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Abstract

Lithium-selenium (Li-Se) batteries have attracted much attention in recent years because of their high volumetric
capacity (3253 mA h cm?®) compared to the current commercial Li-ion battery. The shuttle effect and large volume
variation during the electrochemical reactions limit its practical applications. The widely accepted strategy to
reduce these drawbacks is confining selenium (Se) in porous carbon materials. However, how to boost
electrochemical kinetics, reduce the shuttle effect and accommodate volume expansion for maximized battery
performance still remains highly challenging. Herein, we synthesized three kinds of hierarchically porous carbon
materials by facile pyrolysis of aluminum-based metal-organic frameworks (MOFs) with different porous
networks. The large surface area and high pore volume can ensure the excellent polyselenides adsorption while
tailoring the ratio between micropores and mesopores of the hierarchically porous hosts can highly enhance
electrolyte and electron transportation, leading to excellent electrochemical performance with a capacity as high as
530.1mA h g" (Se@MIL-68-800) after 200 cycles, an excellent rate capability of 307 mA h g’ at 5 C, and a high
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reversible capacity of 544 mA h g”" when current density returns to 0.1 C. The present invention not only provides a
facile way to obtain hierarchically porous carbon materials from MOFs but also gives insights on tailoring
micropores and mesopores proportion to maximize Li-Se battery performance for their practical industrial
implementation.

Keywords: Metal-organic frameworks (MOFs), hierarchically porous carbon host, lithium-selenium (Li-Se) battery,
physical adsorption

INTRODUCTION

Selenium (Se), from the same group as sulfur (S), has much higher electronic conductivity (1 x 10° S m™)
compared with S (5 x 10°* S m™) and comparable volumetric capacity (3253 mA h cm?)"?. This makes Li-
Se one of the most promising candidates and has attracted growing attention. However, the soluble
intermediates lithium polyselenides (Li,Se,, 4 < # < 8) in Li-Se battery still induce shuttle effects; in addition,
the Se particles undergo volume expansion, and the final lithium selenide (Li,Se) products are not
conductive, leading to quick capacity decay, poor cycle performance, and low Coulombic efficiency (CE).

Confining Se in porous carbon materials is the most widely adopted and very efficient strategy to address
these drawbacks. The porous carbon materials have significant influences on the final battery performances
via highly improved conductivity of the electrode and increased reaction areas to adsorb the soluble
polyselenides to relieve the shuttle effect and the volume expansion”?. The porous carbon materials with
diverse morphologies and architectures, such as spheres', 1D nanotubes'”, 2D graphene'®, 3D hierarchical
structures, hollow nanostructures"”, and core-shell structures"', have been applied and shown improved
performance of Li-Se batteries. According to the theoretical calculations using density functional theory
(DFT), the size of the cyclo-Se, is determined to be 0.726 nm"?. The pores around this size are necessary for
effectively accommodating and maintaining the loaded active Se in a well-infiltrated short chain-like
amorphous state. Therefore, tailoring the pore size of porous carbon materials plays an important role in Li-
Se batteries. Xin et al. reported microporous carbon coated on carbon nanotube (CNT) (CNT@MPC)
composite consisting of numerous short-range-ordered slit pores of approximately 0.5 nm to confine Se in
order to only form active small Se molecules"”. The electrochemical behavior of these confined Se chains
revealed a reversible one-step reaction with lithium (Li) to yield highly active small Se molecules after the
initial discharge. This significantly reduces the shuttle effect in the battery. Liu et al. prepared a microporous
carbon polyhedral with a pore size of 1.1 nm to confine Se'". The enlarged microporous carbon
nanospheres with a pore size of around 1.3 nm were also utilized to confine Se'*. Excellent cycling stability
has been observed because the micropores are beneficial for efficient polyselenides adsorption during the
reaction. In a study on the effect of pore size on Li-S battery, Hippauf et al. experimentally demonstrated
that the ultramicropores (less than 0.7 nm), supermicropores (between 0.7 and 2 nm), and mesopores
behave quite differently to polysulfide adsorption in liquid phase with the help of UV/vis absorption
spectroscopy"”. They reported that the ultramicroporous materials are up to eight times more efficient than
mesoporous ones in adsorbing polysulfide. However, the solely microporous carbon is limited to the high
proportion of Se loading, while it is detrimental to fast electrolyte diffusion. The typical ordered
mesoporous carbon CMK-3 with a pore size of 3 nm and a high pore volume (1.276 cm®g™) was proposed
to confine Se''*'"”. The mesoporous carbon can confine a higher amount of Se and promote quick electrolyte
penetration. However, the cycling performance fades quickly because of polyselenides formation and easy
dissolution in mesoporous carbons. Moreover, Liu et al. synthesized mesoporous carbon microspheres with
different average pore sizes of 3.8, 5, 6.5, and 9.5 nm, using resorcinol-formaldehyde as a carbon precursor
and silica sol as a hard template. The battery cycling performance decreases with increasing sizes of
mesopores, and they proved that the size of mesoporous carbon host plays a key role in Se
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immobilization"".

