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SUMMARY

As a major greenhouse gas, the continuous increase of carbon dioxide (CO,) in the atmosphere has
caused serious environmental problems, although CO, is also an abundant, inexpensive, and nontoxic
carbon source. Here, we use metal-organic framework (MOF) with highly ordered hierarchical struc-
ture as adsorbent and catalyst for chemical fixation of CO, at atmospheric pressure, and the CO,
can be converted to the formate in excellent yields. Meanwhile, we have successfully integrated highly
ordered macroporous and mesoporous structures into MOFs, and the macro-, meso-, and microporous
structures have all been presented in one framework. Based on the unique hierarchical pores, high
surface area (592 m?/g), and high CO, adsorption capacity (49.51 cm®/g), the ordered macropo-
rous-mesoporous MOFs possess high activity for chemical fixation of CO, (yield of 77%). These results
provide a promising route of chemical CO, fixation through MOF materials.

INTRODUCTION

From natural zeolite to meso- and macroporous materials, porous materials have been extensively
applied in ion exchange (Okada et al., 2015; Li et al.,, 2018; Qi et al., 2015), separation (Gupta et al.,
2017; Chu and Pan, 2012; Dumee et al., 2013), catalysis (An et al.,, 2014; Sun et al., 2016; Qian et al.,
2009), drug delivery (Wang et al., 2017; Shin et al., 2017), and other fields (Kitagawa et al., 2004). The
skeleton of early porous materials was composed of inorganic compounds. A new type of nanoporous
material, metal-organic frameworks (MOFs), which has the properties of both inorganic and organic
materials, has drawn great attention in recent years (Yaghi et al., 1995, 2003; Yaghi and Li, 1995; Matsuda
et al.,, 2005; Lin et al., 2016). MOF is a coordination polymer composed of inorganic metal structural
units and organic ligands through covalent or ionic covalent bonds. Owing to their unique high specific
surface area and adjustable pore structure (Furukawa et al., 2010; Ferey et al., 2005; Aijaz et al., 2014),
as well as diverse structure and excellent catalysis performance, MOFs have been widely used as
functional materials in the areas of selective catalysis (Liu et al., 2014; Kornienko et al., 2015; Huang
et al., 2018; Czaja et al., 2009), gas storage (Ma and Zhou, 2010; Yoon et al., 2013), optoelectronic
materials (Chen et al., 2007; Allendorf et al., 2009; Stavila et al., 2014; Choi et al., 2014; Kong et al.,
2016; Avci et al., 2018; Guan et al., 2017; Zheng et al., 2017), drug controlled release (Horcajada et al.,
2010; Taylor-Pashow et al., 2009; Zheng et al., 2016), and molecular separation (Kang et al., 2014; Zhang
etal, 2016; Zheng et al.,, 2017; Liu et al., 2018). Despite these excellent properties, most of the currently
reported MOFs only have microporous regime, which severely obstructs the mass transfer and limits
the access of large molecules to the active site (Furukawa et al., 2014; Xuan et al., 2012). Therefore
it is significant to develop an efficient way to introduce larger pores into MOFs. Shen et al. (Shen
et al., 2018) prepared ordered macroporous-microporous MOF single-crystal materials with the hetero-
geneous solvent-induced heterogeneous nucleation method using highly ordered polystyrene (PS)
microspheres as template. Koo et al. (Koo et al., 2017) synthesized water-stable hierarchical porous
MOFs by a selective acid etching process. Ma et al. (Ma et al., 2012) presented mesoporous MOFs
by a rational bottom-up method using complicated disulfonate acids as ligands and metal nitrates or
chlorides as inorganic precursors at high pressure and high temperature. Zhao et al. (Zhao et al.,
2011) proposed the synthesis of MOF nanosphere with well-ordered mesopores in ionic liquid, high
pressure, and supercritical CO, atmosphere. For surfactant-assisted synthesis, it is difficult to remove
the surfactants without compromising the mesoporosity. The larger the pores, the more readily the
frameworks collapse.
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Figure 1. Schematic lllustration
Schematic illustration of the synthesis procedure of the highly ordered macroporous-mesoporous MOFs.

