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Post-modified porphyrin imine gels with improved chemical 
stability and efficient heterogeneous activity in CO2 
transformation 

Peisen Liao, Guangmei Cai, Jianying Shi and Jianyong Zhang* 

Efficient heterogeneous gel catalysts have been developed based on dynamic covalent chemistry and post-modification 

method for chemical fixation of CO2. Various porphyrin-based imine gels are synthesized and subsequent reduction of 

imine bonds and metallation with various metal centers yield gel catalysts. The gels are characterized by a number of 

techniques including SEM, TEM, EDX, FT-IR, CP/MAS 13C NMR, and XPS. The resulting gels not only have networked 

structures combining micro-, meso- and macropores, but also show improved chemical stability and strong interaction 

between CO2 and pore channels. The gel catalysts show good catalytic activity towards cycloaddition of epoxides with CO2 

to cyclic carbonates using wet gels. Post-modified gel catalyst with Zn(II) center (ZnTAPP-Go-r) presents high product yield 

and high stability with recyclability over 5 cycles. 

Introduction 

Increasing carbon dioxide level in the atmosphere is leading to 

the greenhouse effect and global climate change.1 The 

conversion of CO2 into valuable chemicals has attracted much 

research attention.2 Cycloaddition of epoxides with CO2 is one 

of the important CO2 transformation reactions.3 Although 

homogeneous catalysts, such as ionic liquids,4-6 phosphonium 

halides,7 ammonium8 and porphyrin complexes,9-10 have been 

employed, they are difficult to be separated and reused. Thus 

heterogeneous catalysts have been developed to solve the 

problem. Porous materials including porous organic polymers 

(POPs),11-17 and MOFs18-25 are among the most attractive 

candidates for their high porosity and tuneable structures, 

which may combine the functions of CO2 capture, activation 

and chemical transformation. 

 Supramolecular gels assembled from small molecules have 

been developed as a novel type of catalysts because diverse 

catalytic sites and active organic functional groups can be 

readily introduced into gelator molecules.26-30 Different from 

porous organic polymers31-33 and metal-organic frameworks,34 

gel catalysts combine both solvent-compatible homogeneous 

and solid-like heterogeneous advantages.35,36 For example, we 

found that dynamic covalent gels with a large specific surface 

area and hierarchical porosity benefit the adsorption and 

dissociation of CO2 molecules and provide convenient mass 

transfer channels for substrate molecules,37,38 thus 

representing a novel catalogue of catalysts for potential 

application in CO2 conversion. However, supramolecular gels 

are generally driven by weak interactions and phase transition 

may be triggered by heat, light, and other stimuli. The stimuli 

responsiveness, weak rheology and poor chemical stability of 

gels have prevented their catalytic applications that require 

easy recyclability.39 

 Herein, porphyrin-based imine gels and their subsequent 

post-modification have been studied for CO2 transformation 

based on the following considerations. Porphyrin complexes 

are well known catalysts for cycloaddition of epoxides with 

CO2
1,40-43 and other catalytic transformations44-53 when 

incorporated in porous networks.54-57 The porphyrin moiety 

also provides a platform for further metalation with various 

catalytically active centres. Post-modification of gels may 

significantly enhance their mechanical strength, stability, and 

materials performance whilst keeping the gel morphology.58-62 

First porphyrin-based imine gel is synthesized, then 

transformed to a amine gel upon the reduction of imine -C=N- 

bond and further metalated to obtain the gel catalysts. The 

post-modification and formation of amine moieties not only 

improve the chemical stability, but also enhances the 

interaction between CO2 and the pore channels. Together with 

the unique networked structure combining micro-, meso- and 

macropores of imine gels, the modified gels behaves as 

efficient heterogeneous catalysts using wet gels and can be 

easily reused in CO2 fixation to cyclic carbonate. 

Results and discussion 

A series of metalated porphyrin imine gels were obtained from 

5,10,15,20-tetrakis(p-amino phenyl) porphyrin (H2TAPP) based 
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on dynamic covalent imine chemistry (Scheme 1). H2TAPP 

reacted with glyoxal (GO) in a 1:1 molar ratio of –NH2 and –

CHO reactive groups in DMSO in the presence of HOAc catalyst. 