It is obvious that neither a microporous nor mesoporous structure alone could meet the requirements of a
superior Li-Se battery with a high amount of Se and recycling stability performance at the same time. Other
studies have focused on the bimodal or hierarchically porous carbons to combine the advantages of both
micropores and mesopores, and such works have been reported"**'!. Park et al. introduced a self-sacrificed
MOF template on polyacrylonitrile to obtain mesopores by direct carbonization and micropores by further
chemical activation. They proved that the obtained porous carbon-containing simultaneously micropores
and mesopores can achieve high cycling stability because the microporous part facilitates polyselenides
trapping and high capacity, while the mesoporous part is beneficial for Se loading and electrolyte
filtration"”. Our group also designed various hierarchically porous carbon, such as single ZIF-8 derived
micro-meso-macropores carbon®, MWCNTs weaved MOF™, 3D hierarchically ordered porous carbon,

25,26

etc.”>*) All of them achieved good electrochemical performance. This demonstrates again that combining
micropores and mesopores in a carbon host could be a good method to achieve high Se loading and
enhance the adsorption of the polyselenides, leading to high cycle stability with a high energy density Li-Se
battery. Proper pore size distribution of the host materials is critical to achieving good electrochemical
performance of the battery. However, tailoring the ratio of the different size ranges of pores in porous
carbon materials to get good cooperation needs to be deeply researched. It is thus highly valuable to
investigate porous carbon materials with not only the best pores composition but also the optimized pore

sizes ratio to maximize the synergy effects between different size pores.

MOFs have attracted increasing attention in the field of batteries because of their high surface area, uniform
pore size, and chemical structure diversity” . However, the low electrical conductivity of MOFs resulting
in low capacity impedes their practical application. The pyrolysis of MOFs leads to much improved
conductivity while keeping their defined porosity"™ . The widely used MOFs for Li-Se batteries are based
on zinc clusters, such as MOF-5 and ZIF-8. The zinc atoms can be conveniently removed during
pyrolysis"**.. However, the low boiling point of zinc tends to break the original order of micropores.
Whereas for Co-MOF, Ni-MOF, and Fe-MOF, the formation of pores by the pyrolysis process will not be
influenced by metal evaporation, and the remaining atoms of Co, Ni, and Fe have been proven to catalyze
the discharge/charge reaction*!. In addition to the advantages same as Co-, Ni-, and Fe-MOF, aluminum-
based MOFs are promising because they can form various MOFs with diverse morphologies with the same
or different ligands in different synthesis conditions.