There are so many living organisms with exquisite hierarchical structure and fantastic functions in nature,
such as plant stems (Bae et al., 2014), butterfly wings (Peng et al., 2011), lotus leaves (Ensikat et al.,
2011), and bone (Meyers et al., 2008), which exhibit highly organized hierarchical structures from the
nano- to the micrometer scales, providing us a vivid inspiration and reference. We introduce the bionics
ideas into the traditional preparation methods, imitating the hierarchical structure of biological systems
to build hierarchical MOF structures and introducing the fine hierarchical structure of natural biomaterials
into the MOFs to prepare a new type of hierarchical MOF materials. It is rare to introduce macro- and mes-
oporous structures into the MOFs at the same time to construct highly organized hierarchical structures,
which are similar to those of the living organisms. The new hierarchical MOF materials therefore have highly
ordered morphological structures and multilevel distribution in the continuous scale range. The ordered
meso- and macrochannels can facilitate accessibility and mass transfer with high efficiency and can be
applied in many fields.

As a major greenhouse gas, the continuous increase of carbon dioxide (CO,) in the atmosphere has caused
serious environmental problems (Liao et al., 2015). However, CO; is also an abundant, inexpensive, and
nontoxic carbon source. However, due to its thermodynamic and kinetic stability, CO, has been largely
limited in chemical synthesis. Herein, we first synthesized the highly ordered macroporous-mesoporous
MOFs, novel hierarchical MOF materials with three-scale porous sizes, the macroporous, mesoporous,
and microporous structures, in one framework. Furthermore, both the macro- and mesoporous structures
are highly ordered. Meanwhile, the ordered macroporous-mesoporous MOFs possess significant capture
and selectivity for CO; and can be used to catalyze the reaction of CO, with benzyl halogen for chemical
CO;, fixation under ambient conditions. These results provide a promising route for chemical CO fixation
through MOF materials.

RESULTS AND DISCUSSION

We demonstrate a solvent evaporation-induced and co-assembly route to synthesize highly ordered mac-
roporous-mesoporous MOFs with hierarchical structure using PS as the macroporous template and block
copolymers as the mesoporous template (Figure 1). Both the macro- and mesoporous templates were
assembled into the MOFs at the same time by ethanol evaporation process. After removing the templates,
the highly ordered macroporous and mesoporous structures could be successfully introduced into the
MOF structure to construct a hierarchical structure by using the one-pot method.

The hard template PS microspheres were uniform with diameters of 455 nm, as can be seen in Figure S2.
Figures 2A and 2B show the representative scanning electron microscopic images of the synthesized
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Figure 2. Pore Structure Characterization of Macro-Meso-Cu-BDC
(A-D) (A) and (B) Scanning electron microscopic images and (C) and (D) TEM images of macro-meso-Cu-BDC.
(E) Schematic illustration of hierarchical structure.

macroporous-mesoporous MOFs (macro-meso-Cu-BDC), wherein the uniform macropores with ordered
arrangement can be observed clearly. The well-ordered close-packed structures were organized into a
typical face-centered cubic close-packed arrangement ordered over a range of tens of micrometers.
The diameter of the macropores was 265 nm, which was smaller than that of the PS microspheres due to
shrinkage during dissolution of the PS microspheres in organic solvents. The hexagonal mesoporous struc-
ture was confirmed by transmission electron microscopy (TEM). The TEM images (Figures 2C and 2D) show
a high degree of periodicity in the mesoporous structure of the macroporous walls, which were in the [110]
orientation, and the diameter of the uniform mesopores was 4.1 nm. For clearly conveying the idea here,
Figure 2E shows the schematic illustration of the hierarchical structure.