Heating the precursor solution at 80 oC led to the formation of 

an opaque brown gel H2TAPP-GO within 4 h, and the gel was 

thermally irreversible (Fig. 1). For the post-modification 

method, NaCNBH3 in ethanol was used to reduce the imine 

bonds of H2TAPP-GO to -C-N- to obtain H2TAPP-GO-r gel, and 

subsequent metalation with Zn(OAc)2·2H2O, CoCl2·6H2O or 

PdCl2 achieved MTAPP-GO-r gels (M = Zn, Co and Pd). As 

control experiments, GO directly reacted with metalated 

porphyrin (MTAPP) in a 1:1 molar ratio of –NH2 and–CHO 

reactive groups in DMSO in the presence of HOAc catalyst, 

yielding MTAPP-GO gels (M = Zn, Co and Pd). Zn, Co and Pd 

metals were chosen considering the tolerance of functional 

groups in the material preparation. To characterize the gels, 

corresponding aerogels were obtained as well by subcritical 

CO2(l) drying.64 
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Scheme 1 Synthetic routes to MTAPP-GO and MTAPP-GO-r gels (M = H2, Zn, Co, Pd). 

SEM and TEM investigation shows that the porphyrin-based 

imine gels have highly porous networked structures consisting 

of interconnected nanoparticles for H2TAPP-GO, ZnTAPP-GO, 

CoTAPP-GO and PdTAPP-GO wet gels (Fig. 2, S1, S2). The 

particle sizes range around 10-20 nm. The morphologies of 

post-modified gel H2TAPP-GO-r, and metalated gels (ZnTAPP-

GO-r, CoTAPP-GO-r and PdTAPP-GO-r) are still kept after post-

modification and metalation (Fig. 3, S3, S4). The elemental 

composition of the gels was confirmed by energy dispersive X-

ray spectroscopy (EDS) (Fig. S5). All the gel materials are 

amorphous except that PdTAPP-GO and PdTAPP-GO-r show 

strong diffraction peaks at 2θ around 40o and 46o assigned to 

polycrystalline Pd as revealed by the broad powder X-ray 

diffraction patterns (Fig. S6).64,65 

FT-IR spectra of the imine aerogels display a characteristic 

Ar–C=N– stretching band at around 1600–1650 cm-1 (Fig. S7), 

confirming the formation of imine bonds via condensation of 

aldehyde and amine groups. C=O stretching bands of 

unreacted aldehyde functional groups were detected at 

around 1665–1700 cm-1, revealing incomplete condensation of 

aldehyde and amine groups during the gelation. According to 

the quantitative analysis using FT-IR spectroscopy,66,67 the 

percentage of formed Ar–C=N– bonds is 91% for H2TAPP-GO 

aerogel (Fig. S8). In comparison with H2TAPP-GO, H2TAPP-GO-r 

shows that the relative intensity of Ar-C=N- stretching band 

(1614 cm-1) decreases while that of -C-N- (1591 cm-1) increases 

revealing that the imine bond is reduced to -C-N- by NaBH3CN. 

The reduction of -C=N- is further confirmed by cross-

polarization magic-angle-spinning (CP/MAS) 13C NMR spectra 

(Fig. 4). For H2TAPP-GO aerogel, the resonance at around 148.2 

ppm is assigned to the imine carbon,68 while H2TAPP-GO-r 

aerogel shows additional peak at 55.0 ppm, which is assigned 

to -C-N-, supporting the imine bond is reduced. 

a) b) c) d)  

Fig. 1 Photos of a) H2TAPP-GO, b) ZnTAPP-GO, c) CoTAPP-GO and d) PdTAPP-
GO gels. 

Solid-state diffuse reflectance UV-vis spectroscopy was used to 

exploit the Soret band of porphyrin moieties in the gels (Fig. 

S9). H2TAPP-GO aerogel has absorption peaks at 426, 525, 567, 

600 and 659 nm. After reduction, the absorption peaks do not 
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change for H2TAPP-GO-r. While after introduction of transition 

metal cations, the gels show new absorption peaks (430, 525, 

565 and 609 nm for ZnTAPP-GO-r; 439, 550 and 594 nm for 

CoTAPP-GO-r; 425, 528, 567 and 655 nm for PdTAPP-GO-r). 

The post-metalated porphyrin gels MTAPP-GO show similar 

spectra with the corresponding pre-metalated gels MTAPP-

GO-r (M= Zn, Co, Pd). Successful metalation of the H2TAPP-GO-

r gel may be supported by the shift of the Soret band and Q 

bands before and after the metalation. 

a) b)

c)  d)  

e) f)  

Fig. 2 a) SEM and b,c) TEM images of H2TAPP-GO gel, and d) SEM and e,f) 
TEM images of ZnTAPP-GO gel (bars represent 500 nm for SEM). 

