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composites for CO2 conversion into carbonates

Jielin Huang,1,2 Jie Wang,1,2 Haonan Duan,2 Li Dong,1,2,3,4,* Songsong Chen,2 Junping Zhang,2,3,*

and Xiangping Zhang2,3,*

SUMMARY

Acidic and basic sites of catalysts are essential for CO2 capture and activation. In this work, Zr, N-ZnO/
ZnAl-LDH-IL composites in ionic liquid and methanol systems were fabricated, and applied to catalyze
the synthesis of ethylene carbonate (EC) from ethylene glycol (EG) and CO2 with about 4.76 mmolEC
gCat.

�1 h�1. The composites showed more strong basic sites due to the effective induction of reactive
groups on the catalyst surface by Zr doping, resulting in an increase of pyridinic-N groups from 5.48%
to 22.25%. More C atoms adjacent to pyridinic-N as strong basic sites was conducive to the activation
of CO2 and EG. In addition, the possible catalytic pathway and mechanism of the composites for synthe-
sizing EC as well as the doping of La, Fe, Ce, and Cu were also investigated, which provides an effective
strategy for regulating the acid-base centers on the catalyst surface through ionic liquids and methanol
solvents.

INTRODUCTION

Carbon dioxide (CO2) produced in daily human life and industrial production has become an increasingly serious global issue in recent years

and gradually threatens the survival environment of human.1–3 As a safe and abundant C1 resource, CO2 is an essential raw material for syn-

thesizing significant chemicals such as formic acid, methanol, carbonates, carbamates, and carboxylic acids.4–7 Therefore, the effective con-

version of CO2 into carbonates is a highly valuable area of research.

Ethylene carbonate (EC) is an essential electrolyte for lithium-ion batteries, and widely employed in textiles, printing and dyeing, polymer

synthesis, and other applications.6–8 The phosgene process is the traditional method for producing EC, which has become obsolete due to

the disadvantages of low yield, long cycle time, high costs, and heavy pollution.9 The preparation of EC from CO2 and ethylene oxide is the

current industrial production method, but the safety problem exists with this reaction. Besides, with the surplus of coal-based ethylene glycol

(EG), there is an increasing need for a new technology to convert EG into higher value chemicals. Thereby, the direct synthesis of carbonates

from alcohols and CO2, such as the preparation of EC using CO2 and EG, shows excellent advantages in industrial production including fewer

production costs and more straightforward production routes. Nevertheless, the research on the direct preparation of EC from CO2 and EG

without the addition of solvents remains challenging. According to literature reports, the types of catalysts reported for converting CO2 and

EG to EC are few, and limited to CeO2, ZrO2, and several organocatalysts, which catalyze the reaction process in a solvent.10–14 In conclusion,

the design and preparation of catalysts with excellent catalytic activity is currently a major research hotspot.

Zinc-aluminum layered double hydroxide (ZnAl-LDH) has recently become a hot material owing to the features of good dispersibility, mul-

tifunctionality, high plasticity, and low cost.15 The synthesis process of materials was carried out in methanol, 2-methylimidazole and ethanol,

and the change in the formation environment of materials leads to the synthesis of materials with different physical and chemical properties,

thereby improving the catalytic performance of ZnAl-LDH materials.16–18 The unique properties of ionic liquids (ILs) including low interfacial

tension, high viscosity, and high electrical conductivity, can all influence the preparation of catalytic materials, which offers a variety of pos-

sibilities for the acquisition of advanced catalytic materials.19 For synthesizing EC from EG and CO2, the deprotonation of alcohol hydroxyl

group is the key step, and the ability of the catalyst to catalyze the deprotonation of alcohols is enhanced by non-metals doping, the direct

interaction of metal oxides with homogeneous components, the modification of solvents, and the introduction of functional groups.15 More-

over, the Lewis basic sites are meaningful for hydrogen extraction and proton release.20 N-doping of carbon-containing materials enables

different types of N-containing functional groups in the material, promoting the formation of Lewis basic sites.21 The catalytic efficiency of

catalysts by varying the ratio of pyridinic-N to pyrrolic-N in thematerial was investigated, and pyridinic-N played amore critical role in forming
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Lewis basic sites than pyrrolic-N.21–23 However, there are no reports on the formation of direct synthesis of LDH in IL/methanol system, such as

the preparation of ZnAl-LDH with high specific surface area and in situ formation of ZnO with N doping.