The crystal lattice fringes were observed in high-resolution TEM image (Figure 3A), confirming the high
crystallinity of the mesoporous walls. Lattice fringes with interplanar distance of 0.26 nm were observed,
corresponding to the (001) plane of Cu-BDC. The crystalline nature of the mesoporous wall of the
macro-meso-Cu-BDC was also verified by the observable polycrystalline diffraction rings in the selected
area electron diffraction pattern (Figure 3A, inset). The elemental mapping image (Figure 3C) exhibits a
homogeneous distribution of all the related elements, including C, O, and Cu, throughout whole macro-
porous-mesoporous MOFs.

The small-angle X-ray diffraction (XRD) pattern of the synthesized macro-meso-Cu-BDC (Figure 4A) dem-
onstrates a typical hexagonal (pémm) mesophase with a strong diffraction peak at 260 = 2.04° and two small
peaks at 20 = 2.65° and 2.91°, which could be attributed to (100), (110), and (200) reflection, respectively.
The corresponding d spacing is calculated to be 4.2 nm, which agrees well with the TEM result. Figure 4B
shows wide-angle XRD patterns of the macro-meso-Cu-BDC. Compared with pure Cu-BDC (Carson et al.,
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d=0.26 nm
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Figure 3. High-Resolution TEM, Energy-Dispersive X-Ray Spectroscopic Characterization, and Topology of
Macro-Meso-Cu-BDC

(A) High-resolution TEM image of macro-meso-Cu-BDC (the inset in (A) is the corresponding SAED pattern).

(B) Cu-BDC topology.

(C) Energy-dispersive X-ray spectroscopic element mappings of macro-meso-Cu-BDC.

2009) (blue line) and simulated Cu-BDC (red line), the reflection peaks of the macro-meso-Cu-BDC fit very
well with pure Cu-BDC and simulated Cu-BDC, and no other peaks could be observed in the patterns,
which demonstrates the formation of phase-pure Cu-BDC with highly crystalline mesopore walls. Further-
more, the XRD pattern of macro-meso-Cu-BDC shows broader diffraction peaks, suggesting that ordered
mesostructure was obtained.

In agreement with XRD, the Fourier transform infrared (FTIR) spectra (Figure S3A) for macro-meso-Cu-BDC
and pure Cu-BDC samples also represent the remaining unchanged main building block of the Cu-BDC
structure. The appearance of a broad band at 3,000-3,700 cm™" indicates the presence of -OH groups
and water. The peaks at 1,576 cm"and 1,690 cm ™! correspond to the symmetric and asymmetric stretch-
ing vibrations of the carboxylate groups in Cu-BDC, respectively (Bhardwaj et al., 2015). In addition, the
FTIR spectra for the sample without template removal, the sample with removal of only PS, and the sample
with removal of only P123 were measured and demonstrated in Figure S4. The characteristic peak attribut-
able to PS at 2,800-3,100 cm ™" disappeared, substantiating the fact that the PS template is all removed.

The thermal stabilities of the as-prepared macro-meso-Cu-BDC and pure Cu-BDC were examined by
thermogravimetric analysis (TGA) under argon ambience. For the macro-meso-Cu-BDC (Figure S3B), the
thermogravimetric profile can be divided into two steps: the vaporization of adsorbed water in the pores
occurred at 130°C and then a sharp weight loss can be observed at temperatures between 250 and 440°C,
which reflects the collapse of the framework due to the decomposition of the organic ligand. In the TGA
profile of pure Cu-BDC, two obvious weight loss steps in the temperature range of 190°C-255°C and
325°C-460°C corresponding to the removal of the free molecules and the decomposition of the frame-
work, respectively, were respectively found. The weight loss of macro-meso-Cu-BDC at lower temperatures
than pure Cu-BDC further confirms the open meso- and macroporous hierarchical structure in the macro-
meso-Cu-BDC.

