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The development of effective and low-energy-consumption catalysts for CO, conversion into high-value-
added products by constructing versatile active sites on the surface of heterogeneous compounds is an ur-
gent and challenging task. In this study, a stable and well-defined heterogeneous cobalt hexacyanocobal-
tate (Co3[Co(CN)gl»), typical cobalt Prussian blue analogue (CoCo-PBA) modified with tetrabutylammo-
nium bromide (TBAB), is proven to be the superior catalyst for CO, and epoxide coupling to produce
cyclic carbonates with > 99% yield under mild reaction conditions (1.0 MPa, 65 °C). Based on a series
of characterizations, it is revealed that the CoCo-PBA structure can maintain relatively high thermal and
chemical stability. Recycling experiments exhibited that the CoCo-PBA system could retain 98% of the
original activity after six reaction rounds. The CoCo-PBA/TBAB catalytic system was also highly active for
coupling CO, with other industrial-grade epoxides. These results show the CoCo-PBA catalytic system
potential flexibility and the generality of the catalyst preparation strategy.
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Global warming, environmental pollution, ocean acidification
caused by greenhouse gasses (mainly carbon dioxide, CO,) are gen-
uine concerns and threats to humankind [1]. It is vital to develop
sustainable CO, capture and sequestration (CCS) technologies to
limit greenhouse gas emissions [2]. For CO, CCS from industrial
streams, various strategies and materials, such as amine-based wet
scrubbing and solid porous adsorbents, have been developed. The
high energy costs, degradation and inefficiency are disadvantages
for amine-based wet-scrubbing systems currently used in indus-
try, have led to discovering alternative CCS approaches [3,4]. Mean-
while, as an abundant C1 resource, CO, can be turned into various
value-added chemicals and products [5-13]. There is a growing in-
terest in using CO, as a raw material resource rather than waste
with production costs. From a green and sustainable chemistry per-
spective, capturing, fixing and transforming CO, to cyclic carbonate
and other value-added chemicals are fascinating means of effective
sequestration; to boost catalytic and industrial growth and reduce
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global environmental changes triggered by rising CO, concentra-
tions [14-18].

Due to their wide range of applications in the pharmaceuti-
cal and fine chemical industries, cyclic carbonates produced by
CO, and epoxide coupling have been of great interest. To date,
diverse forms of homogeneous catalysts, including ionic liquids,
Schiff bases, metal complexes, etc., have been reported for this re-
action; they suffer from an inherent challenge in separating prod-
ucts and recycling catalysts [19-22]. Therefore, it is highly desirable
to design heterogeneous catalysts with remarkably high active sites
for synthesizing cyclic carbonates, particularly under mild condi-
tions. Conventional solid heterogeneous catalysts, such as metal-
organic frameworks (MOFs), zeolites, mesoporous oxides, porous
polymers, typically require relatively high temperatures and pres-
sure to activate this reaction due to the CO, inert nature [23-26].

Prussian blue analogues (PBAs) and Prussian blue (PB), a di-
verse family of metal-organic frameworks (MOFs) with a basic cu-
bic lattice crystalline structure, have the general chemical formula
M[M(CN)g] where M/M" = transition-metal ions like Co, Fe, Mn,
etc.). Occupy alternate lattice vertices coordinated octahedrally by
bridging cyanide ions (C=N-) at the lattice edges [27]. Prussian
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blue analogues (PBA) have attained great attention due to their
potential applications in CO, adsorption, hydrogen gas storage, en-
ergy storage, water splitting and low-temperature catalytic reduc-
tion of NOy with NH3 [28-33]. Several existing zinc-containing
water-tolerant ZnCo-PBA and ZnNi-PBA have been evaluated as ef-
ficient heterogeneous catalysts for chemical conversion of CO, to
cyclic carbonates and polycarbonates; high temperature and high-
pressure reaction conditions are essential to boost productivity
[34,35].

Co3[Co(CN)g],, also known as cobalt(Il) hexacyanocobaltate(III),
is a mixed-valence homopolynuclear composite with metallic
centers connected by cyanide bridges that can be hydrated or
anhydrous [36,37]. Dehydration has little impact on its com-
position, and the only noticeable transition of color is from
pink Co3[Co(CN)gl,-nH,0 to blue Co3[Co(CN)gl, [38,39]. Zhang
and colleagues studied the Co3[Co(CN)g],-nH,0 fine-tuning ther-
mochromic properties; a shift in the coordination environment of
Co2t jons with citrate resulted in a color transition from pink to
blue upon heating [40]. A similar effect has been observed for PBA-
containing films due to changes in the coordination environment
of Co%* ions [41].