In this work, three kinds of hierarchically micro-mesoporous carbon materials have been successfully
fabricated by facile aluminum-based MOF carbonization. The three aluminum-based MOFs originally are
composed of the same metal cluster and similar ligands but with fully different pore configurations and
volumes under different synthesis conditions. The obtained hierarchically micro-mesoporous carbon
materials derived from these aluminum-based MOFs with large surface area and pore volume,
interconnected pores, and the different proportions of micropores and mesopores. It is observed that the
different ratios of micropores and mesopores can strongly impact the electrochemical properties of Li-Se
batteries, leading to different charge-discharge capacities, rate capabilities, and recycling stability. By
tailoring the ratio of micropores and mesopores, outstanding properties such as high loading of Se, high
volume variation resistance during the electrochemical reaction, excellent fixing capacity of polyselenides,
fast electrolyte, and electron transportation can be achieved, leading to a capacity as high as 530.1 mA h g*
after 200 cycles and excellent rate performance around 307 mA h g* at 5 C. This work sheds light on a
generic strategy to boost the electrochemical kinetics and to reduce the shuttle effect by tailoring the ratio of
micropores and mesopores for Se confinement toward the practical implementation of Li-Se battery.
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EXPERIMENTAL

Preparation of MIL-53 (Al)

MIL-53 (Al) was successfully synthesized through a hydrothermal reaction". In detail, aluminum nitrate
nonahydrate [AI(NO,),.9H,0, VWR, 3.9 g], terephthalic acid (TPA, VWR, 0.864 g), and deionized water
(15.3 mL) were transferred into 50 mL Teflon-lined stainless steel autoclaves. The mixtures were then
stirred for 30 mins and kept at 220 °C in an oven for three days for reaction. Afterward, the mixture was
filtered, washed three times with deionized water and ethanol, and dried at 80 °C. The resulting white
product was then purified in a muffle furnace (280 °C, three days). This high temperature can make sure
complete removal of unreacted TPA species and the occluded TPA molecules within the structure. Finally,
the light yellow powdery MIL-53(Al) was obtained.

Preparation of MIL-68 (Al)

The synthesis of MIL-68 (Al) was carried out following the reported work'*>*!. Typically, TPA (VWR, 5 g)
and aluminum chloride hexahydrate (AICL.6H,O, VWR, 4.88 g) were dissolved in 300 mL of N, N-
dimethylformamide (DMF, VWR). The mixture was then stirred for 2 h and transferred into autoclaves
with Teflon insets, where it was kept at 130 °C for 18 h. Afterward, the mixture was cooled down to room
temperature and collected by filtration. To remove any free acid that may still remain in the pores, the as-
synthesized product was dispersed in 50 mL of DMF under stirring three times at room temperature. To
further remove the DMF from the pores, the same procedure was repeated four times using 50 mL of
methanol instead of DMF.

Preparation of MIL-100 (Al)

The synthesis of MIL-100 (Al) follows the reported protocol***"\. In detail, 0.75 g AI(NO,),.9H,0 and 0.37 g
trimesic acid (H,BTC, VWR) were mixed in a deionized water (10 mL) solution (pH = 1.9-2.0). More
importantly, 0.192 g of DMF was added dropwise into this solution, and the quantity of DMF was 2.63
mmol based on their double CH, groups (pH = 1.9). After heating the mixture solution to 200 °C for about
4 h, a light yellow sample was obtained after filtration. Then, washing the powder three times with DMF and
methanol, respectively, the purified MIL-100 (Al) was obtained after drying at 60 °C for 6-10 h.

Preparation of selenium@porous carbon composites

Each of the as-synthesized MIL-53 (Al), MIL-68 (Al), and MIL-100 (Al) was calcinated at 700, 800, and 900
°C, respectively, with a heating rate of 5 °C min™ for 4 h in an argon (Ar) atmosphere. To remove the
aluminum species, the resulting black powder was immersed in a 4 M HCI aqueous solution at room
temperature for 12 h. After washing with deionized water to remove any remaining acid, the products were
dried in a vacuum oven overnight. The porous carbon materials derived from Al-MIL were labeled as MIL-
53-700, MIL-53-800, MIL-53-900, MIL-68-700, MIL-68-800, MIL-68-900, and MIL-100-700, MIL-100-800,
MIL-100-900, respectively. The Se-porous carbon composites were synthesized by a two-step melt-diffusion
procedure. As all the samples calcined at 800 °C gave the highest surface area and highest pore volume, only
the samples calcined at 800 °C were selected for the study on Se confinement. For example, with a weight
ratio of 2:1, bulk Se (Sigma-Aldrich) and MIL-53-800 were thoroughly mixed by ball milling (labeled as Se-
MIL-53-800). The mixture was then heated to 260 °C and maintained for 16 h, followed by heating to 300
°C for 4 h in a tube furnace filled with flowing Ar to obtain the composites. The final products were labeled
as Se@MIL-53-800. The same procedures were carried out with MIL-68-800 and MIL-100-800, leading to
the fabrication of Se@MIL-68-800 and Se@MIL-100-800, respectively.

