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Abstract
The conversion of carbon dioxide into useful chemical raw materials is a necessary development for advancing carbon dioxide 
capture and storage technology. In this work, a Friedel–Crafts reaction of lignin and metalloporphyrin was used to produce 
a lignin-based porous organic polymer (P-(L-FeTPP)) with a surface area of up to 1153 m2 g−1. P-(L-FeTPP)) efficiently 
catalyzed the cycloaddition reactions of epoxides and  CO2 under solvent-free conditions, with porphyrin iron acting as an 
active center. The product yield reached up to 99.6% after 12 h under 1 MPa  CO2 and 70 °C. A turnover number of 1481 was 
achieved, indicating that this catalyst is much more active than its homogeneous counterpart and is one of the most efficient 
lignin-supported heterogeneous catalysts ever reported. This method for the in situ incorporation of a metalloporphyrin into 
a lignin skeleton greatly improved the stability of the metal catalyst, and P-(L-FeTPP) was readily recycled and reused more 
than six times without any significant loss of catalytic activity. Thus, this catalyst design is promising for practical applica-
tions, including the industrial production of cyclic carbonates.

Introduction

As a major component of lignocellulosic materials, lignin 
accounts for a significant proportion of biomass (typically 
15–40% of dried biomass), including wood and agricultural 
residues [1]. However, owing to its complex structure and 
a lack of effective degradation methods, lignin is currently 

burnt in significant quantities at source for heat and power, 
and its value has been far underestimated. In recent years, 
with increasing global interest in sustainable development 
and biomass-derived chemicals, strategies for the conversion 
of lignin into high value-added products have attracted wide 
attention [2]. The most economically valuable method is the 
conversion of lignin into small molecule aromatic mono-
mers [3, 4]. Although there have been many reports in this 
regard, many challenges remain owing to the complexity 
of the lignin structure. Another strategy of interest is the 
modification of lignin to produce renewable composites for 
use as new sustainable fillers and functional materials [5–8].

Yang and colleagues used sulfomethylated lignin and 
polyaniline to prepare composite materials that enhanced 
the dispersion and conductivity of polyaniline in water [9]. 
Compared with pure ZnO, the lignin-based carbon–ZnO 
composite prepared by Wang et al. [10] exhibited greatly 
improved photocatalytic activity for the degradation of 
methyl orange and rhodamine B, illustrating the potential 
application of lignin-based composites in catalysis. Meng 
et al. [11] used organosolv lignin as a raw material to synthe-
size hypercross-linked polymers with high specific surface 
areas and rigid highly porous structures, which provided 
good  CO2 adsorption properties.

Carbon capture and storage technologies have evolved 
to include a wide variety of porous materials with excellent 
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capabilities for  CO2 selective adsorption [12]. However, as 
it is difficult to store  CO2 safely and permanently, convert-
ing it into valuable organic matter is an effective solution. 
The addition of  CO2 to epoxides to form cyclic carbonates 
represents one of the important reactions related to  CO2 
transformation [13]. Various homogeneous organocatalysts 
and metal complexes have been developed for the catalytic 
cycloaddition of  CO2, including alkali metal salts, quater-
nary ammonium salts, Lewis acids, Schiff bases and metal 
porphyrins [14]. However, it is difficult to separate and reuse 
homogeneous catalysts. Furthermore, the purification of 
cyclic carbonates from a homogeneous reaction system is 
tedious and energy-consuming. To avoid these drawbacks 
and meet the needs of sustainable development, we envis-
aged the direct modification of inexpensive renewable lignin 
to produce a heterogeneous catalyst for the epoxide addition 
reactions of  CO2.