The immobilization of homogeneous catalysts on heterogeneous
catalyst surfaces is a well-known and extensively used procedure
[42,43]; however, this technique generally requires cumbersome
catalyst preparation procedures. On the other hand, solid catalyst
preparation by incorporating organic modifiers is an excellent ap-
proach because it is flexible and straightforward. Organic modifiers
of amines are typically used for supported noble metal catalysts
[44]. Simultaneously, Pd catalysts modified with quinoline deriva-
tives are conventionally employed as Lindlar or Rosenmund cata-
lysts [45]. Noble metal catalysts modified with thiol-based organic
modifiers have been utilized for forming self-assembled mono-
layers [46,47]. Dendrimers, polymers and functional organic acids
have also been identified as advantageous modifiers [48-51].

To the best of our knowledge, modification of heterogeneous
Co3[Co(CN)g], catalysts using an ammonium salt has not been re-
ported to date. Therefore, designing a Co%* active site on a PBA
surface by modifying it with organic modifiers could provide PBA
with new catalytic functions even if the individual active sites are
ineffective. In this work, we report that the catalyst composed of
Co3[Co(CN)g], and ammonium salts as the co-catalyst exhibits dra-
matic activity enhancement for CO, and epoxides coupling reaction
compared with only Co3[Co(CN)g], or ammonium salts.

The typical crystal structure of Co3[Co(CN)g], is illustrated in
Fig. 1a, Co?t is bridged by octahedral [Co(CN)s]s~ complexes
to form a face-centered cubic (fcc) structure with the remain-
ing Co?t locating in the large cavities to balance the charge. In
the present study, Co3[Co(CN)g], was synthesized by a conven-
tional precipitation method. The synthesis and characterization de-
tails for Co3[Co(CN)g], are provided in the Supporting information.
Here we synthesized two different Prussian Blue Analogue (PBA);
Co3[Co(CN)g], (abbreviated as CoCo-PBA) and Fe3[Co(CN)g], (ab-
breviated as FeCo-PBA). XRD pattern of CoCo-PBA shown in Fig. 1b
illustrate intense diffraction peaks showing its good crystallinity
and purity.

All the characteristic peaks are in good agreement with refer-
ence Cos3[Co(CN)g], phase (JCPDS card No. 04-012-6179). Estimat-
ing the average particle size of the Co3[Co(CN)g], from the XRD
data via Scherrer equation yields ca. 36 nm. The diffractogram for
the Cos[Co(CN)g], showed sharp diffraction peaks at 17.4° (200),
24.7° (220), 35.2° (400), 39.5° (420) and 50° (440) can be assigned
to fcc phase crystallographic planes. Figs. 1c and d show trans-
mission electron microscopy (TEM) images of the as-synthesized
CoCo-PBA, revealing the formation of a nanoflakes-like structure.
The TEM images indicate CoCo-PBA nanoflakes diameters, which
vary within 30-50 nm. SEM-EDX data obtained from the CoCo-

1082

Chinese Chemical Letters 33 (2022) 1081-1086

. (b) CoCo-PBA (JCPDS# 04-012-6179)
L’! ::
m
5
=y
7]
c
2 LL—
= T
| | B La i 2l
15 20 25 30 35 40 45 50 55 60 €5 70

(d)

2 Theta (Deg!'ea}

Fig. 1. (a) Crystal structure of Co3[Co(CN)g],. (b) Wide-angle XRD patterns of CoCo-
PBA. (c, d) TEM images of CoCo-PBA nanoflakes.
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Fig. 2. (a) TGA curve of CoCo-PBA under N, atmosphere with a ramp of 10 °C/min.
(b) FTIR spectra of CoCo-PBA in KBr pellets. (c) N, adsorption/desorption isotherm
curve of CoCo-PBA. (d) Pore volume distribution of the pore size.

PBA presented in Fig. S1 (Supporting information) verifies the pres-
ence of C, N, O and Co. CoCo-PBA was composed of 28 wt% C,
24 wts N, 17 wts O and 31 wt% Co with atomic composition
Co.41Ng300019C0g10- For comparison, we also prepared FeCo-PBA
nanocubes under the same reaction procedure. The representative
TEM images of FeCo-PBA in Fig. S2 (Supporting information) re-
veals a well-defined cube shape with sizes in the range of 100-
300 nm.

