characterization results, proving
that ZnCoPBAs have been successfully modified by
different organic ligands. EDS results in different
regions are similar, indicating that the composition of
ZnCoPBAs modified by tert-butanol is uniform. In
addition, EDX analysis was performed to reveal the
presence and distribution of elements in the ZnCoPBAs.
The elements studied were selected according to the
X-ray emission energy, and the results showed that
elements C, N, O, Zn and Co were evenly distributed in
the skeleton (Figure 3). These results further proved that
ZnCoPBAs were successfully modified by organic
ligands, and the organic ligands were evenly distributed
in ZnCoPBA structure.

3.4 N2-adsorption/desorption analysis
N2 adsorption measurements were carried out to confirm the porosity. The ZnCoPBAs were degassed
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under vacuum after being thoroughly soaked by
dichloromethane. Figure 4 and Table 1 show the
nitrogen adsorption-desorption isotherms, BJH pore
size distribution and specific surface area of ZnCoPBAs. As can be seen from Figure 4 and Table 1, the
adsorption isotherms of ZnCoPBA-TBA and
ZnCoPBA-DMF materials belong to type I. The pore
size of ZnCoPBAs are less than 195.3 nm, indicating
that there are certain microporous in the structure. The
surface area of the samples was calculated using the
Brunauer-Emmett-Teller (BET) method. The BET
surface area of ZnCoPBA-DMF is 147.7 m2g-1, the
total microporous volume is 0.0791 cm3 g-1, and the
total pore volume is 0.6629 cm3 g-1. However,
ZnCoPBA-TBA has a surface area of 565.6 m2g-1, a
total microporous volume of 0.3028 cm3 g-1 and a
total pore volume of 0.3332 cm3 g-1. Therefore,
ZnCoPBA-TBA exposes more Lewis acid and base
sites, resulting in higher catalytic activity. According
to NLDFT calculation results, the pore size of
ZnCoPBA-TBA is 2.3 nm, which is a typical microporous material. It is beneficial to improve the CO2
enrichment capacity and promote the mass transfer of
substrates and products. The large pore size of
ZnCoPBA-DMF may be caused by the aggregation of
particles. The solvent environment leads to the close
packing of molecules into a block structure, this makes
its specific surface area smaller. In addition, the

Figure 3. The SEM images of (a) ZnCoPBA-MT, (b) ZnCoPBA-ET, (c) ZnCoPBA-TBA, (d) ZnCoPBA-DMF.
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Figure 4. N2 adsorption-desorption analysis of prepared
catalysts: ZnCoPBA-TBA (red), ZnCoPBA-DMF (blue).

change of average pore size is also related to the
attachment of organic ligands to the surface of catalyst
materials. The results show that compared with the
other ZnCoPBAs catalysts, ZnCoPBA-TBA has higher
catalytic activity due to its high specific surface area
and typical micropores structure.
3.5 Thermal gravimetry (TG) characterization
This research used thermogravimetric analysis (TGA)
to evaluate the thermal behavior and stability of all
catalysts (Figure 5). As can be seen from Figure 5,
ZnCoPBA-MT, ZnCoPBA-ET and ZnCoPBA-TBA
have three thermal decomposition processes leading to
weight loss. For ZnCoPBA-TBA, the first degradation
occurs mainly in the 20–273.0 °C temperature range,
the weight loss of 1.1%, which is caused by the loss of
coordinated water and alcohol. The second stage
mainly occurs in the range of 273.0–357.1 °C, with a
weight loss of 1.8%, which is caused by the decomposition of bimetallic complexes.40–43 The third stage
mainly occurs in the range of 357.1–600.0 °C, which is
due to the complete decomposition of the Prussian

35

Figure 5. Thermal gravimetric analysis (TGA) of synthesized catalysts.