To obtain further structural information, the porosities of pure Cu-BDC and macro-meso-Cu-BDC samples
were measured by N, adsorption-desorption isotherms at 77 K, the results of which are shown in Figure 5A.
Pure Cu-BDC shows type | isotherms according to the International Union of Pure and Applied Chemistry
classification (Sing, 1985), indicating the formation of microporous structures. Compared with pure Cu-
BDC, the adsorption isotherms of macro-meso-Cu-BDC exhibited an intermediate mode between
type |, characteristic of microporous structure, and type IV, characteristic of mesoporous structure, with
a high nitrogen adsorption capacity at very low relative pressures. The hysteresis loop was observed to indi-
cate the existence of mesoporous structure. Furthermore, the corresponding micropore size distribution
curves of macro-meso-Cu-BDC and pure Cu-BDC were calculated using nonlocal density functional theory
modeling method, and a narrow peak at 0.67 nm was observed in both the curves. Moreover, as calculated
from the Barrett-Joyner-Halenda method (Figure 5B, inset), a uniform mesopore size of 3.9 nm was
obtained in the macro-meso-Cu-BDC, which agrees well with the TEM result. The Brunauer-Emmett-Teller
surface area of macro-meso-Cu-BDC was 592 m?/g, which was higher than that of the pure Cu-BDC
(540 m?/g). It suggests that the macro- and mesoporous structures are in favor of the improvement of
the surface areas in the macro-meso-Cu-BDC. The CO, uptake isotherms of the samples measured at
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Figure 4. XRD Characterization of Macro-Meso-Cu-BDC

(A) Small-angle X-ray diffraction pattern of macro-meso-Cu-BDC.

(B) Wide-angle XRD patterns of macro-meso-Cu-BDC, when compared with pure Cu-BDC (blue line) and simulated
Cu-BDC (red line).

273 Kand up to 1 bar are shown in Figure 5C. The macro-meso-Cu-BDC exhibited a high CO; adsorption
capacity with 49.51 cm®/g, whereas pure Cu-BDC gave a lower CO, capacity with only 46.23 cm®/g. It
suggests that CO, adsorption capacity of the macro-meso-Cu-BDC is higher than that of pure Cu-BDC,
which is related to the hierarchical structures of macro-meso-Cu-BDC. The large CO, adsorption capacity
of macro-meso-Cu-BDC may be attributed to its high specific surface area compared with that of pure
Cu-BDC.

To further investigate the interaction between macro-meso-Cu-BDC and CO,, in situ diffuse reflectance
infrared Fourier transform (DRIFT) experiments were carried out at room temperature (Figure 5D). During
the CO, adsorption, the macro-meso-Cu-BDC displayed a distinct and intense band centered at approx-
imately 2,335 cm ™' corresponding to the v3 mode of CO,, which showed a significant red shift compared
with that of the gas phase (2,349 em ™). Itis due to the formation of the H-bonds between CO, and the -OH
groups of Cu-BDC (Vimont et al., 2007; Lan et al., 2011). There were also several peaks discovered in the
range of 1,800 to 1,300 cm ™", which originated from the interaction between CO, and -OH groups (Ferretto
and Glisenti, 2003). After stopping CO; supply, the DRIFT spectra were collected under argon purging. It
was found that the characteristic band at 2,335 cm™" significantly decreased with time and almost disap-
peared from the spectra after 15-min purging. However, the intensities of peaks at 1,800 to 1,300 cm ™"
remain unchanged, disclosing a strong bonding between CO, and the macro-meso-Cu-BDC.

In addition, the basicity of the as-synthesized macro-meso-Cu-BDC and the corresponding pure Cu-BDC
were also evaluated by CO,-temperature-programmed reduction (TPD) experiments in Figure S5. CO, was
adsorbed at 25°C and then desorbed in the range of 25°C-700°C. The macro-meso-Cu-BDC and the pure
Cu-BDC both showed two obvious CO, desorption peaks around 372°C and 424°C and 400°C and 436°C,
respectively. It indicated the presence of different surface basic sites. Based on the peak area, higher values
of basicity were observed for the macro-meso-Cu-BDC than those for the pure Cu-BDC, indicating a larger
CO, adsorption capacity and more active sites for CO5.