A new and improved synthesis method by the introduction of ILs into methanol solution was developed, which contained Zn2+ and Al3+ to

fabricateN and ZnOdoped ZnAl-LDH composites for enhancing Lewis basic sites ofmaterials and the preparation of EC fromCO2 andEG. The

microenvironment of N-doped catalysts was influenced by Zr, Cu, Fe, La, or Ce doped, and the catalytic properties of the composites were also

altered. Besides, Zr and doped N-ZnO/ZnAl-LDH-IL composites maintained the high specific surface area, which induced the variation in the

N-group and the formation of Lewis basic sites compared with pristine ZnAl-LDH-IL and N-ZnO/ZnAl-LDH-IL catalysts, which enhanced the

catalytic performance. The reaction pathway for preparing EC from CO2 and EG under solvent-free conditions, as well as the synergistic catal-

ysis mechanism of Lewis acid-base sites of the prepared Zr, N-ZnO/ZnAl-LDH-IL composites were proposed in detail, which also indicated that

the synthesis of other N-doped layered porous materials for CO2 conversion and utilization may be an effective strategy.

RESULTS AND DISCUSSION

Structural and morphology analysis

The formation and crystallized properties of N-ZnO/ZnAl-LDH-IL and metal-doped N-ZnO/ZnAl-LDH-IL composites were determined by

powder X-ray diffraction. As displayed in Figure 1A, the prepared N-ZnAl-LDH-IL and N-ZnO/ZnAl-LDH-IL composites exhibited relatively

weak diffraction peaks at 2q = 9.1�, 18.9�, and 59.6�, which corresponded to (0 0 3), (0 0 6), and (1 0 0) planes of typical LDH phase, respectively.

Besides, the samples showed weak signal peaks, mainly attributed to the synthesis process carried out in organic solvents.16,24,25 From Fig-

ure 1B, relatively strong diffraction peaks located at approximately 31.88�, 34.67�, 36.31�, 47.75�, 56.70�, 63.11�, 68.10�, and 69.17� were

observed in theN-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites, which agreedwell with the standard joint committee on powder

diffraction standards (JCPDS) card of ZnO (JCPDSNo. 89–0510) and represented the (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (0 0 2), (1 1 2) and

(2 0 1) planes of ZnO, further demonstrating the successful fabrication of the N-ZnAl-LDH-IL composites with in situ generation of ZnO.16

Furthermore, the N-ZnO/ZnAl LDH IL composites material doped with Ce, Cu, Fe, and La exhibited typical diffraction peaks of LDH phases

(0 0 3), (0 0 6), and (1 1 0), and metal doping had no effect on the in-situ formation of ZnO from N-ZnAl LDH IL material. Moreover, the diffrac-

tion peak characteristics of N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL samples in the 2q range of 30–40� were presented in Figure 1C,

and the diffraction peaks of the Zr, N-ZnO/ZnAl-LDH-IL materials corresponding to the 2q = 31.88� and 36.31� positions shifted toward a

smaller angle due to the successful doping of Zr, which resulted in a change in the exposed surface of ZnO at (1 0 0) and (1 0 1) planes.26,27

The functional groups of the prepared N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL composites were determined by

fourier transform infrared spectroscopy (FT-IR) test. As shown in Figure 2, strong absorption bands belonging to VN-H at 3500 cm�1 of all

N-doped composites were observed, and the absorption peak of Zr, N-ZnO/ZnAl-LDH-IL sample was sharper at 3500 cm�1 compared to

N-ZnAl-LDH-IL andN-ZnO/ZnAl-LDH-IL composites, which suggested that Zr doping led to the formation of free VN-H groups. The character-

ized peaks at 3430 cm�1 and 1620 cm�1 originated from the stretching vibrations of -OH groups and water molecules between the ZnAl-LDH

layers, and a strongpeak at 1389 cm�1 was detected,whichdepicted the vibrationof the Zn-Nbond, confirming the incorporationofN into the

ZnO.22,28,29 Compared to the N-ZnAl-LDH-IL and N-ZnO/ZnAl-LDH-IL samples, a narrower absorption peak of the Zr, N-ZnO/ZnAl-LDH-IL

composites appeared at 1390 cm�1, probably because of the dissociation of multiple Zn-N bonds to form a Lewis basic N� site.22 The intense

band at 1347 cm�1 was associated with the n3 stretching mode of NO3
�, and the absorption band at 1176 cm�1 belonged to the vibrational

peakof theC-O-Cbond. In addition, thepeakat 1041 cm�1mainly resulted from thenitrateor hyponitritegroup, andabsorptionbands around

450 cm�1 to 800 cm�1 were attributed to the vibrations of the M-O, M-O-M and O-M-O bonds.30 Hence, Zr doping on N-ZnO/ZnAl-LDH-IL

Figure 1. XRD patterns of all samples

(A) XRD patterns of the N-ZnAl-LDH-IL and N-ZnO/ZnAl-LDH-IL samples.