Materials characterization
X-ray diffraction (XRD) patterns were obtained on a Panalytical with Cu Ka radiation (A = 0.15406 nm)
with 45 kV and 30 mA. The scanning electron microscopy (SEM) observation was carried out using a JEOL
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7500 F field-emission SEM. Transmission electron microscopy (TEM) images of the samples were recorded
on microgrid copper mesh by using a TECNAI 10 at an acceleration voltage of 200 kV. Nitrogen (N,)
adsorption-desorption isotherms were obtained using an ASAP 2420 surface area & porosity analyzer at 77
K. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET). The pore size
distribution was calculated by the Barrett-Joyner-Halenda (BJH) method and the nonlocal density
functional theory (NLDFT) analysis method. Thermogravimetric analysis (TGA) was carried out using a
thermal analyzer (Setaram Labsys Evo) under a flow of N, with a temperature ramp of 5 °C min™. X-ray
photoelectron spectroscopy (XPS) characterization was carried out in a Thermo Fisher ESCALAB 250 Xi
instrument with a monochromatic Al Ko x-ray source (1486.6 eV). Raman spectra were collected by an
Invia Refl (Renishaw, UK) under ambient conditions, from 2000 to 200 cm™ with 632.8 nm laser light.

Electrochemical measurements

The electrochemical measurements were carried out at room temperature using CR2032 coin-type cells. The
cathodes were prepared with a conventional slurry coating method". The slurry was prepared by mixing
the active material, Super-P carbon (Timcal), and sodium alginate (SA, Sigma-Aldrich) at the weight ratio
of 80:10:10 in deionized water. The reference pure Se cathode slurry was prepared by mixing commercial Se,
Super-P carbon, and SA with a weight ratio of 60:30:10. The resulting slurry was coated onto an aluminum
foil and dried in a vacuum at 60 °C one night. The coated aluminum foil was cut into discs with a diameter
of 14 mm to obtain the Se cathode. The mass loading of Se on the cathode is approximately 1.5 mg cm™.
The coin-type cells were assembled in an Ar-filled glovebox with moisture and oxygen concentrations lower
than 1 ppm, using Li metal as the counter/reference electrode, glass fiber membrane as the separator, and 1
M Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Solvay) in a mixture of dioxolane (DOL, Sigma-
Aldrich) and dimethoxygethane(DME, Sigma-Aldrich) (1:1 in volume) with 1% LiNO, (Sigma-Aldrich) as
the electrolyte. The galvanostatic discharge and charge experiments were performed on a battery tester
(LAND) with a voltage window of 1.75-2.6 V vs. Li"/Li at different current rates of 0.1, 0.2, 0.5, 1, 2,and 5 C
(1 C=75mA g"). Cyclic voltammetry (CV) study (1.75-2.6 V vs. Li‘/Li, 0.1 mV s™) was performed using an
electrochemical workstation Princeton VersaSTAT 3, beginning with discharge at 2.6 V. Electrochemical
impedance spectroscopy (EIS) measurement was also conducted using Princeton VersaSTAT 3 with a
frequency range between 100 kHz and 10 mHz with an AC voltage amplitude of 5 mV at open circuit
voltage.