Metalloporphyrin complexes have broad application 
prospects in heterogeneous catalysis owing to their spe-
cial biomimetic properties, and a large number of metal-
loporphyrins and their composites have been developed 
as heterogeneous catalysts [15–17]. Initially, metal-
loporphyrin oligomers, which show good optoelectronic 
properties and catalytic activity [18, 19], and conjugated 
metalloporphyrin polymers and porous organometallic 
porphyrin polymers [20, 21] were used as catalysts. Cur-
rently, immobilized active sites (metal porphyrin com-
plexes) in networks of porous polymers tend to be used 
for heterogeneous catalysis [22]. For example, Kimoon 
and colleagues found that iron porphyrins embedded 
into a supramolecular porous organic cage effectively 

catalyzed the electrochemical reduction of  CO2 in water 
[23]. Although such materials often have good catalytic 
activities, they are not easy to synthesize. Conventional 
synthetic methods typically require the functionalization 
of small molecule precursors, and the available raw mate-
rials for such processes are limited [24]. Therefore, we 
attempted to incorporate a metalloporphyrin into a lignin 
skeleton using a simple external cross-linking method.

In this study, a metalloporphyrin-modified lignin pol-
ymer (P-(L-FeTPP)) was successfully synthesized via 
cross-linking using a Friedel–Crafts alkylation reaction 
[25], as described in Scheme 1. For comparison, we also 
prepared a Fe-supporting lignin-based polymer catalyst 
(P-(L-TPP)-Fe). Various techniques including Fourier 
transform infrared (FTIR) spectroscopy, thermogravi-
metric analysis (TGA), elemental analysis (EA), scan-
ning electron microscopy (SEM), transmission electron 
microscopy (TEM) and X-ray photoelectron spectroscopy 
(XPS) were used to characterize the physicochemical 
properties of the catalysts. The experimental results sug-
gested that P-(L-FeTPP), which exhibited a high surface 
area (1153 m2 g−1), was a superior catalyst for the transfor-
mation of  CO2 and epoxides into cyclic carbonates. This 
is the first example of the synthesis of cyclic carbonates 
using metalloporphyrin-modified lignin porous materials. 
A series of  CO2 cycloaddition experiments confirmed that 
the modification of lignin with a metalloporphyrin pro-
vided good catalytic activity and cyclability. Thus, this 
method for constructing efficient heterogeneous catalysts 
could afford a new opportunity for mitigating current  CO2 
emissions.

Scheme 1  Procedure for preparing P-(L-FeTPP)
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Results and discussion

Catalyst characterization

Porphyrin-functionalized lignin was prepared from one-
step bottom-up approach using the Friedel–Crafts alkyla-
tion cross-linking reaction between tetraphenylporphyrin 
and lignin following our previous report [26]. Initially, the 
chemical compositions of lignin (L), tetraphenylporphy-
rin (TPP), ferriporphyrin (FeTPP) and P-(L-FeTPP) were 
characterized using FTIR spectroscopy (Fig. 1a). The FTIR 
spectrum of FeTPP was almost identical to that of TPP. 
Both the P-(L-FeTPP) and FeTPP samples showed a char-
acteristic vibrational peak at 1002 cm−1 corresponding to 
the pyrrole rings from Fe-porphyrins, confirming the pres-
ence of Fe-porphyrin moieties in the lignin-based porous 
polymer. Further, the series of bands near 1630–1690 cm−1 
in the FTIR spectrum of P-(L-FeTPP) were assigned to the 
–C=N– stretching band.

The bands near 1250–950 cm−1 and 900–650 cm−1 were 
attributed to benzene skeleton stretching, C–H out-of-
plane bending and in-plane bending vibrations of benzene. 
The obvious band near 2960–2920 cm−1 was assigned to 
the strong C–H stretching vibrations of methylene, which 
indicated the formation of methylene linkages. The above 
observations indicated that the metalloporphyrin-modified 
lignin-based porous polymer P-(L-FeTPP) was success-
fully synthesized. In addition, the UV–Vis spectra of FeTPP 
which are assigned based on the shift of the TPP spectrum 
indicate the successful complexation of iron in the porphy-
rin structure (Figure S1). The content of Fe was found to 
be 1.8 wt% using atomic absorption spectroscopy (AAS), 

and elemental mappings (Figure S2) showed that Fe atoms 
in the catalyst were always accompanied by nitrogen atoms 
(Table S1).