Thermogravimetric analysis (TGA) under flowing N,, shown in
Fig. 2a, was applied to determine the as-prepared sample ther-
mal decomposition behavior. Two decomposition steps are appar-
ent in the TGA curve. The first step exhibits a weight loss of 16.93%
at about 180 °C, illustrating tert-BuOH and adsorbed lattice water
evaporation. The second step reveals a shift in the TGA curve with
a weight loss of 39.86% near the temperature of 650 °C resulting
from the sample thermal decomposition.

Fourier transform infrared spectroscopy (FTIR) data in Fig. 2b,
shows that the broad IR feature at 3410 cm~! can be readily as-
signed to the stretching mode of H,O (v(0-H)), which is typical
of uncoordinated water. More importantly, Co3[Co(CN)g], charac-
teristic peak at 3644 cm~! can be associated with the cobalt hy-
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Fig. 3. (a) X-ray photoelectron spectroscopy (XPS) survey spectra of CoCo-PBA. (b,
c) High-resolution Co 2p XPS spectrum of CoCo-PBA. (d) High-resolution O 1s XPS
spectrum of CoCo-PBA.

droxyl (Co—OH) bond, attributed to the stretching mode of water
molecules bound to the metallic centers [52,53], which could dom-
inate the catalytic performances in CO, and epoxide coupling reac-
tion.

Excess cobalt ions in the crystal must be counterbalanced
by more negatively charged ions to meet the electric neutral-
ity. Besides CI= and CN-, the exclusive negative ion in the
CoCo-PBA catalyst was OH~, which originated from the precip-
itation reaction of K3Co(CN)g and excess CoCl,-6H,0, which is
easy to be hydrolyzed. Herein, CI~ and OH~ served as nega-
tive ions for cobalt ions. Presumably, CI~ in CoCo-PBA served
as a good leaving group (like tert-BuOH and H,0) and pro-
vided vacant sites for attacking species. The high-intensity
IR band at 2174 cm~! can be ascribed to v(C=N) in the
Co3*-C=N-Co?* fragment for CoCo-PBA nanoparticles. The
IR signal at 1609 c¢cm~! can be assigned to §(OH,), show-
ing the presence of lattice crystal water [54]. Assignment
of the weak signal at 1040 cm~! could be associated with
tert-BuOH in the CoCo-PBA. Additional medium intensity
IR signals were observed at 454 cm~! and attributed to
v(Co-C=N) of cobalt Prussian blue analogue [28,55]. Overall, the
hybrid material spectrum was the superposition of Co3[Co(CN)s]5.

The mesoporous structures of the as-synthesized samples were
further probed by N, adsorption—desorption analysis. Before anal-
ysis, the catalyst was dried entirely at 60 °C for 24 h under vac-
uum. The catalyst mesoporous nature could be confirmed by a typ-
ical type IV isotherm (IUPAC classification). The CoCo-PBA BET sur-
face area was 81.07 m2/g, and FeCo-PBA was 23.99 m2/g (Figs. 2c
and d). The highest surface area for CoCo-PBA is closely related
to its mesoporous structure. The average pore size of CoCo-PBA
was around 24 nm, as shown in Table S1 (Supporting informa-
tion), which indicates that CoCo-PBA is mesoporous. The hetero-
geneous mesoporous system is favorable for the catalysis process.
The mesoporous nature of CoCo-PBA accelerates the mass transfer
of reactants and products in CO, and epoxide coupling reactions.

XPS analysis was carried out to determine the surface chemical
states of the elements present in the sample. The XPS full survey
scan shown in Fig. 3a was collected in the range of 0-1400 eV and
confirmed Co 2p, O 1s, N 1s and C 1s peaks. The CoCo-PBA surface
contained a large amount of carbon (47.33 at%) and nitrogen (32.92
at%) primarily due to cyanide species of CoCo-PBA with the con-
tribution of adventitious C species associated with the tert-BuOH.
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The CoCo-PBA surface also revealed 6.19 at% oxygen and 13.54 at%
cobalt. Differences between the relative Co elemental composition
values obtained by SEM-EDX (Fig. S1) instead of XPS (Fig. 3a) can
be explained by considering that SEM-EDX measurements involve
a spot size (beam size) that is only a few nanometers in diameter.