X-ray photoelectron spectroscopy (XPS) was used to 

characterize the oxidation states of metal elements in MTAPP-

based gels (Fig. S10-S12). For ZnTAPP-GO, peaks of Zn 2p1/2 

and Zn 2p3/2 were observed with binding energies of 1044.5 

and 1021.5 eV, respectively, which is assigned to Zn(II) 

species.69,70 ZnTAPP-GO-r also shows similar signals, suggesting 

Zn2+ is embedded inside porphyrin rings successfully by post-

modification of H2TAPP-GO-r. For CoTAPP-GO, Co 2p spectrum 

shows the signal of Co 2p3/2 at 780.5 eV and Co 2p1/2 at 796.5 

eV, the Co (2p1/2 - 2p3/2) is 16 eV, which can be assigned to 

Co(II). While the presence of intense satellite line at 784.6 eV 

and 802.0 eV revels to the high spin Co2+ species. For CoTAPP-

GO-r, Co 2p spectrum shows the signals of Co2p1/2 and Co2p3/2 

at 795.7 and 780.4 eV, respectively, the Co (2p1/2 - 2p3/2) is 

15.3 eV, which can be assigned to Co(III).71 For PdTAPP-GO, the 

fitting of XPS signals confirms the 3d3/2 and 3d5/2 states of 

divalent Pd(II) (binding energies 343.59 and 338.36 eV). For 

PdTAPP-GO-r, the fitting of XPS signals confirms the 3d3/2 and 

3d5/2 states of divalent Pd(II) (binding energies 343.59 and 

338.36 eV) and Pd(0) (341.00 and 335.78 eV).72,73 The 

coexistence of Pd(0) may be due to the reduction of Pd(II) by 

residue NaBH3CN. 

a) b)

c)  d)

e) f)  

Fig. 3 a) SEM and b,c) TEM images of H2TAPP-GO-r gel, and d) SEM and e,f) 
TEM images of ZnTAPP-GO-r gel (bars represent 500 nm for SEM). 

 

Fig. 4 Solid-state cross-polarization magic-angle-spinning (CP/MAS) 13C NMR 
spectra of a) H2TAPP-GO and b) H2TAPP-GO-r aerogels (signals with # are 

due to residue ethanol). 

The XPS, PXRD and TEM results suggest that no metal 

nanoparticles are formed for Zn- and Co-based gels, while 

crystalline Pd nanoparticles appear for Pd-gels during the 

metalation. The metal weigh percentages of the imine gels 
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were determined by inductive coupled plasma atomic 

emission spectroscopy. For ZnTAPP-GO-r, the Zn loading was 

83.1 mg g-1, which is close to the theoretical value 82.7 mg g-1 

(one Zn site in each porphyrin ring).  

Additional experiment was performed to test the reactivity 

of MTAPP-GO and NaBH3CN (Fig. S10-S12). The resulting XPS 

spectra show that Zn(II) is kept for ZnTAPP-GO. For PdTAPP-GO, 

the coexistence of Pd(II) and Pd(0) reveals that a part of Pd(II) 

in PdTAPP moieties may be reduced to Pd(0) by NaBH3CN. 

Similarly the coexistence of Co(II) and Co(III) was observed 

after the reduction of CoTAPP-GO. This suggests that using the 

pre-metalated MTAPP followed by reduction is an alternative 

method to the above post-modification method followed by 

metalation for the formation of MTAPP catalytic centres 

especially for Zn(II)TAPP catalysts.  

Thermostability and adsorption 

Thermogravimetric analysis (TGA) shows that H2TAPP-GO and 

H2TAPP-GO-r aerogels have good thermal stability up to 450 oC 

(Fig. S13). After introduction of metal species, the thermal 

stability was brought down, and the aerogels were kept stable 

up to 300 oC. N2 physisorption was performed at 77 K to 

characterize the porosity of the porphyrin-based aerogels (Fig. 