(B) XRD patterns of N-ZnO/ZnAl-LDH-IL and different metal-doped N-ZnO/ZnAl-LDH-IL composites.

(C) XRD patterns of partially enlarged profiles of 30–40� in (B).
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composites was achieved with an IL-assisted synthesis strategy in methanol. Besides, thermal gravimetric analyzer (TGA) and differential ther-

mogravimetric analyses (DTG) analysis are also conducted to investigate the thermal stability and the content of carbon in the prepared sam-

ple, as shown in FigureS1. Theevaporationofweakly adsorbedwatermolecules on themicrocrystalline surfaceoccursmainlybetween0�Cand

150�C, the evaporation of interlayer embedded water between 150�C and 250�C, and the dehydroxylation and transition metal oxide crystal-

lization and anionic substancedecomposition occursmainly between 250�Cand 310�C.9,16,17,30 As we know, the boiling point of tetraethylam-

monium hydroxide is at 110�C, and it can be seen in the figure that the rate of weight loss of the catalyst does not accelerate around 110�C,
which indicates that there is almost no residual tetraethylammonium hydroxide on the catalyst surface. This suggests that the doping of the

catalyst surface with non-metallic elements comes mainly from small molecular alcohols and the decomposition of ILs.

The morphology and nanostructures of the prepared Zr, N-ZnO/ZnAl-LDH-IL composites were recorded by transmission electron micro-

scope (TEM), and the detailed TEM images of the prepared Zr, N-ZnO/ZnAl-LDH-IL composites with different magnifications were drawn in

Figures 3A–3C. Similarly, prominent laminar features of Zr, N-ZnO/ZnAl-LDH-IL and uniformdistribution of ZnO in the sample were found (see

Figure 3A).31,32 The composites showed a stacked porous lamellar character rather than a regular nanosheet structure like other ZnAl-LDHs,

probably because of the synthesis environment of the N-ZnO/ZnAl-LDH-IL composites (methanol and tetraethyl ammonium hydroxide), as

well as the fact that materials with this lamellar porous structure often possessed a large specific surface area.15,16,33,34 Additionally, an image

of the material at the 10 nm scale was also shown in Figure 3D, which indicated that the N-ZnO/ZnAl-LDH-IL composites were prepared by

stacking of nanosheets and exhibited two types of lattice stripes of approximately 0.2533 and 0.2838 nm involved the 101 and 100 facets of

ZnO, respectively, reflecting the in situ doping and homogeneous distribution.35 Besides, the elemental mappings of the prepared Zr,

N-ZnO/ZnAl-LDH-IL composites were investigated, and the prepared Zr, N-ZnO/ZnAl-LDH-IL composites catalysts were mainly composed

of Zn, Al, O, N, C, and Zr elements, which could be seen from the elemental distribution overlay (Figure 3F). Figures 3G–3K showed the

Al, O, Zn, N, and C distribution on the Zr, N-ZnO/ZnAl-LDH-IL samples in that order, and the enrichment of the elements on the samples

suggested that the catalyst was mainly composed of Zn, Al, and O with N and C uniformly doped on the catalyst, where N and C exhibited

similar distributions on the samples. In Figure 3L, the uniform distribution of element Zr over the catalyst suggested the uniform doping of Zr

on N-ZnO/ZnAl-LDH-IL sample.27,34 In conclusion, ILs and methanol were responsible for inducing the formation of ZnO/ZnAl-LDH-IL com-

posites and promoting the uniform doping of N, C, and Zr.

Besides, the physical properties of Zr, N-ZnO/ZnAl-LDH-IL composites, such as the surface area andpore size distribution, were also deter-

mined by N2 adsorption-desorption measurements in this work. As seen in Figure 4A, the type IV isotherms with H2 hysteresis loops were

found for the prepared N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL composites, and the pore sizes of that were in

the range of 3–6.7 nm (Figure 4B), which indicated the formation of mesopores in the composites.36–38 Furthermore, the average pore

size of the three samples was approximately 3.8 nm, and the N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites had a larger

pore volume of roughly 0.17 cm3 g�1 compared to the N-ZnAl-LDH-IL sample. As presented in Table 1, the surface areas of N-ZnAl-LDH-

IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL composites were approximately 192.049, 183.087, and 205.542 m2 g�1. Notably,

the Zr doping did not result in a decrease in the specific surface area of N-ZnO/ZnAl-LDH-IL, but rather slightly increased by about

22.3 m2 g�1. Accordingly, the preparation of N-ZnAl-LDH-IL composites in ILs and methanol while doping with ZnO and Zr maintained

the microscopic LDH material structure.