As observed by SEM, the P-(L-FeTPP) catalyst exhibited 
a rough surface morphology and numerous nanoparticles 
were observed (Fig. 2a, b) [27]; a porous surface structure in 
SEM images and the abundance of channel structures indi-
cate that P-(L-FeTPP) has a high specific surface area. The 
high-resolution TEM images (Fig. 2c, d) also reveal the pres-
ence of microchannels. The TEM and SEM results suggest 
that the metalloporphyrin was uniformly grafted onto lignin.

For catalyst P-(L-TPP)-Fe, iron was supported via an 
impregnation method, so some of the iron was physically 
adsorbed and could not form M-N4 structure; the adsorbed 
iron occupies microchannel and results differences in pore 
structure and specific surface area compared with P-(L-
FeTPP). The nitrogen adsorption–desorption isotherms 
at 77 K for P-(L-FeTPP) and P-(L-TPP)-Fe are shown in 
Fig. 3a. The adsorption–desorption curves did not reveal a 
significant hysteresis loop and could be classified as Type-I 
isotherms according to IUPAC nomenclature. Furthermore, 
the curves rise rapidly under low relative pressures (P/
P0 < 0.01), indicating the existence of abundant micropo-
res. The nonlocal density functional theory (NLDFT)-based 
pore size distributions of the modified lignin samples were 
obtained by combining the pore size distributions from  N2 
adsorption at 77 K and  CO2 adsorption at 273 K (Fig. 3b, 
c). The pore distributions of P-(L-FeTPP) and P-(L-TPP)-Fe 
showed a dominant pore diameter centered at approximately 
0.5 nm and 3.8 nm, respectively, and continuous mesoporous 
and microporous structures (Fig. 3b, c), which agreed with 
the shape of the nitrogen sorption isotherms and the TEM 
analysis. The total pore volumes of P-(L-FeTPP) and P-(L-
TPP)-Fe were 0.66 and 0.69 cm3 g−1, respectively, whereas 
the BET-specific surface areas of these catalysts, calculated 
from the  N2 isotherms at 77 K, were similar (1153 and 
1148 m2 g−1, respectively). As the micropore surface area of 
P-(L-FeTPP) was larger than that of P-(L-TPP)-Fe (Table 1), 
we hypothesize that some of the supported Fe was taken up 
in the micropores of P-(L-TPP)-Fe. 

Catalytic performance in  CO2 cycloaddition 
reactions

The catalytic performance of the modified lignin polymer 
was investigated for the  CO2 cycloaddition reaction with 
propylene oxide (PO) as a model reaction under co-catalyst 
conditions. First, we examined the activity of P-(L-FeTPP) 
and P-(L-TPP)-Fe. As shown in Table 1, with an iron load 
of 1.8 wt%, P-(L-FeTPP) gave a 99.6% yield (Table 2, entry 
6), showing an obvious advantage over P-(L-TPP)-Fe with 
an iron load of 9.8 wt% (90.0% yield, Table 2, entry 7). 
This result illustrates the high efficiency of the active center 

Fig. 1  FTIR spectra of lignin (L), tetraphenylporphyrin (TPP), ferri-
porphyrin (FeTPP) and the prepared catalyst (P-(L-FeTPP))
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in P-(L-FeTPP). Table 2 summarizes the performance of 
various catalytic systems. No product was detected with-
out catalyst (Table 2, entry 1), and a yield of only 10.6% 

was obtained after 12 h when P-(L-FeTPP) was used with-
out the co-catalyst tetrabutylammonium bromide (TBAB) 
(Table 2, entry 5). Moreover, the PO/CO2 coupling reaction 

Fig. 2  SEM (a, b) and TEM (c, 
d) images of P-(L-FeTPP)

Fig. 3  N2 adsorption–desorption isotherms at 77 K (a) and pore size distributions (b, c) of P-(L-FeTPP) and P-(L-TPP)-Fe