blue type composite into metal oxides. The thermal
decomposition of ZnCoPBA-MT and ZnCoPBA-DMF
is similar to that of ZnCoPBA-TBA, except that the
specific values of temperature and weight loss are
slightly different. For ZnCoPBA-MT, in the first stage
(30.7–87.4 °C) is the complete removal of coordinating water molecules (weight loss 2.7%). In the range
of 25–184.5 °C, the first stage, ZnCoPBA-TBA and
ZnCoPBA-DMF lose 1.1% and 1.3%, all smaller than
that of ZnCoPBA-MT, respectively, because there is
less water in the ZnCoPBA-MT lattice in the presence
of methanol.44,45 ZnCoPBA-ET is different from the
other three, with only two stages. In the second stage
from 359.7 to 600.0 °C, ZnCoPBA-ET presents
uniqueness, its mass loss is the largest. This is because
at this stage, metal cyanide is directly decomposed
into metal oxide without the decomposition of cyanide
group. The main reason for this result is that ethanol
can provide a suitable medium for the stability of
various nanoparticles. In conclusion, the decomposition temperature of ZnCoPBA-ET and ZnCoPBATBA is higher than ZnCoPBA-DMF, so they are more
stable than ZnCoPBA-DMF, while ZnCoPBA-MT is

Table 1. N2-adsorption/desorption results of ZnCoPBA-MT, ZnCoPBA-ET, ZnCoPBA-TBA
and ZnCoPBA-DMF.
Run
ZnCoPBA-MT
ZnCoPBA-ET
ZnCoPBA-TBA
ZnCoPBA-DMF

BET surface area (m2 g-1)

Pore size (nm)

576.6
573.7
565.6
147.7

2.41
2.48
2.34
16.28
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less stable than ZnCoPBA-DMF. This result is consistent with the XRD characterization result.
3.6 X-ray photoelectron spectroscopy analysis
XPS analysis was performed to determine the surface chemical composition and chemical state of
ZnCoPBAs composites. Except for C, O, N, Zn, and
Co, we see no peaks. The N 1s binding energy is
located at 399.0 eV confirmed the existence of
cyanogen functional group in ZnCoPBAs catalysts.
For the ZnCoPBAs composites, the O 1s peak is
532.5 eV (Figure S2, SI). The peak at 532.5 eV
reflects existence of hydroxyl groups in the
ZnCoPBA-MT, ZnCoPBA-ET and ZnCoPBA-TBA
composites. The difference is that the main peak of
O 1s confirms the existence of aldehyde functional
groups in the ZnCoPBA-DMF catalyst. Figure 6
(a) shown the XPS results of Zn 2p, the main
characteristic peak of Zn 2p3/2 at 1021.3 eV and
1022.3 eV and the peak of 2p1/2 at 1045.5 eV
indicate the presence of Zn(II) in the catalyst. As
can be seen from Figure 6 (b), Co 2p decomposes to
form the 2p3/2 and 2p1/2 peaks, accompanied by the
2p3/2 satellite peaks and 2p1/2 satellite peaks. These
spin-orbit peaks and vibration satellite peaks indicate
that Co exists as Co(II) in ZnCoPBAs. The peak
positions of Zn and Co in ZnCoPBAs modified by
different organic ligands are different, their binding
energy has changed. This indicates that doped
organic ligands affect the electron interactions
between Zn, Co and –CN–, resulting in different
catalytic activities. XRD, SEM and XPS results
confirmed the structures and chemical compositions
of the ZnCoPBAs.

3.7 Catalytic application
The catalytic potential of various catalysts was
investigated using propylene oxide as substrate. The
reactor was filled with 10 mL propylene oxide, 0.3 g
ZnCoPBAs and 0.1 g TBAB. The sealed system was
recharged with CO2 for 5 times to exclude air, the CO2
pressure was kept at 2 MPa, then the temperature was
increased to 60 °C and the reaction time was 20 h, and
the results are shown in Table 2. ZnCoPBA-TBA
obtained the highest conversion rate of propylene
oxide (95%). The results showed that the order of
catalytic activity of the three catalysts was ZnCoPBATBA [ ZnCoPBA-ET[ ZnCoPBA-MT [ ZnCoPBADMF. These results confirm that larger specific surface
area associated with smaller particle size is beneficial
to catalytic activity, ensuring better dispersion of
active sites and better exposure to reactants.46,47 In
addition, XRD results show that ZnCoPBA-ET and
ZnCoPBA-TBA crystal effect is significantly better
than ZnCoPBA-MT, which indicates that high crystallization is usually beneficial to the catalytic activity
of the catalyst. Compared with the catalysts with poor
crystallization, the catalysts with high crystallization
have more active centers. The more active centers
there are, the easier the substrate is to coordinate, so
high crystallinity is usually favorable for catalytic
activity. The specific surface area, particle size, crystallinity and pore structure are the key factors affecting
the catalytic effect.
3.8 Recycling performance of the catalyst
The repeatability of ZnCoPBA-TBA catalyst in
propylene oxide cycloaddition reaction was tested. As

Figure 6. Zn 2p (a) and Co 2p (b) XPS spectra of ZnCoPBAs composites.
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Table 2. Catalytic activity comparison of all catalysts for the cycloaddition reaction of Propylene oxide and CO2.