Optical properties and surface composition

The optical properties of the catalysts were reported in Figure 5. In detail, Figure 5A showed the UV-Vis diffuse reflectance spectra (UV-vis

DRs) of N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples in terms of Kubelka-Munk function vs. wavelength, which

Figure 2. FT-IR spectra of the samples

(A) FT-IR spectra of N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(B) FT-IR spectra of partially enlarged profiles of 2200-800 cm�1 in (A).
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exhibited strong UV light absorption and some visible-light absorption. The absorption range of sample N-ZnAl-LDH-IL was relatively narrow

with an absorption edge of about 450 nm, while the samples of N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL showed an absorption edge

of about 560 nm, which could be attributed to the doping of ZnO and Zr.39,40 From Figure 5B, the optical bandgaps of the samples were also

determined according to tauc plots.34 The forbidden band of the prepared N-ZnAl-LDH-IL material was about 1.83 eV, while the band gap at

about 3.42 eV of the N-ZnO/ZnAl-LDH-IL composite was relatively close to that of ZnO reported in the literature, which indicated the success-

ful doping of Zr into N-ZnO/ZnAl-LDH-IL.40

The detailed elemental chemical states of N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites were investigated by XPS. Fig-

ure 6A provided the survey XPS spectra of the N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites, confirming that the samples

were consisted of the elements Zn, O, N, C, Al and the successful introduction of Zr, which was consistent with the element mapping images

in Figure 3. Figures 6B–6F represented the high-resolution XPS spectra of Zn 2p, Al 2p, Zr 3d, O 1s and C 1s in the N-ZnO/ZnAl-LDH-IL and Zr,

N-ZnO/ZnAl-LDH-IL composites. In Figure 6B, Zn 2p XPS spectra showed two peaks at 1020.71 and 1044.33 eV corresponding to Zn 2p 3/2

and Zn 2p 1/2, with the Zr-dopedN-ZnO/ZnAl-LDH-IL composites Zn 2p 3/2 shifting toward higher binding energy, indicating a change in the

chemical environment.22,41 As the binding energy of the elements increased with decreasing electron density, the result suggested that Zn in

Figure 3. TEM images

(A–D) TEM images of Zr, N-ZnO/ZnAl-LDH-IL composites.

(E and F) Catalyst morphology and element distribution, and corresponding elemental mappings images of Al (G), O (H), Zn (I), N (J), C (K), and Zr (L) of Zr, N-ZnO/

ZnAl-LDH-IL composites.
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Zr, N-ZnO/ZnAl-LDH-IL composites had a higher oxidation state compared to N-ZnO/ZnAl-LDH-IL.42 Figure 6C was the Al 2p spectrum at

73.77 eV, and Figure 6D denoted the Zr 3d XPS spectra of Zr, N-ZnO/ZnAl-LDH-IL composites. It could be fitted into three XPS peaks at

181.30, 182.14 and 183.76 eV, which could be ascribed to the Zr3+ 3d 5/2, Zr4+ 3d 5/2, and Zr3+ 3d 3/2 of Zr, N-ZnO/ZnAl-LDH-IL composites,

respectively.27,34,43 As shown in Figure 6E, the O 1s XPS spectra in the N-ZnO/ZnAl-LDH-IL composites could be fitted into three peaks at

530.2, 531.21, and 532.14 eV. The O1s XPS spectra in the Zr, N-ZnO/ZnAl-LDH-IL composites could be fitted into three peaks at 530.52,

531.05, and 531.92 eV, which corresponded to the lattice oxygen atoms, oxygen atoms neighbor to defects, and oxygen atoms of surface

hydroxyl groups.34,44–46 In Figure 6F, the high-resolution C 1 s XPS spectra of the N-ZnO/ZnAl-LDH-IL composites could be fitted to three

peaks centered at 284.8, 286.33, and 288.53 eV, corresponding to C-C/C=C, C-N/C-O, and O-C=O.47 In contrast, the high-resolution C