Table 1  Pore textural properties 
of P-(L-FeTPP) and P-(L-
TPP)-Fe

a Surface area calculated from the  N2 adsorption isotherm in the relative pressure (P/P0) range of 0.08–0.22
b Micropore surface area calculated from the  N2 adsorption isotherm using the t-plot method based on the 
Harkins–Jura equation
c Total pore volume at P/P0 = 0.9916
d Micropore volume derived from the t-plot method; e metal content detected by AAS

Catalyst Sa
BET

(m2 g−1)
Sb

Micro
(m2 g−1)

Vc
Total

(cm3 g−1)
Vd

Micro
(cm3 g−1)

SMicro/SBET
(%)

VMicro/VTotal
(%)

Fee

(wt%)

P-(L-FeTPP) 1153 944 0.66 0.46 81.9 69.7 1.8
P-(L-TPP)-Fe 1148 289 0.69 0.11 25.2 15.9 9.8
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catalyzed by the co-catalyst TBAB only gave a 22.3% yield 
in the absence of P-(L-FeTPP) (Table 2, entry 2). However, 
combining P-(L-FeTPP) or P-(L-TPP)-Fe with TBAB as 
a co-catalyst enhanced the yield of the coupling reaction 
catalyzed to 99.6% and 90.0%, respectively (Table 2, entries 
6 and 7). This result is notably better than the 48.0% and 
31.2% yields obtained when the co-catalysts were used with 
FeTPP and lignin, respectively (Table 2, entries 3 and 4). 
Moreover, when the reaction was conducted at room tem-
perature, P-(L-FeTPP) gave a 99% yield after 48 h (Table 2, 
entry 8). Therefore, we believe that the excellent catalytic 
performance of P-(L-FeTPP) can be ascribed to strong inter-
actions between iron porphyrin and the lignin polymer skel-
eton as well as the concentration of  CO2 near the catalytic 
sites located in the highly porous structure.

Compared with other catalyst systems, P-(L-FeTPP) 
shows high turnover numbers (TONs) and yields under 
ambient conditions (Table S2) and was superior in terms 

of reaction temperature,  CO2 pressure and reaction time. 
Although some previous catalytic systems have been 
reported to have higher turnover frequencies (TOFs) [28] 
than this system, from these results, we can conclude that 
P-(L-FeTPP) is one of the most efficient catalysts for the 
chemical conversion of  CO2 into cyclic carbonates at room 
temperature and atmospheric pressure.

To confirm the composition of the as-obtained samples 
and the chemical states of the heteroatom, XPS characteri-
zation was performed (Fig. 4). As shown in Fig. 4b, decon-
volution of the N 1 s signal in P-(L-TPP)-Fe reveals three 
types of nitrogen species: pyridinic N (398.7 eV), quater-
nary N (400.6 eV) and oxidized N (402.6 eV). However, the 
deconvoluted signal for P-(L-FeTPP) only reveals pyridinic 
N (398.6 eV) and quaternary N (400.4 eV). The in situ con-
struction of FeTPP in the lignin skeleton likely induces the 
decomposition and reconstruction of N species, resulting in 
the disappearance of oxidized N (402.6 eV) [29]. Pyridinic 
N corresponds to N atoms doped at the edges of the graphitic 
carbon layers, whereas quaternary N corresponds to dop-
ing within the graphitic carbon plane. It has been reported 
that quaternary N can enhance the electric transmission 
performance, whereas pyridinic N may provide active sites 
that enhance metal anchoring and effectively avoid agglom-
eration, which further improves the catalytic activity and 
stability of metal catalysts [30, 31]. Hence, all the N spe-
cies in P-(L-FeTPP) are expected to play a crucial role in 
the reaction process, but the contribution of oxidized N in 
P-(L-TPP)-Fe is uncertain. As shown by the high-resolu-
tion Fe 2p XPS spectrum (Fig. 4a), the binding energies of 
the main spin–orbit doublet (Fe  2p1/2 and Fe  2p3/2) for the 
P-(L-FeTPP) catalyst appear at 723.7 and 711.5 eV with 
a spin–orbital doublet splitting (Δ = Fe  2p1/2 − Fe  2p3/2) of 
12.1 eV. These binding energies are higher than the stand-
ard values [32], revealing that strong interactions between 
FeTPP and lignin-based polymer decrease the electron den-
sity on the Fe atom. In comparison, a slight shift (~ 0.3 eV) 
of the Fe 2p peaks is observed for P-(L-TPP)-Fe, indicating 
that additional electronic interactions occur between Fe and 
N species in the polymer skeleton. The additional doublet at 