The high CO; adsorption capacity and the unique hierarchical multiscale porous framework indicate that
the macro-meso-Cu-BDC can be a highly promising heterogeneous adsorbent and catalyst for the chem-
ical fixation of CO,. The CO; carbonylative coupling reaction with 4-methylbenzyl chloride was first chosen
to evaluate the performance of macro-meso-Cu-BDC at relatively mild conditions of 0.1 MPa CO, and
100°C; the desired carbonylative coupling product 1 was obtained with yield of 68%, accompanied by
the by-product 2 in 3% yield, which reacted with N,N-Dimethylformamide (DMF) (Table ST, entry 1). Unlike
the macro-meso-Cu-BDC-catalyzed reaction, when pure Cu-BDC was used as the catalyst, the reaction
showed a lower yield and selectivity and only a small amount (8%) of 1 was afforded, with 2 in 10% yield
(Table ST, entry 2). At the same time, the meso-Cu-BDC has only 13% yield and 6% selectivity (Table ST,
entry 3). Comparing various copper salts, the results show that the copper salt does not have any effect
on the reaction (Figure S7, Table S1, entries 4-7). Macro-meso-Cu-BDC showed an excellent catalytic per-
formance in the chemical fixation CO, reaction, which could significantly enhance the yield of the desired
product, because ordered meso- and macrochannels existed in the MOFs, which can facilitate accessibility
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Figure 5. Characterization of Adsorption Capacity of Macro-Meso-Cu-BDC

(A and B) (A) N, adsorption isotherms and (B) pore size distribution analyses based on the nonlocal density functional theory method for macro-meso-Cu-
BDC and pure Cu-BDC (the inset in (B) is the corresponding Barrett-Joyner-Halenda pattern).

(C) CO; adsorption isotherms of macro-meso-Cu-BDC and pure-Cu-BDC at 273 K.

(D) DRIFT spectrum of CO, adsorbed on macro-meso-Cu-BDC at room temperature (black line). Spectra collected with Ar purge for different time lengths: 5,

8,12, 13, and 15 min.

and mass transfer with high efficiency. Owing to the unique hierarchical pores, high surface area, and high
CO;, adsorption capacity, macro-meso-Cu-BDC exposes more active sites, which is more conducive to ad-
sorbing and activating large amounts of CO; to catalyze the reaction at copper active sites.

To demonstrate the scope and applicability of this macro-meso-Cu-BDC for other structurally diverse
benzyl halogen, the CO, carbonylative coupling reactions with various benzyl halogens are carried out,
and the results were summarized in Table 1. The reactions of 4-nitrobenzyl chloride (1a), 4-fluorobenzyl
chloride (1b), and 4-methoxybenzyl chloride (1c) that bear strong electron-withdrawing groups on the
para-position provide high yields for products 2a, 2b, and 2¢ under the same reaction conditions (entries
1-3,77%, 71%, and 70%). By only reducing the amount of Cs,CO3, products 2d and 2e were also obtained
in good yield from the reactions of benzyl chlorides 1d and 1e bearing an electron-donating group methyl
(Me) on the para-position (entry 4, 68%) and meta- position (entry 5, 66%). Furthermore, 4-tert-butylbenzyl
chloride (1f) was converted with an yield of 50% (entry 6). Moreover, benzyl chloride (1g) and benzyl bro-
mide (1h) were also utilized in this type of carboxylative coupling reaction. Products 2g and 2h are obtained
with yields of 60% and 43%, respectively (entries 7-8). Therefore this catalysis system was quite versatile, as
a variety of benzyl halogens could be converted to the corresponding phenyl ester in excellent yields. The

iScience 15, 514-523, May 31, 2019 519
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Table 1. Summary of the Results of CO, Carbonylation Coupling Reactions

CO;, fixation with benzyl halogen with different functional groups catalyzed by macro-meso-Cu-BDC.*

?Reaction conditions: benzyl halogen (2 mmol), NaBH, (2 mmol), Cs,CO3, (0.4 mmol), CO, (0.1 MPa), catalyst (10 mol %), DMF
(8 mL) at 100°C for 8 h.