1 s XPS spectra of the Zr, N-ZnO/ZnAl-LDH-IL samples was classified as C-C/C=C (284.8 eV), C-N/C=N (285.8 eV), C-N/C-O (286.33 eV)

and O-C=O (288.53 eV).48 Indeed, the element mapping images of Figures 3J and 3K demonstrated similar distributions of C and N on

the Zr, N-ZnO/ZnAl-LDH-IL composites, which further corroborated that the doping of Zr affects the form of C and N present on the

N-ZnO/ZnAl-LDH-IL samples, with the doping of Zr causingmore of the sample to beC allocation toN, which in turn promotes the production

of C-N/C =N (285.13 eV).49

In Figure 7A, the high-resolutionN 1 s spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL were divided into five types: pyridinic-N

(398.94 eV), Zn-Nx (400.3), pyrrolic-N (401.5 eV), graphitic-N (402.91 eV), and oxidized-N (402.8 eV).21,33,50,51 The ratios of the different convolu-

tional N 1s bonding types were summarized in Figure 7B. In the N-ZnO/ZnAl-LDH-IL samples, for pyridinic-N, Zn-Nx, pyrrolic-N, graphitic-N,

and oxidized-N, 5.48%, 4.46%, 33.28%, 11%, and 45.78% of the total composition, respectively.22,52 However, after Zr doping, the contents of

pyridinic-N, Zn-Nx, and graphitic-N increased to 22.25%, 12.14%, and 19.22%, respectively, and the content of pyrrolic-N and oxidized-N

decreased to 12.49% and 33.9%, respectively, with the change in elemental composition, which suggested that the introduction of Zr changed

the bonding form of N and C in the samples, even for the small amount of C contained in the samples. The proportions of pyridinic-N and

pyrrolic-N in N-doped C materials significantly affected the catalytic performance exhibited by the catalyst, mainly because the form of N

present affected the active center, with pyridinic-N (N atoms attached to two carbon atoms) at the edges of the material acting on the adja-

cent C atoms to give them properties of the base.21,23

To investigate this influence of Zr doping on alkalinity and acidity site strength, CO2-TPD andNH3-TPDprofiles were carried out in Figure 8.

As shown in Figure 8A, the desorption peaks of CO2 appeared at 100�C–200�C (weak basic sites) and 400�C–700�C (strong basic sites), respec-

tively.53 Theweak basic sites were attributed to -OHon the surface of theN-ZnO/ZnAl-LDH-IL composites, while the strong peaks represented

the desorption of CO2, which was chemisorbed on the strong Lewis basic sites.54 Compared to the sample of N-ZnO/ZnAl-LDH-IL, the Zr,

N-ZnO/ZnAl-LDH-IL composites showed weaker desorption peaks at 100�C–200�C, which possibly resulted from the reduced consumption

of oxygen-containing groups on the catalyst surface, such as -OH groups, during the Zr doping process.55 At 400�C–700�C, the Zr, N-ZnO/

ZnAl-LDH-IL composites exhibited a significantly stronger CO2 desorption signal peak than the N-ZnO/ZnAl-LDH-IL samples. Specifically,

Figure 4. Analysis of specific surface area and pore size of catalysts

(A) N2 adsorption-desorption isotherms of the N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites.

(B) BJH pore size distribution curves of the N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites.

Table 1. Physical and chemical l properties of the samples

Samples Surface area (m2 g�1) Pore diameter (nm) Pore volume (cm3 g�1)

N-ZnAl-LDH-IL 192.049 3.828 0.112

N-ZnO/ZnAl-LDH-IL 183.087 3.808 0.175

Zr, N-ZnO/ZnAl-LDH-IL 205.542 3.865 0.173
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the integration yields that the strong basic site of the Zr-doped sample was increased by a factor of 4.16 times. Zr incorporation led to the

recombination of N-containing species on N-ZnO/ZnAl-LDH-IL, where the increase in pyridinic-N content caused by Zr incorporation was

the main reason why Zr, N-ZnO/ZnAl-LDH-IL composites exhibited more strong basic sites. Figure 8B presented the NH3-TPD test results

of the samples and it could be seen that the signal peaks of the Zr-doped samples at >400�C were obviously shifted to higher temperatures,

indicating that the doping of Zr improved the Lewis acidity of the materials. In particular, the N-ZnO/ZnAl-LDH-IL and N-ZnO/ZnAl-LDH-IL

composites Zr, N-ZnO andZr, and theN-ZnAl-LDH-IL composites possessed similar peak area integrals at >400�C, reflecting that the densities

of strong Lewis acid sites were essentially the same for both. This indicated that Zr doping made the strong Lewis acid sites on the surface of