5, S14-S24, Table S1). H2TAPP-GO and H2TAPP-GO-r both show 

a type II adsorption branch according to the IUPAC 

classification with a steep rise at p > 0.09 MPa. The isotherms 

are accompanied by a remarkable hysteresis in the desorption 

isotherm showing that a range of mesopores are present. The 

Brunauer-Emmett-Teller (BET) surface area is 261 and 299 m2 

g-1, and the total specific pore volume is 1.75 and 2.88 cm3 g-1 

for H2TAPP-GO and H2TAPP-GO-r, respectively. Non-local 

density functional theory (NLDFT) pore size distributions show 

that the aerogels have a wide range of mesopores. The 

porosity of H2TAPP-GO and H2TAPP-GO-r was also investigated 

by CO2 physisorption at 195 K, showing CO2 adsorption 

capacity of 100.6 and 74.6 cm3 g-1, respectively, at 195 K at 1 

bar. According to the N2 physisorption, MTAPP-GO and 

MTAPP-GO-r aerogels have the BET surface areas of 120-341 

m2 g-1 with pore volumes of 0.27-0.97 cm3 g-1. Among them, 

PdTAPP-GO-r has the highest specific surface areas (341 m2 g-1), 

while PdTAPP-GO has the largest volume of 0.97 cm3 g-1. The 

results show that the porosity is generally kept for the gels 

after the post-modification and metalation process. 

CO2 adsorption was investigated at 273 and 298 K (Fig. 6, 

S25). H2TAPP-GO aerogel exhibits CO2 uptake capacity of 21 

cm3 g-1 at 273 K and 11 cm3 g-1 at 298 K, while H2TAPP-GO-r 

aerogel has higher CO2 adsorption capacity of 24.9 and 15.4 

cm3 g-1 at 273 and 298 K at 1 bar, respectively. The 

corresponding isosteric heat of adsorption (Qst) is 46.4 kJ mol-1 

for H2TAPP-GO at zero coverage, and lower Qst (39.1 kJ mol-1) 

for H2TAPP-GO-r (Table S2, Fig. S26-S29). For metalated 

MTAPP-GO-r materials, PdTAPP-GO-r shows the highest CO2 

adsorption capacity of 54.6 and 20.4 cm3 g-1 at 273 and 298 K, 

respectively, at 1 bar. While among MTAPP-GO materials, 

ZnTAPP-GO shows the highest CO2 adsorption capacity of 30.5 

and 16.8 cm3 g-1 at 273 and 298 K, respectively, at 1 bar. 

Generally higher Qst (41.6-48.7 kJ mol-1) was observed for 

MTAPP-GO than those (35.6-41.2 kJ mol-1) for MTAPP-GO-r. 

The present Qst is higher than those of some imine-based 

covalent organic frameworks68,74 and imine-based porous 

polymers (38.1-27.4 kJ mol-1).38,76-77 Imine/amine groups and 

unsaturated coordination metal sites should be responsible for 

the strong interaction with CO2. 
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for a) H2TAPP-GO and H2TAPP-GO-r aerogels, b) ZnTAPP-GO and ZnTAPP-

GO-r aerogels, at 273 and 298 K. 
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Catalytic performance in the cycloaddition of CO2 

The catalytic performance of the porphyrin-based imine gels 

was evaluated in the cycloaddition of CO2 with epoxides. The 

cycloaddition of epoxides with CO2 was chosen because 

metalloporphyrin catalysts function as mild Lewis acids in the 

cycloaddition of CO2 to epoxides owing to their electron-

deficient nature.40 Meanwhile imine/amine moieties can 

promote CO2 binding as shown above. Prior to the reaction the 

gels were subjected to solvent exchange with DMSO and EtOH 

in sequence to remove unreacted materials. The cycloaddition 

of CO2 and styrene oxide was first investigated as a model 

reaction to explore the optimized catalytic reaction conditions. 

Based on the optimization, cycloaddition of styrene oxide was 

performed with the gel catalysts (1 mol% based on TAPP) 

under solvent-free conditions in the presence of n-Bu4NBr 

(TBAB) (7 mol%) as co-catalyst (serving as nucleophilic agent) 