Plsolated yield.

“Cs,CO0Os3, (0.2 mmol).
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XRD pattern and TEM image of macro-meso-Cu-BDC after catalytic reaction showed that the phase and
pore structures of the catalyst remained almost unchanged, which also confirmed the stability of the cata-
lyst (Figure S8).

Conclusion

In summary, the novel highly ordered hierarchical macro-meso-Cu-BDC with crystalline mesoporous walls
was successfully synthesized by using a facile solvent evaporation induced co-assembly route in one step.
These hierarchical MOF materials with three-scale porous sizes, which are the macro-, meso-, and micro-
porous structures, have been presented in one framework. The highly ordered meso- and macrochannels
can further improve the mass transfer efficiency. Owing to the unique hierarchical pores, high surface area,
and high CO, adsorption capacity, the macro-meso-Cu-BDC possesses high activity for chemical fixation of
CO, under mild conditions. These results provide a promising route to chemical CO; fixation through MOF
materials.

Limitations of Study

Owing to the poor structural stability of macro-meso-Cu-BDC, we do not know if it can be used for longer
period (>50 cycles) catalytic reactions.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.05.006.
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Transparent Methods
Synthesis of PS microspheres 455

In a typical synthesis, styrene was washed with NaOH solution and distilled water until the pH
value is neutral. 12 ml of styrene and 160 ml of deionized water were added into a 250 ml three-necked
round-bottom flask, and nitrogen was bubbled for 15 minutes to remove the oxygen. And then the
solution was heated to 70 < and 10 mL of K:S;0g (0.007 g- mL™*) was added. The reaction was
continued for 28 hours under nitrogen protection. The obtained mixture was washed with deionized
water and ethanol for three times. Finally, white powder PS microspheres were obtained after dried in
air at 30 <C.

Synthesis of macro-meso-Cu-BDC

In a typical synthesis, 1.5 g of P123 was dissolved in 30 ml of ethanol, after P123 was completely
dissolved, 1.0 g of PS microspheres (d = 455 nm) were added and continued stirring for another 4 hours
to ensure the complete dispersion of the PS microspheres. Then 0.121 g of Cu (NO3)2¢3H.0 was added
to the above solution, and after stirring for 2 hours, 0.083 g of p-phthalic acid was added. After
continuing stirring for a further 3 hours at room temperature, the solution was transferred to an oven at
30 <C for 5 days. After removal from the oven, washing several times with DMF (elimination of ligand
and PS microspheres). The template P123 was then removed using an acidic ethanol solution (the
volume ratio of acetic acid and ethanol=1:50). At last, the above solution was placed in a 60 <C vacuum
oven for 10 hours to obtain the blue solid powder.

Synthesis of meso-Cu-BDC



In a typical synthesis, 1.5 g of P123 was dissolved in 30 ml of ethanol, after P123 was completely
dissolved. Then 0.121 g of Cu (NOz3)2¢3H.0O was added to the above solution, and after stirring for 2
hours, 0.083 g of p-phthalic acid was added. After continuing stirring for a further 3 hours at room
temperature, the solution was transferred to an oven at 30 <C for 5 days. The template P123 was then
removed using an acidic ethanol solution (the volume ratio of acetic acid and ethanol=1:50). At last, the
above solution was placed in a 60 T vacuum oven for 10 hours to obtain the blue solid powder.
Synthesis of pure Cu-BDC.

0.530 g of Cu(NO3z)226H20 was dissolved in 45 ml of DMF, after stirring for 2 hours, 0.362 g of p-
phthalic acid was added and continued stirring for another 2 hours. Then the mixture was transferred to
a reactor and reacted at 110 °C for 36 hours. After that, the mixture was washed with DMF and ethanol
three times and dried at 40 <C for 8 hours in in vacuum to obtain the blue solid powder.