RESULTS AND DISCUSSION

Structural analysis

Scheme 1 illustrates the preparation process to (A) MIL-53 (Al), (B) MIL-68 (Al), and (C) MIL-100 (Al) and
then to MIL-53-800, MIL-68-800, and MIL-100-800. MIL-53 (Al) (A) and MIL-68 (Al) (B) were synthesized
with the same ligand (TPA) but with different solvents and temperatures, while MIL-100 (Al) (C) was
synthesized with trimesic acid. These three MOFs exhibit fully different pore networks. In the case of MIL-
53 (Al), only one 1D-rhombic type of pore with a size of 0.85 nm is found [Scheme 1A]"", while MIL-68
(Al) exhibits two different types of channels (triangular and hexagonal) with pore sizes of 0.5-0.85 nm and
1.6-1.7 nm, respectively [Scheme 1B]"". As for MIL-100 (Al), its framework is formed by channels of
micropores and mesopores of around 0.6 and 2.5-2.9 nm in diameter, respectively [Scheme 1C]"*. The
MOEF-derived porous carbon materials were obtained by the calcination of MOFs at high temperature in Ar,
followed by an acid wash to remove aluminum.

The successful synthesis of aluminum-based MOFs, including MIL-53 (Al), MIL-68 (Al), and MIL-100 (Al),
can be confirmed by the powder XRD patterns shown in Supplementary Figure 1. The representative peaks
of MIL-53 (Al), MIL-68 (Al), and MIL-100 (Al) are the same as the simulated peaks, which are consistent
with the previous reports'* .. Following the pyrolysis, porous carbon materials are synthesized.
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Scheme 1. Synthesis routes to (A) MIL-53 (AD); (B) MIL-68 (Al); and (C) MIL-100 (Al) with different precursors and thus to MIL-53-
800, MIL-68-800, and MIL-100-800 by pyrolysis at 800 °C.

Supplementary Table 1 and Supplementary Figure 2 summarize the surface area and pore volume
information of samples before and after pyrolysis at 700, 800, and 900 °C. Notably, the surface area and pore
volume of MIL-53 (Al) and MIL-68 (Al) decrease after pyrolysis at 700 °C due to the collapse of ordered
micropores'*). However, the surface area and pore volume of MIL-100 (Al) increase owing to the stable
trimesic acid ligand that could relieve the collapse of the MIL-100 (Al) structure. By increasing the pyrolysis
temperature from 700 to 800 °C, the Al-MIL-derived porous carbon materials achieve higher surface area
and pore volume for the reason of the gasification of carbon atoms. When the temperature rises to 900 °C,
the surface area of MIL-53-900 and MIL-68-900 drops from 1566 to 413 and 1053 to 240 m* g, and pore
volume from 2.33 to 0.68 and 2.16 to 0.26 cm® g, respectively. The sharp decrease in the surface area and
pore volume reflects the high collapse of the particle structure™ . The MIL-100-900 also shows a decrease
in surface area and pore volume, but not as high as MIL-53-900 and MIL-68-900. That is because the
trimesic acid ligands in the spatial configuration of MIL-100 (Al) help to resist high temperature to keep
structural stability, which is commonly observed during the pyrolysis of ZIF series materials"**!. To obtain
enough pore space for Se loading and high surface area for electrochemical reactions, the samples from
three AI-MOFs calcined at 800 °C showing the highest BET surface area and the pore volume were selected
for Se confinement.

The morphologies of MOF-derived porous carbon materials are examined by SEM and TEM [Figure 1].
The morphology of MIL-53-800 remained intact after calcination compared with MIL-53 (Al)
[Supplementary Figure 3A]Jand shows a massive porous structure with particle size ranging from several
hundred nanometers to several micrometers [Figure 1A]. The TEM image [Figure 1B and its inset] presents
the particle size and some empty space surrounded by carbon, which is consistent with the SEM result.
Figure 1C confirmed the continuous amorphous carbon network with a microporous structure. The
morphology of MIL-68-800 shows that the pyrolysis generates a highly porous structure [Figure 1D and E].
Compared with the original TEM morphology of MIL-68 (Al) in Supplementary Figure 3B, the big particle
size of MIL-68-800 was composed of small carbon aggregates of 10-20 nm, where exists an interparticle
mesopores structure. The micropores of MIL-68-800 can be observed in Figure 1F. MIL-100 (Al) showed a
typical octahedron crystal structure with a size of 200-500 nm [Supplementary Figure 3C], and this
morphology is still maintained after pyrolysis at 800 °C [Figure 1G]. Both mesopores and micropores were
observed in Figure 1H and I. Consequently, the original morphologies can still be maintained after the
pyrolysis of MOFs under appropriate conditions.
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Figure 1. (A) SEM images and (B) (C) TEM images of MIL-53-800; (D) SEM images and (E) (F) TEM images of MIL-68-800; and (G)
SEM images and (H) (1) TEM images of MIL-100-800.