under atmospheric pressure of CO2 at 373 K and it was noticed 

that no reaction occurred without n-Bu4NBr co-catalyst (Table 

S3). The gels demonstrate highly efficient catalytic activity for 

the cycloaddition of styrene oxide with CO2 into styrene 

carbonate under atmospheric pressure at 373 K. H2TAPP-GO 

achieves 99% conversion after 10 h, but with selectivity of only 

27%. The selectivity was significantly improved to 75% for 

H2TAPP-GO-r. For the MTAPP-GO gels, both ZnTAPP-GO and 

PdTAPP-GO showed high conversion (~90%) and selectivity 

(100%) after 10 h. For the MTAPP-GO-r gels, ZnTAPP-GO-r 

showed high conversion (88%) and selectivity (100%) as well, 

but CoTAPP-GO-r and PdTAPP-GO-r gave conversion of 43% 

and 75% after 10 h, with lower selectivity of 31% and 49%, 

respectively. In these gel catalysts, Zn, Co and Pd metals may 

act as the Lewis acidic centre to catalyse the cycloaddition of 

CO2. The Zn- and Pd-gels show higher activity than the Co-gel 

which may be due to the weaker Lewis acidity of Co3+ than Zn2+ 

and Pd2+.78-80 However, PdTAPP-GO and PdTAPP-GO-r gels 

were unstable during the catalysis as revealed by the 

appearance of Pd(0) after reaction. Therefore ZnTAPP-GO-r gel 

shows the best stability and catalytic activity toward CO2 

conversion (Fig. 7, Table S4). It is comparable or more efficient 

than related materials including pyridine-zinc-based porous 

organic polymer (97% yield in 6 h at 130 oC and 2 bar CO2),75 

imidazolium-based polymer supported ionic liquids (88% yield 

in 8 h at 100 oC and 8 bar CO2),81 metal-salen-bridged ionic 

polymer (95% yield in 8h at 80 oC and 0.5 bar CO2),78 zinc 

porphyrin MOFs (53% yield in 14 h at 140 oC and 1 bar CO2),18 

metalated porous porphyrin polymers (74% yield in 48 h at 50 
oC and 1 bar CO2).11 

ZnTAPP-GO-r gel was further studied as catalyst for 

chemical fixation of CO2 with the epoxides substituted with 

various functional groups (Table 1, Fig. S30-S34). A wide 

variety of other terminal epoxide substrates including 

epoxypropyl phenyl ether, 1,2-epoxyhexane and 1,2-

epoxyoctane gave the corresponding cyclic carbonates in 

excellent conversion (> 88%) under similar conditions. The gel 

was more active for the cycloaddition of epoxypropyl phenyl 

ether, and the reaction achieved >99% yield within 10 h. 1,2-

Hexanediol and 1,2-octanediol were obtained as main side 

products for the reaction of 1,2-epoxyhexane and 1,2-

epoxyoctane, respectively. In the reaction of 

epoxycyclohexane, trans-/cis-cyclic carbonate formed with low 

selectivity (45%) concomitant with the formation of 

poly(carbonate) and poly(ether).82,83 Thus ZnTAPP-GO-r was 

active for the cycloaddition of various epoxide substrates 

under atmospheric pressure of CO2 with the general reaction 

trend, styrene oxide > aliphatic epoxides > cyclohexene oxide. 
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Fig. 7 Catalytic activity of MTAPP-GO and MTAPP-GO-r gels for the 
conversion of CO2 and styrene oxide into styrene carbonate. Reaction 

conditions: 3 mmol styrene oxide, 0.03 mmol of gel catalyst (1 mol% based 
on TAPP), 0.21 mmol co-catalyst n-Bu4NBr and 1.5 mmol 1-bromo-3,5-

dimethylbenzene used as an internal standard at 373 K. The yields were 
determined by GC and NMR. 

Table 1 Catalytic tests of ZnTAPP-GO-r gel for the conversion of CO2 and 
epoxides to cyclic carbonates. 

CO2, 0.1 MPa

gel cat., n-Bu4NBr
R

O

R

OO

O

 

Entrya Epoxide Cyclic carbonate Conversion/% 
(time/h)b 

Selectivity/% 
(time/h)b 

1 
O

 

OO

O

 

62 (4), 74 (8), 
88 (10) 

65 (4), 100 
(8), 100 (10) 

2 
O

O

 
OO

O

O

 

88(4), 91(8), 
99 (10) 

16 (4), 29 (8), 
100 (10) 

3 O

 OO

O

 

65 (4), 95 (10) 0 (4), 59 (10) 

4 O

 
OO

O

 

88 (10) 84 (10) 

5 
O

 
O

O

O

 

34 (10) 45 (10) 

a Reaction conditions: 3 mmol epoxide，0.03 mmol of gel catalyst (1 mol% 
based on TAPP),0.03 mmol of gel catalyst (1 mol% based on H2TAPP),0.21 
mmol co-catalyst n-Bu4NBr and 1.5 mmol 1-bromo-3,5-dimethylbenzene 
used as an internal standard at 373 K. b The conversion and selectivity were 
determined by GC and NMR analysis. 88 (10) means the conversion is 88% 
after 10 h and the rest is similar. 