Representative procedure for catalytic reactions

In a typical experiment, the reaction was performed in a sealed Schlenk tube using benzyl halogen
(0.2532 g, 2 mmol), NaBH4 (0.0757 g, 1 eq.), Cs2CO3z (0.0652 g, 0.4 mmol) and macro-meso-Cu-BDC
(10 mol %) in anhydrous DMF at 0.1 MPa and 100 <C for 4 h under the CO2 atmosphere. The crude
product was purified by column chromatography (petroleum ether: ethyl acetate=30:1) to give a white
solid. The resulting products were characterized by *HNMR.

Characterization

The scanning electron microscopy (SEM) observations were taken by Hitachi SU8010 scanning
electron microscopy at an accelerating voltage of 30 kV. Transmission electron microscopy (TEM) and
HRTEM images were carried out on a JEM 2100 LaB6 at 200 kV. The energy-dispersive X-ray analysis
(EDS) were recorded on a Hitachi SU8010 scanning electron microscopy under a working voltage of 30
kV. The X-ray diffraction (XRD) data were carried out on a Burker D8-advance X-ray power
diffractometer with Cu-Ko radiation (0=1.5406 A). The FT-IR spectra were determined at room
temperature on a Perkin Elmer Frontier spectrometer (equipped with a DTGS detector). Thermal

gravimetric analyses (TGA) were recorded on Mettler Toledo TGA/DSC 3+ thermogravimetric



analyzer under argon atmosphere at a heating rate of 10 <T min in the temperature range of 100-
700 <C. N2 adsorption-desorption isotherms were obtained on a Micromeritics ASAP 2460 analyzer
(USA) at liquid nitrogen temperature (77 K). The samples were degassed in a vacuum at 80 <C for 6 h
prior to the measurement. Pore size distributions were estimated using non-local density functional
theory (NLDFT) and BJH (Barret-Joyner-Halenda) model. The surface areas were calculated by the
BET (Brunauer-Emmett-Teller) method. The CO> sorption isotherms were measured by an automatic
adsorption equipment (Autosorb-iQ-MP). Liquid *HNMR spectra were taken using CDCIz as the
solvent at 600 MHz with a JINM-ECAG600 spectrometer. The DRIFT spectra of CO; adsorption were
performed on a Nicolet iS10 spectrometer with an MCT detector. The samples were activated at 160 T
for 12 h before characterization. After that, the samples purged by argon flow (20 mL/min) for 20 min
at room temperature. Then the spectra of CO, adsorption were collected under a CO- flow (3 mL/min)
and the weakly adsorbed CO> was removed under an Ar flow (5 mL/min). CO>-TPD experiments were
performed on a Quantachrome CHEMBET-3000 TPD instrument equipped with a TCD detector. The
samples heated to 120 <C and held at this temperature for 30 min under a He flow (25 mL/ min) to
eliminate water and adsorbed CO>. Then, the temperature was reduced to 25 <C, and CO- flow (70 mL/
min) contacted the samples for 30 min. After that, the samples were submitted to a He flow (25 mL/

min) and the CO> desorption was carried out between 25 and 700 <C at a rate of 10 <T/min.

Figure S1. SEM image of pure Cu-BDC. (related to Figure 1)



Figure S2. SEM image of the prepared PS microspheres with the diameter of 455 nm. (related to Figure
1)
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Figure S3. (a) FT-IR spectra of macro-meso-Cu-BDC and pure Cu-BDC, respectively. (b)
Thermogravimetric analysis (TGA) of macro-meso-Cu-BDC and pure Cu-BDC in Ar atmosphere,
respectively, with a heating rate of 5 <C per minute. (related to Figure 3)
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Figure S4. FT-IR spectra of macro-meso-Cu-BDC, the sample without template removal, the sample
only remove of PS and the sample only remove of P123, respectively. (related to Figure 3)
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Figure S5. CO2-TPD spectra of macro-meso-Cu-BDC and pure Cu-BDC. (related to Figure 5)
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Figure S6. log-scale N2 adsorption isotherms for macro-meso-Cu-BDC and pure Cu-BDC. (related to
Figure 5)
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Figure S7. XRD pattern and TEM image of meso-Cu-BDC. (related to Table 1)
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Figure S8. XRD pattern and TEM image of macro-meso-Cu-BDC after catalysis. (related to Table 1)