On the other hand, more prominent spot size is irradiated by X-
rays with a dimeter in the millimeter range during the XPS mea-
surements. However, both the current SEM-EDX and XPS experi-
ments explicitly verify C, N, O and Co presence in the CoCo-PBA.
The deconvolution of the XPS high-resolution spectra of Co 2p in
Cos[Co(CN)g], consists of two spin-orbit doublets Co 2p;j, and Co
2p3p, (Fig. 3b). The difference in the binding energy between Co
2pyj, and Co 2p3j, was 15.1 eV, consistent with literature-reported
values [40,55]. Co 2p3), was further fitted into two components to
identify the nature of elements present in the sample. The peaks
at binding energy 781.6 eV and 782.23 eV were identified as Co>*
and Co?*, respectively (Fig. 3c).

Furthermore, two satellite peaks at 783.78 eV and 786.62 eV
were observed, which further confirm the presence of Co3* and
Co2t, respectively. The O 1s XPS peaks observed in Fig. 3d at 532.1
and 533.6 eV are assigned to the cobalt hydroxyl (Co—OH) and ad-
sorbed water molecules, respectively [56,57]. These results are well
consistent with the FTIR results.

The catalytic properties of as-synthesized CoCo-PBA nanoflakes
and FeCo-PBA with Tetrabutylammonium bromide (TBAB) as co-
catalyst were tested in CO, and epoxide coupling reactions under
solvent-free conditions. A blank test was conducted without cata-
lyst and TBAB, but no cyclic carbonates were observed. As shown
in Table 1, CO, and propylene oxide (PO) coupling reactions were
catalyzed under the solvent-free conditions at 65 °C and 1 MPa
CO, pressure for 7 h in the absence of TBAB or CoCo PBA (entries
2 and 3), the yields were undetectable or significantly low (<17%).
However, almost >99% yield of cyclic carbonates was achieved (en-
try 4) under the same reaction conditions when CoCo-PBA and
TBAB were used together in the catalytic system. All of these com-
ponents are essential for catalytic CO, and epoxide coupling. The
higher catalytic activity of CoCo-PBA can be attributed to the het-
erogeneous catalyst synergistic interaction with quaternary ammo-
nium salts. Many other catalytic systems have already proved this
phenomenon for the CO, and epoxide coupling [58-60]. To demon-
strate the necessity of CoCo-PBA in this system for catalysis, a con-
trol experiment was conducted with FeCo-PBA. Under similar reac-
tion conditions, the target product yield dramatically drops to 36%
with the exchange of Co?*with Fe?t in FeCo-PBA (entry 5). The
yield enhancement of cyclic carbonates was hardly noticeable on
other PBAs, indicating that Co?* cooperative interactions in CoCo-
PBA and TBAB as the co-catalyst are essential to achieving a high
catalytic activity.

We further examined the performances of CoCo-PBA in CO,
coupling reactions with different highly functionalized industrial-
grade terminal epoxides substrates under mild conditions. As
shown in Table 1 (entries 6 and 7), small epoxide substrates
with electron-donating/- withdrawing groups can be efficiently
transformed by CoCo-PBA into corresponding cyclic carbonates
with higher yields. Under the same reaction conditions, 1,2-
butylene oxide attained nearly >99% yield of 1,2-butylene carbon-
ate, and electron-withdrawing epichlorohydrin produced >99% of
3-chloropropylene carbonate. Interestingly, cyclic carbonate pro-
duction significantly decreased with gradually increasing molec-
ular sizes of industrial-grade terminal epoxide substrates. As in-
dicated by the 93% formation of 3-tert-butoxy-1,2-propylene car-
bonate (entry 8), 64% formation of 1-phenyl-1,2-ethylene carbon-
ate (entry 9), and 66% formation of 3-phenoxy-1,2-propylene car-
bonate (entry 10), from tert-butyl glycidyl ether, styrene oxide,
and phenyl glycidyl ether, respectively. The lower yields could be
possibly attributed to considerable steric hindrance, limiting diffu-
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Table 1
CoCo-PBA catalyzed CO, and epoxides coupling reaction.
2
o] CoCo-PBA, TBAB
+ co
-~ 2y MPa, 65 °C oo
Entry Catalyst Epoxide Product Yield (%)
2
0 Q"o
1 Blank -~ 0
2
0 0O o
2 CoCo-PBA i 1
bt
0 o o
3 TBAB P ~ 17
2
(o] 0o o
4 CoCo-PBA/TBAB -~ o >99
(o]
0 OJLO
5 FeCo-PBA/TBAB g # 36
)t
o] 0O o
6 CoCo-PBA/TBAB \_/LL *-—-‘/\_'Jf >99
bt
o o o
7 CoCo-PBA/TBAB !Tilw_/LA Cl >99
it
o} O O
% 0.~ %, o
8 CoCo-PBA/TBAB 93
(o}
0 oJLo
» i
9 CoCo-PBA/TBAB P 2 64
bt
(o] O aQ
(o) \/A P “ 0\)_/
10 CoCo-PBA/TBAB (j = 66

Reaction conditions: epoxide (25.0 mmol), TBAB (0.5 mmol), and CoCo-PBA (1 mg) under 1 MPa of CO, at 65 °C for 7 h. The yield was determined by 'H NMR.

sion of the large-sized industrial-grade terminal epoxide substrates
into the narrow pores of CoCo-PBA catalyst hence exhibiting size-
selective catalysis [61-65].