Table 2  Results of the cycloaddition reaction of  CO2 with PO using 
various catalysts

Reaction conditions: 20 mmol epoxide, 40 mg catalyst, 1 MPa  CO2, 
yields determined by GC using mesitylene as an internal standard

Entry Catalyst TBAB (mmol) T (°C) t (h) Yield (%)

1 None 0 70 12 0
2 None 1.8 70 12 22.3
3 L 1.8 70 12 31.2
4 FeTPP 1.8 70 12 48.0
5 P-(L-FeTPP) 0 70 12 10.6
6 P-(L-FeTPP) 1.8 70 12 99.6
7 P-(L-TPP)-Fe 1.8 70 12 90.0
8 P-(L-FeTPP) 1.8 25 48 99.0

Fig. 4  High-resolution Fe 2p 
(a) and N 1 s (b) XPS spectra of 
P-(L-FeTPP) and P-(L-TPP)-Fe
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approximately 727.0 and 715.4 eV is attributed to a higher 
oxidation state of Fe, suggesting the formation of Fe–O or 
Fe–N bonds. As the formation of Fe–O bonds is less likely 
in the present synthesis, this higher oxidation state is mainly 
attributed to the formation of Fe–N bonds.

Substrate scope of the P‑(L‑FeTPP)‑catalyzed  CO2 
cycloaddition reaction

To examine the scope of the P-(L-FeTPP) catalyst,  CO2 
cycloaddition reactions were performed with a variety of 
substituted epoxides, as summarized in Table 3. Generally, 
a low loading of P-(L-FeTPP) (1.8 wt%, 40 mg) with co-
catalyst TBAB (1.8 mmol) was used to catalyze the reaction 
at 70 °C and 1 MPa  CO2. PO (Table 3, entry 1) and 1-butene 
oxide (Table 3, entry 2) gave cyclic carbonates in 99.6% and 
99.0% yield, respectively, in 24 h. Epibromohydrin, epichlo-
rohydrin and 1,2-epoxyethylbenzene were also transformed 
into cyclic carbonates with high efficiency (Table 3, entries 
3–5). However, glycidyl phenyl ether displayed a compara-
tively low selectivity and a complex mixture of solids was 
formed after 6 h of reaction (Table 3, entry 6), which is 
most probably a result of the steric hindrance and electronic 
effects [33] of the glycidyl phenyl ether.

Stability and regeneration

As recovery and reuse are very important factors when 
evaluating the performance and practical applications of 
a catalyst, we also investigated the recyclability of P-(L-
FeTPP). Using simple centrifugation, the porous catalyst 
can be simply recovered and reused at least five times, with 
recovered P-(L-FeTPP) showing nearly the same reactivity 
as the original catalyst (Fig. 5). In addition, an AAS analysis 
of the recovered catalyst after the fifth run revealed a Fe 
content of 1.6 wt%, which is nearly the same as the content 

Table 3  Coupling of various substituted epoxides with  CO2 catalyzed by P-(L-FeTPP)

1 12 99.6

2 12 99

3 12 77.3

4 12 86.1

5 12 88.1

6 36 -

Entry Epoxide Product Time (h) Yield (%)

Reaction conditions: 20 mmol epoxide, 40 mg catalyst, 1 MPa  CO2, yields determined by GC using mesitylene as an internal standard

Fig. 5  Recyclability of P-(L-FeTPP) for the chemical conversion of 
 CO2 and PO under solvent-free conditions
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of the fresh sample (1.8 wt%). In addition, the P-(L-FeTPP) 
was highly stable in air, as no obvious decrease in activity 
was observed after exposure of the catalyst to air for several 
days.