Entry
1
2
3
4

Catalyst
ZnCoPBA-MT/TBAB
ZnCoPBA-ET/TBAB
ZnCoPBA-PBA/TBAB
ZnCoPBA-DMF/TBAB

shown in Figure 7, ZnCoPBA-TBA catalyst exhibited
good catalytic stability in the four cycles, and the
conversion rate of Propylene oxide decreased slightly
while the selectivity of propylene oxide remained
unchanged, indicating that the catalytic activity was
not affected and high recyclability for the ZnCoPBATBA catalyst. Additionally, the used catalyst after
using six times was studied via Powder X-ray
diffraction and Fourier transform infrared and compared with the fresh ZnCoPBA-TBA catalyst before
use. It is not difficult to observe from Figure S3 (SI)
that the PXRD pattern and FT-IR spectra of the
recovered ZnCoPBA-TBA catalyst are practically
identical to the fresh catalysts, which further confirms
the structure stability of the catalyst developed in this

Figure 7. The recyclability of the ZnCoPBA-TBA
sample.

Conversion (%)
89.9
92.5
95.6
75.4

Selectivity (%)
[99
[99
[99
[99

study. In Figure S4 (SI), compared the SEM images of
the fresh ZnCoPBA-TBA catalyst and recovered
ZnCoPBA-TBA catalyst, We can see that the morphology of the catalyst after the reaction was still
spherical.
3.9 Reaction mechanism
First, the propylene oxide and CO2 are enriched
around catalyst. The zinc sites of ZnCoPBAs may
activate the epoxy ring via interacting with the oxygen
atoms of the epoxide. Then the Br- group of the

Figure 8. The plausible mechanism pathway for the
cycloaddition reaction of Propylene oxide and CO2 using
ZnCoPBA.
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TBAB attack the less-hindered carbon of the epoxy
ring and open the epoxy ring. Finally, the CO2 may
contact with the oxygen anion of the epoxy ring,
giving an alkycarbonate anion, which may convert into
the corresponding cyclic carbonate via a ring-closing
procedure (Figure 8).

4. Conclusions
In summary, ZnCoPBAs were successfully modified
by different organic ligands and screened for their
catalytic activities in the cycloaddition of CO2 with
epoxides, and their catalytic activities were correlated with the polarity of the organic ligands. After
modification with organic alcohols of different
polarities, the growth rate of ZnCoPBA particles
along each crystal plane will change, resulting in
different particle morphologies. Organic ligands can
not only change the electronic structure of adjacent
carbon atoms, but also change the electronic interaction between Zn, Co and –CN– thus changing the
corresponding catalytic activity. After tert-butanol
modification, ZnCoPBA-TBA becomes a typical
microporous material, which can improve the CO2
enrichment ability and promote the mass transfer of
substrate and products. Meanwhile, the presence of a
high density of metal ions and basic –CN– groups,
ZnCoPBA-TBA act as efficient, green catalysts for
the cycloaddition of epoxides and CO2. Through the
analysis of morphology, crystallinity, specific surface
area and pore size, we found that ZnCoPBA-TBA
has the highest specific catalytic activity and
stable face-centered cube structure. The experiment
proved that ZnCoPBA-TBA achieved 95% propylene
oxide conversion with [ 99% cyclic carbonate
selectivity in the presence of the quaternary ammonium salt co-catalyst TBAB, showing higher catalytic activity than other catalysts (ZnCoPBA-DMF,
ZnCoPBA-MT, ZnCoPBA-ET). This research provides a clear direction for the modification of
bimetallic porous organic materials.
Supplementary information (SI)
Figures S1-S4 are available at www.ias.ac.in/chemsci.
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