N-ZnO/ZnAl-LDH-IL composites more acidic without affecting the concentration of strong Lewis acid sites on the surface of the materials.27,43

Catalytic performance and possible catalytic mechanism

In order to investigate the influence of thematerial synthesis environment and the in situ generation of ZnO on the properties of N-ZnAl-LDH-

IL materials, as well as the influence of the changes in the physical and chemical properties of thematerial caused by Zr doping on the catalyst

performance, the performance of EC prepared directly from CO2 and EG without the presence of a solvent was chosen as a criterion to eval-

uate the catalytic performance of the prepared samples. The catalytic performance of each sample was shown in Figure 9, and it is not difficult

to find that the yield of N-ZnAl-LDH-IL catalyst for the preparation of EC fromCO2 and EGwas 2.7 mmolEC gCat.
�1 h�1. TheN-ZnO/ZnAl-LDH-

IL composite was formed by in situ loading of ZnOon the catalyst, and the efficiency of the catalyst for the preparation of EC fromCO2 and EG

was increased by 0.75 mmolEC gCat.
�1 h�1 per hour. In addition, N-ZnO-IL samples were prepared under the same conditions and the activity

of that were tested as a comparison. The results showed that the catalytic performance of the N-ZnO/ZnAl-LDH-IL composite was 4.42 times

higher than that of the N-ZnO-IL sample, and 14.4 times higher than N-Al2O3-IL samples. The synergistic interaction between N-ZnAl-LDH-IL

and N-ZnO-IL effectively facilitated the production of EC, which might because of the homogeneous growth of ZnO on the surface of ZnAl-

LDH, allowing a wider contact of ZnOwith the feedstock without affecting the catalytic process of the substrate (N-ZnAl-LDH-IL). The catalytic

performance of the Zr, N-ZnO/ZnAl-LDH-IL composites without the addition of dehydrating agent was up to 4.76 mmolEC gCat.
�1 h�1, which

was an improvement of 1.31 mmolEC gCat.
�1 h�1 over the N-ZnO/ZnAl-LDH-IL sample. Lewis acid-basic sites activated both CO2 and EG. The

Zr doping changed the composition of active groups on the catalyst surface, exposed more Lewis basic and stronger Lewis acid sites on the

catalyst surface and promoting the activation of CO2 and EG, which might be themain factor in improving the catalyst performance. Besides,

a composite catalyst by loading Fe, Cu, Ce, and La on N-ZnO/ZnAl-LDH-IL was attempted to form and the catalytic activity of that was also

explored. Figure 9B showed the performance test results with the specific performance parameters 3.78 mmolEC gCat.
�1 h�1, 3.93 mmolEC

gCat.
�1 h�1, 3.59 mmolEC gCat.

�1 h�1, and 3.94 mmolEC gCat.
�1 h�1.

The effects of reaction temperature, pressure, time, and amount of catalyst used on the catalytic performancewere shown in Figure S2. The

results showed that the catalytic effect of the catalyst improved with the increase of reaction temperature, CO2 pressure and reaction time,

and the catalytic efficiency increased significantly with the increase of reaction temperature in the range of 110�C–150�C. When the reaction

temperature was >150�C, the increase in temperature did not havemuch effect on the catalytic performance. Similarly, the catalytic efficiency

showed an increasing trend with the increase of reaction pressure. When the amount of catalyst used and the catalytic reaction time

increased, the catalytic efficiency of the catalyst showed a significant decreasing trend, but the content of product EC in the catalytic system

gradually increased. Furthermore, the catalytic performance of the synthesized Zr, N-ZnO/ZnAl-LDH-IL composites was higher than that of

most of the reported metal-based catalysts in the catalytic CO2 and alcohol production of carbonates (Table S1).

In related reports, the catalytic mechanism for the direct preparation of carbonate esters from CO2 and alcohols was considered to have

multiple pathways, with both Lewis acidic and basic sites activating CO2 and alcohols (Scheme 1). Thus, Lewis acidic-basic synergistic catalysis

Figure 5. Analysis of photo-absorption property of catalysts

(A) UV-visible diffuse reflection absorption spectra.