Conclusions

In summary, a novel lignin-based catalyst P-(L-FeTPP) with 
a surface area of up to 1148 m2 g−1 was prepared by modi-
fication of lignin with metalloporphyrin moieties. With the 
co-catalyst TBAB, P-(L-FeTPP) exhibited high catalytic 
activity, high selectivity and good recyclability for the 
cycloaddition of  CO2 and epoxides to produce cyclic carbon-
ates. The results indicated that the high catalytic activity of 
P-(L-FeTPP) originated from the strong interaction between 
the metal and the ligand, with the lignin polymer skeleton 
providing a large amount of reaction sites. This synthetic 
strategy for multifunctional lignin materials can potentially 
be applied to design other modified lignins for highly effi-
cient catalytic processes. We believe that our results will 
inspire further developments of functional porous organic 
polymer materials for  CO2 conversion.

Experimental

Materials

Benzaldehyde, pyrrole (distilled), propionic acid, TBAB, 
benzene, dimethoxymethane (FDA) and 1,2-dichloroeth-
ane (DCE) were purchased from Aladdin Chemical Rea-
gent Co. Ltd. Ferric chloride anhydrous, alkaline lignin (L), 
1,3,5-trimethylbenzene and other solvents were purchased 
from Adamas-Beta. All compounds are analytically pure and 
were used without further purification.

Preparation of metalloporphyrin‑modified 
lignin polymers

Synthesis of TPP

TPP was synthesized by a literature method [34]. Briefly, 
30 mL of propionic acid was added to a 100-mL three-
necked flask, condensed and refluxed at 125 °C. Benzal-
dehyde (0.9 g, 8.48 mmol) and freshly distilled pyrrole 
(0.5703 g, 8.5 mmol) were dispersed in 5 mL of propionic 
acid and ultrasonicated for 5 min (the color of the mixture 
gradually changed from dark green to purple). Then, the 
mixture was added dropwise to the above prepared propi-
onic acid, stirring vigorously for 5 h. After completion of 
the reaction, 20 mL of ethanol was added, and the mixture 

was allowed to stand overnight, suction filtered, washed 
with a large amount of ethanol until colorless and dried in 
a vacuum oven at 100 °C. Yield: 29%. 1H NMR (400 MHz, 
 CDCl3) δ − 2.70 (s, 2H, N–H), 8.90 (s, 8H, pyrrole-H), 8.27 
(d, J = 7.5 Hz, 8H), 7.78–7.76 (m, 12H) (Figure S3).

Synthesis of FeTPP

A 50-mL two-necked round-bottomed flask was charged 
with a solution of TPP (0.3 g, 0.488 mmol) in dimethylfor-
mamide (DMF, 10 mL). Then, a solution of  FeCl3 (0.78 g, 
4.88 mmol) in DMF (5 mL) was added in portions and the 
mixture was refluxed for 5 h. After completion of the reac-
tion, 20 mL of deionized water was added and the mixture 
was allowed to stand overnight, suction filtered, washed with 
a large amount of ethanol and deionized water until color-
less, and dried in a vacuum oven at 100 °C.

Synthesis of P‑(L‑FeTPP)

In a typical method, FeTPP (0.325 mmol, 0.2 g), alkaline 
lignin (0.2 g) and benzene (1.3 mmol, 0.1014 g) were dis-
solved in DCE (5 mL). After complete dissolution of the 
substrate, FDA (4 mmol, 0.304 g) and anhydrous  FeCl3 
(12 mmol, 1.95 g) were added at room temperature. The 
resulting mixture was heated at 45 °C for 5 h and 80 °C for 
19 h to complete the condensation reaction and obtain a 
porous structure. The resulting solid product was washed 
with methanol several times until the filtrate liquor was 
nearly colorless, and then, the product was subjected to Sox-
hlet extraction in methanol and DCM for 48 h followed by 
drying in a vacuum oven at 60 °C for 12 h. The catalyst was 
obtained as a dark colored powder.