Table S1. CO- fixation with 4-methylbenzyl chloride catalyzed by macro-meso-Cu-BDC, pure Cu-
BDC and meso-Cu-BDC, respectively.?) (related to Table 1)

cl catylast 0 o nMe
+ CO, > + Me
Me NaBH,, Cs,CO3, DMF Me Me

(0.1MPa) 100°C, 8h 1 2

) b)
Entry 4-Methylbenzyl chloride Catalyst Yield (%)

X7 el
1 J\\ Macro-meso-Cu-BDC 68 3
=
X el
2 J\/ Pure Cu-BDC 8 10
Me =
X7 el
3 J\/ Meso-Cu-BDC 13 6
Me”
X el
4 J\\ CuCl, Not Detected Not Detected
=
X7 el
5 J\\ CuSO, Not Detected Not Detected
=

Me
X el
6 J\ Cu(NO3)>-3H;0 Not Detected Not Detected
=
Me
Xl
7 J\\ Cu(AC),-H.0O Not Detected Not Detected
Me =

X el
g© J\\ Macro-meso-Cu-BDC 66 4
7



dReaction conditions: 4-methylbenzyl (2 mmol), NaBH4 (2 mmol), Cs;COs, (0.4 mmol), CO, (0.1
MPa), catalyst (10 mol %), DMF (8 mL) at 100 <C for 8 h. Plsolated yield. “Reaction conditions: 4-
methylbenzyl (2 mmol), NaBH4 (2 mmol), CsFs, (0.4 mmol), CO2 (0.1 MPa), catalyst (10 mol %),
DMF (8 mL) at 100 <C for 8 h.

'HNMR (related to Table 1):
Product 2a

IHNMR (600 MHz, CHLOROFORM-D) § 8.21 (d, J = 8.7 Hz, 3H), 7.53 (d, J = 8.8 Hz, 2H), 4.83 (s,
2H).
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Product 2b

IHNMR (600 MHz, CHLOROFORM-D)  8.11 (s, 1H), 7.43 (d, J = 8.5, 5.3 Hz, 2H), 7.08 (t,
J=8.7 Hz, 2H), 5.34 (s, 2H).

o
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Product 2¢

IHNMR (600 MHz, CHLOROFORM-D) & 8.09 (s, 1H), 7.39 (d, J = 8.4 Hz, 2H), 6.92 (d, J =
8.5 Hz, 2H), 5.31 (s, 2H), 3.82 (s, 3H).
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Product 2d

IHNMR (600 MHz, CHLOROFORM-D) § 8.11 (s, 1H), 7.35 (d, ] = 7.9 Hz, 2H), 7.21 (d,J =
7.8 Hz, 2H), 5.34 (s, 2H), 2.37 (s, 3H).
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Product 2e

IHNMR (600 MHz, CHLOROFORM-D) & 8.13 (s, 1H), 7.25 (d, J = 48.7, 7.4 Hz, 3H), 7.16 —
7.10 (m, 1H), 5.35 (s, 2H), 2.38 (s, 3H).
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Product 2f

IHNMR (600 MHz, CHLOROFORM-D) & 8.12 (s, 1H), 7.41 (d, J = 21.0, 8.4 Hz, 4H), 5.35 (s,
2H), 1.33 (s, 9H).
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Product 29

IHNMR (600 MHz, CHLOROFORM-D) § 8.13 (s, 1H), 7.40 (ddd, J = 25.2, 20.8, 7.2 Hz,
5H), 5.38 (s, 2H).
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Product 2h

IHNMR (600 MHz, CHLOROFORM-D) & 8.13 (s, 1H), 7.45 (d, J = 7.1 Hz, 2H), 7.38 (t, J =
25.5, 7.2 Hz, 3H), 5.38 (s, 2H).
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