We tested the performances of CoCo-PBA in CO, and epox-
ide coupling reactions with different alkyl quaternary ammonium
salts of bromine. When TBAB was replaced by other alkyl qua-
ternary ammonium salts of bromine, the yield of cyclic carbon-
ates was significantly reduced. Tetramethylammonium bromide at-
tained only a 3.4% yield of cyclic carbonate shown in Fig. S16 (Sup-
porting information), dodecyltrimethylammonium bromide yielded
21% cyclic carbonate (Fig. S17 in Supporting information), and hex-
adecyltrimethylammonium bromide (CTAB) produced 7.32% cyclic
carbonates under the same reaction conditions (Fig. S18 in Sup-
porting information). These results indicated that tetrabutylammo-
nium bromide (TBAB) could interact very well with CoCo-PBA to
obtain a >99% yield of cyclic carbonates compared to other qua-
ternary ammonium salts of bromine.
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Accordingly, the catalytic performance of the CoCo-PBA was
worthy of further investigation by determining the cyclic carbon-
ates yield with time. The cyclic carbonates attained almost >99%
yield after 7 h (Fig. 4a).

Furthermore, CoCo-PBA catalyst stability was examined by recy-
cling the catalyst. The recycling experiments were carried out over
the used CoCo-PBA catalyst recovered from the CO, and epoxide
coupling reaction by centrifuging, washing, and drying process to-
gether with the addition of TBAB for each recycling experiment.
After six reaction rounds, about 98% of the original activity was
well preserved (Fig. 4b), indicating that the CoCo-PBA catalyst was
recyclable without significant activity loss. The high stability of the
CoCo-PBA is of vital importance for future applications in industrial
processes.

Previous reports for CO, and epoxides coupling over various
catalysts suggested that surface hydroxyl functional group exis-
tence plays a significant role in the ring-opening of epoxides
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Product yields achieved with CoCo-PBA over six rounds of successive reactions.
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Scheme 1. Proposed mechanism for CO, and epoxide coupling catalyzed by the
CoCo-PBA.

[34,66,67]. Based on the above experimental results, a possible
mechanism of CO, and epoxides coupling reaction catalyzed by
CoCo-PBA system was proposed (Scheme 1). Co—OH bond on the
surface of CoCo-PBA can represent a Lewis acid site (Co%*) asso-
ciated with a surface hydroxyl (OH~) Lewis base site. The epoxide
was adsorbed and coordinated with the Lewis acid Co site through
the epoxide oxygen atom. The nucleophilic attack of the bromide
ion from TBAB on the less sterically hindered C atom leads to the
activated epoxide ring-opening step, resulting in intermediate 1.
Subsequently, CO, was inserted into the cobalt-alkoxide intermedi-
ate 1, producing the anionic intermediate 2. Finally, intramolecular
cyclization results in cyclic carbonate formation, accompanied by
the acid site and quaternary ammonium salt regeneration. Further-
more, the excellent performance of the catalyst can be attributed
to the proximity between surface hydroxyl (OH™) functional groups
and strong nucleophilic reagents Br~.

In summary, we have investigated for the first time that het-
erogeneous catalyst Co3[Co(CN)g], exhibited superior performance
towards CO, and epoxides coupling in the presence of TBAB under
relatively mild conditions. We genuinely believe that the surface
hydroxyls and bromide synergistic interactions significantly con-
tributed to the improvement of CO, conversion. More importantly,
the catalyst was quickly recovered and showed outstanding per-
formance with excellent stability under successive reaction rounds.
Finally, the possible reaction pathway of Co3[Co(CN)g], toward CO,
and epoxide coupling was proposed. Considering the facile synthe-
sis and large variety of PBAs, we hope that this research will open
a new avenue for developing productive PBAs that contain environ-
mentally benign and abundant transition metals as superior CO,
conversion catalysts.
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