To investigate the reusability, ZnTAPP-GO-r and ZnTAPP-GO 

were examined in the catalytic CO2 cycloaddition with styrene 

oxide under similar conditions (Fig. 8, Table S5). The catalysts 

were readily recovered from the reaction mixture by 
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centrifugation. ZnTAPP-GO-r showed better stability than 

ZnTAPP-GO. For ZnTAPP-GO-r, the recovered catalyst could be 

reused and no significant change was observed in the activity 

and product yield after five runs. While the activity and 

product yield of ZnTAPP-GO started to decline after 3 runs. The 

recycled catalyst ZnTAPP-GO-r was characterized after five 

runs. SEM and TEM show that the networked gel morphology 

was generally kept after 5 runs although larger particles (20-50 

nm) were formed (Fig. S35). XPS investigation of the recycled 

gel after five runs showed Zn(II) centres were present and kept 

the same chemical state (Fig. S36). Furthermore, the Zn weigh 

percentage in the recovered gel ZnTAPP-GO-r (81.9 mg g-1 

after 5 runs) was detected to be similar to that of the fresh one 

(83.1 mg g-1). The improved stability of ZnTAPP-GO-r may be 

reasonably attributed to the reduction of imine bonds and the 

formation of C-N single bond. It suggests that the present post-

modified strategy efficiently enhance the chemical stability 

and reusability of supramolecular gel catalysts. 

The present gel catalysts are compared with related 

metalloporphyrin catalysts. ZnTAPP-GO-r shows higher activity 

than some recently reported metalloporphyrin-based MOFs 

under similar conditions, including ZnTCPP⊂(Br−)Etim-UiO-66 

(53% yield after 14 h at 140 oC and 1 bar)18 and MnTPP-MOF 

(30% yield after 4 h at 80 oC and 1 bar).21 ZnTAPP-GO-r also 

shows better activity than some metalloporphyrin porous 

polymers under similar conditions including SYSU-Zn@IL2 (80% 

yield after 12 h at 80 oC and 1 bar)84 and Co/POP-TPP (74% 

yield after 48 h at 50 oC and 1 bar).11 The incorporation of 

metalloporphyrin and amine moieties into hierarchical cross-

linked gel networked structure should be responsible for the 

activity. The hierarchical pore structure provides convenient 

mass transfer channels for substrate molecules. 

1 2 3 4 5
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Fig. 8 Recyclability of ZnTAPP-GO-r and ZnTAPP-GO. 

Conclusions 

In summary, a series of porphyrin/metalloporphyrin imine gels 

have been successfully synthesized from 5,10,15,20-tetrakis(p-

amino phenyl) porphyrin and metalated porphyrin (MTAPP, M 

= Zn, Co and Pd). H2TAPP-GO has been post-modified to 

improve its performance. Reducing of the imine bonds of 

H2TAPP-GO yielded H2TAPP-GO-r gel, and subsequent 

incorporation of metal ions into porphyrin moiety result in 

MTAPP-GO-r gels (M = Zn, Co and Pd). After post-modification, 

the morphology and porosity of networked gel structure 

combining micro-, meso- and macropores are kept as indicated 

by N2 adsorption. The dried gel materials display capacity to 

capture CO2 (up to 10.7 wt% at 273 K and 1 bar) and exhibit 

high Qst for CO2 (up to 48.7 kJ mol-1), indicating the gels has 

strong affinity with CO2. The MTAPP-GO and MTAPP-GO-r gels 

are active in the heterogeneous cycloaddition of epoxides with 

CO2 to cyclic carbonates using wet gels. Particularly, ZnTAPP-

GO and ZnTAPP-GO-r catalyst shows the best catalytic 

performance among the catalysts synthesized. The recycling 

stability of ZnTAPP-GO and ZnTAPP-Go-r reveals that ZnTAPP-

GO-r is much more stable during the cycloaddition of epoxides 

with CO2 to cyclic carbonates. ZnTAPP-GO-r catalyst can be 

recycled for at least 5 times without significant decline in 

activity. This work offers an approach for the design of gel 

catalysts with tuneable catalytic centres, which feature in both 

porous gel skeletons and enhanced chemical stability 

(excellent reusability). 
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