(B) The estimated bandgaps of N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL and Zr, N-ZnO/ZnAl-LDH-IL composites.
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was regarded as one of the possible pathways. Combined with the analysis of the characterization and activity test results, the direct synthesis

of EC fromCO2 and EG (CH2OH)2 in this studywas attributed to the synergistic effect of the Lewis acidic-basic sites on the catalyst surface. The

oxygen atom in (CH2OH)2 was adsorbed on the acidic sites of the catalyst and the H atom attached to the oxygen atom bond the basic site on

the catalyst surface to form the adsorbed states -OCH2CH2OH and -H. The basic sites on the catalyst surface provided electrons to the C

atoms in the CO2 molecules adsorbed on that, and the activated O-C-O bond the adsorbed state of -OCH2CH2OH. Immediately afterward,

the Lewis basic site on the catalyst surface and the oxygen atom at the O-C-O terminus acted together on -OCH2CH2OH, transporting elec-

trons to the C atom and -OH attached to the terminus, facilitating the removal of the -OH group and eventually closing the ring to form EC.

Meanwhile, -OH combined with the adsorbed -H to form the by-product H2O.

Conclusions

In methanol and ILs solutions, Zr, N-ZnO/ZnAl-LDH-IL composites were successfully synthesized by in-situ dopingmethods for enhancing the

performance of direct EC preparation with CO2 and EG. After introducing Zr into the N-ZnO/ZnAl-LDH-IL composites, the material still main-

tained a high specific surface area of 205.542m2 g�1. Moreover, the doping of Zr effectively induced the changes in the reactive groups on the

Figure 6. Analysis of XPS spectra

(A) The survey XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(B) Zn 2p XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(C) Al 2p XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(D) Zr 3days XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(E) O 1 s XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

(F) C 1s XPS spectra of N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL samples.

ll
OPEN ACCESS

iScience 27, 109714, May 17, 2024 7

iScience
Article



catalyst surface, prompting the formation of more pyridinic-N, which led to an increase in the number of strong basic sites on the catalyst

surface. The prepared Zr, N-ZnO/ZnAl-LDH-IL composites exhibited about 4.16 times more strong Lewis basic sites than the ZnO/ZnAl-

LDH-IL composites, and showed the best performance in catalytic CO2 and EG preparation of EC at about 4.76 mmolEC gCat.
�1 h�1, which

was 4.42 times higher than that of the N-ZnO-IL sample, and 14.4 times higher than N-Al2O3-IL sample. Besides, the experimental results also

indicated that the doping of La, Ce, Fe, andCu also enhanced the performance of thematerials in the direct synthesis of EC fromCO2 and EG.

Meanwhile, another efficient strategy to fabricate metal and nonmetal co-doped, high specific surface area, and surface groups tunable

layered double hydroxides for CO2 capture and utilization was proposed.

Limitations of the study

In our work, we obtained ZnAl-LDH substrates in methanol-ionic liquid systems and explored the effect of surface physical properties on the

synthesis of EC from CO2 and EG. The synthesis process was carried out in methanol-ionic liquid in order to obtain ZnAl-LDH-IL with in-situ

doping with ZnO, and if the synthesis was carried out in water a ZnAl-LDH with better crystallinity could be obtained. Compared to the con-

ventional ZnAl-LDHmaterials, the synthesis of ZnAl-LDH-IL omits the crystallization and precipitation step in order to be easier to modify, but

the disadvantage of low crystallinity is exposed. Furthermore, we still need to investigate whether different types of LDH materials can be

formed in methanol-ionic liquid systems, the modulation of their surface physical properties and the effect on the activity, which will be

our future research direction.
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Figure 9. Catalytic performance of all catalysts

(A) Catalytic performances of N-ZnO-IL, N-ZnAl-LDH-IL, N-ZnO/ZnAl-LDH-IL, and Zr, N-ZnO/ZnAl-LDH-IL composites for the direct EC synthesis from CO2 and
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�1 h�1.

(B) Catalytic performance of N-ZnO/ZnAl-LDH-IL composites loaded with different metals under the same catalytic conditions.

Scheme 1. Possible mechanism for synthetizing EC from EG and CO2 catalyzed by Zr, N-ZnO/ZnAl-LDH-IL composites
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Pro. Li Dong (ldong@ipe.ac.cn).

Materials availability

This study did not generate new unique reagents. All the reagents in this work were commercially available and directly used without further

purification.

Data and code availability

� Data reported in this paper will be shared by the lead contacts upon reasonable request.

� This study does not report any original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contacts upon reasonable

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For all the experiments, both catalyst synthesis and characterization tests were carried out at ambient conditions at Institute of Process En-

gineering, Chinese Academy of Sciences. All the experiments involve no laboratory animals.