Synthesis of P‑(L‑TPP)‑Fe

In a typical method, TPP (0.325 mmol, 0.2 g), alkaline lignin 
(0.2 g) and benzene (1.3 mmol, 0.1014 g) were dissolved in 
DCE (5 mL). After complete dissolution of the substrate, 
FDA (4 mmol, 0.304 g) and anhydrous  FeCl3 (12 mmol, 
1.95 g) were added at room temperature. The resulting mix-
ture was heated at 45 °C for 5 h and 80 °C for 19 h to com-
plete the condensation reaction and obtain a porous struc-
ture. The resulting solid product was washed with methanol 
several times until the filtrate liquor was nearly colorless, 
and then, the product was subjected to Soxhlet extraction in 
methanol and DCM for 48 h followed by drying in a vacuum 
oven at 60 °C for 12 h. The catalyst was obtained as a dark 
colored powder and denoted as P-(L-TPP).

A 100-mL round-bottomed flask was charged with a solu-
tion of L-TPP (0.3 g) in 30 mL of methanol and stirred for 
4 h. Then, 0.087 g of  FeCl3 dispersed in 5 mL of methanol 
was added dropwise and the resulting mixture was stirred for 
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20 h. Subsequently, the methanol was evaporated to obtain 
P-(L-TPP)-Fe.

Catalyst characterization

FTIR spectra of the samples were obtained under ambient 
conditions at a resolution of 4 cm−1 in the wavenumber range 
of 4000–400 cm−1 using a NEX-US670 spectrometer. C, H 
and N EAs were performed on a Vario EL cube instrument. 
TGA was carried out using a NETZSCH STA 449 F3 instru-
ment by heating samples from 40 to 800 °C at a heating rate 
of 10 °C min−1 under an air atmosphere. Solution 1H NMR 
data were collected using a Varian INOVA 500NB spec-
trometer using TMS as an internal standard. SEM images 
were obtained using a GeminiSEM 500 scanning electron 
microscope. TEM images were obtained using a JEM-2100F 
field emission electron microscope (JEOL, Japan), which 
incorporated a probe corrector, at an acceleration voltage of 
200 kV. The  N2 adsorption and desorption measurements 
were performed on a Quantachrome ASIQM0000-5 ana-
lyzer at 77 K. Specific surface areas (SBET) were calculated 
using the Brunauer–Emmett–Teller (BET) method, and 
the pore size distributions were determined using NLDFT. 
XPS analysis was carried out on an ESCALAB 250 spec-
trometer. Metal contents were analyzed by atomic absorp-
tion spectrometry (AAS) on a PerkinElmer AA-300. Gas 
chromatography (GC) analysis was performed on an Agilent 
Technologies 7890A gas chromatograph equipped with a 
flame ionization detector and a capillary column (Rtx-5, 
30 m × 0.32 mm × 0.25 μm).

Typical procedure for the cycloaddition of epoxides 
with  CO2

The catalytic performance of the catalyst was investigated by 
using the cycloaddition of  CO2 and PO as a model reaction. 
All the cycloaddition reactions were conducted in a 25-mL 
stainless steel autoclave operated in semi-batch mode  (CO2 
was supplied to the reactor once) unless indicated otherwise. 
Typically, the epoxide, TBAB, and the catalyst were quickly 
added into the autoclave. After sealing and purging with  CO2 
three times, the autoclave was pressurized with  CO2 to the 
required pressure, followed by stirring at the required tem-
perature. After the appropriate reaction time, the autoclave 
was cooled to 0 °C and excess  CO2 was released slowly. 
Subsequently, the reaction mixture was extracted with ethyl 
acetate (3 × 2 mL), and the product yields and selectivity 
were determined by GC analysis using the internal standard 
method. The purities and structures of the products were also 
confirmed by GC–MS analysis. The catalyst was recycled 
by filtering, washing and drying and then used for the next 
run without further purification.
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