METHOD DETAILS

Synthesis of N-ZnO/ZnAl-LDH-IL

Unlike traditional synthesis methods, this method uses alkaline ionic liquids instead of NaOH or urea, so all LDHmaterial synthesis processes

do not involve urea andNaOH.N-ZnO/ZnAl-LDH-IL composites were first prepared in the ionic liquid/methanol systemby solvothermal strat-

egy. In a typical procedure, 1.79 g Zn(NO3)2$6H2O and 0.75 g Al(NO3)3$9H2Owere added into 30mL of methanol in a beaker with continuous

stirring, and another 9 mL of 25 wt.% tetraethyl ammonium hydroxide methanol solution was added into the above mixture with constant

stirring and then stirred at room temperature for 30 min. The resulting precursor N-doped ZnAl-LDH-IL was centrifuged and washed twice

with methanol. Afterwards, the precursor was redisposed in 40 mL of methanol, mixed well and transferred to a teflon-lined stainless steel

autoclave with a liner capacity of 100 mL. After that, the reactions were carried out at 130�C for 6 h. It is worth noting that when the solvent

does not contain an ionic liquid, a solid catalyst cannot be obtained under the same conditions.

Synthesis of metals, N-ZnO/ZnAl-LDH-IL

Similar procedures prepared the Zr, N-ZnO/ZnAl-LDH-IL composites. The difference is that zirconium (IV) butoxide solution was added at

the same time as 9 mL of 25 wt. % tetraethyl ammonium hydroxide methanol solution. In addition, we have designed different kinds of

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Zn(NO3)2$6H2O Sino-pharm Chemical Reagent Co. Ltd. 10196-18-6

Al(NO3)3$9H2O Xilong Scientific Co., Ltd. 7784-27-2

La(NO3)3$6H2O Macklin Bio-Chemical Technology Co., Ltd. 10277-43-7

Cu(NO3)2$3H2O Macklin Bio-Chemical Technology Co., Ltd. 13778-31-9

Fe(NO3)3$9H2O Shanghai Aladdin Bio-Chem Technology Co., Ltd. 7782-61-8

Ce(NO3)3$6H2O Shanghai Aladdin Bio-Chem Technology Co., Ltd. 10294-41-4

ZrO4C16H36 Shanghai Aladdin Bio-Chem Technology Co., Ltd. 1071-76-7

(CH2OH)2 Macklin Bio-Chemical Technology Co., Ltd. 107-21-1

C8H21NO Shanghai Aladdin Bio-Chem Technology Co., Ltd. 77-98-5 (methanol)

CH3OH Shanghai Aladdin Bio-Chem Technology Co., Ltd. 67-56-1
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metal-doped samples, and these four samples doped with Ce, Cu, Fe and La denoted as Ce, N-ZnO/ZnAl-LDH-IL; Cu, N-ZnO/ZnAl-LDH-IL;

Fe, N-ZnO/ZnAl-LDH-IL, and La, N-ZnO/ZnAl-LDH-IL.

Characterizations

The crystal structure and properties of the samples were obtained from an x-ray diffract meter (SmartLab-9kW, Japan) in 2q regions of 5-90�.
The specific morphology and microscopic morphological structure of the samples were observed on a transmission electron microscope

(TEM) (JEOL JEM-2100F) at 200 kV. Information on the surface area and pore size distribution of the sample is obtained on theQuanta chrome

Auto sorb-iQ-MP-C. Fourier transforms infrared spectra of the prepared samples were measured on a Fourier-transform infrared spectrom-

eter (Nicolet 380, Thermo Electron Corporation). NH3 temperature-programmed desorption (NH3-TPD) and CO2 temperature-programmed

desorption (CO2-TPD) from prepared samples measured by chemisorption analyzer (Micrometrics Instruments Corp, America). The chemical

composition and state of the prepared samples were determined by electron spectrometry (XPS) (ESCALAB 250 Xi, Thermo Fisher Scientific)

using the C1s peak (284.8 eV) as a reference.

Evaluation of the prepared catalysts

The catalytic performance of the prepared samples was tested in amicro-reactor (YZPR-25, Yanzheng Shanghai Experimental Instrument Co.,

Ltd, China.). The efficiency of EC preparation from EG and CO2 as a catalyst performance evaluation criterion. In a typical procedure, 0.1 g of

the prepared Zr, N-ZnO/ZnAl-LDH-IL composites were added into a 35mL reactor containing 100mmol of EG at room temperature then start

to warm up. When the temperature was raised to 150�C, 3 MPa of CO2 was passed through the reaction for 1 h. At the end of the catalytic

reaction, the EC content of the reaction solution was tested by gas chromatography, where biphenyl was used as an internal standard.
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Supplemental information is available for this paper.
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