The detailed pore size and cumulative pore volume distribution of these three selected MOF-derived porous
carbon materials were measured by N, desorption-adsorption. The sharp increase of N, adsorption at low
relative pressures (p/p,< 0.01) and hysteresis loop in the N, adsorption isotherms [Figure 2A] demonstrate
that all three MOF-derived porous carbon materials contain micropores and mesopores”®*. Compared with
MIL-53-800 and MIL-68-800, MIL-100-800 has much more micropores but fewer mesopores. The
cumulative pore size distribution of MIL-53-800, MIL-68-800, and MIL-100-800, calculated by the method
of NLDFT, is shown in Figure 2B and converted into a histogram with four size zones in Figure 2C. All
three samples show hierarchically porous structures with various pore sizes at different length scales. Four
kinds of pores can be observed: ultramicropore (< 0.7 nm), supermicropore (0.7-2 nm), small mesopore (2-
10 nm), and big mesopore (10-50 nm). Considering the ultramicropores (< 0.7 nm), the pore volume in this
range of MIL-53-800 is 0.15 cm® g, which is similar to that of MIL-100-800 (0.16 cm’ g") while four times
higher than that of MIL-68-800 (0.04 cm’ g"). For the supermicropores (0.7-2 nm), the pore volume of
MIL-53-800 (0.15 cm’ g"') is comparable to that of MIL-68-800 (0.12 cm’ g”') and half of that of MIL-100-
800 (0.33 cm’ g”). For the small mesopores (2-10 nm), the volume of MIL-53-800 is the biggest (1.21 cm’ g
), which is two and six times higher than that of MIL-68-800 and MIL-100-800, respectively. The big
mesoporous volume (10-50 nm) of MIL-53-800, MIL-68-800, and MIL-100-800 is 0.82, 1.41, and 0.14 cm® g
7, respectively. Due to the three-dimensional trimesic acid ligand, MIL-100-800 shows higher stability with
more micropores, which represents 60% of the total volume. The harsh pyrolysis temperature and acid wash
lead to the formation of high quantities of mesopores in MIL-53-800 and MIL-68-800. The detailed pore
information of these three MIL-(53, 68, and 100)-800, including micropores and mesopores, is shown in
Figure 2D-F. The pore size distribution and value of the pore volume are well consistent with the above-
mentioned results.

For Se@MIL-(53, 68, 100)-800, the composites of Se and corresponding prepared porous carbon materials
with a weight ratio of 2:1 were ball-milled and heated in Ar at 260 °C. The Se was confined by the metal
diffusion method, in which the commercial Se particles were melted to liquid that diffused from micropores
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Figure 2. (A) N, adsorption-desorption isotherms at 77 K; (B) Cumulative pore size distribution and (C) Histogram of the size
distribution of MIL-53-800, MIL-68-800, and MIL-100-800 based on nonlocal density functional theory (NLDFT) pore size analysis of
nitrogen physisorption data; (D-F) Pore size distribution of MIL-53-800, MIL-68-800, and MIL-100-800, respectively.

to macropores with the help of the capillary effect. The successful confinement of Se and the exact weight
ratio were studied by various characterization techniques. Figure 3A shows the XRD patterns of our MOF-
derived samples after the confinement of Se. The pure Se exhibits its typical crystallized structure [PDF #
06-0362] with peaks at 23.5°, 29.7°, 41.3°, 43.6°, 45.4°, and 51.7°"". The MIL-53-800 gives two big broad
peaks, indicating the loss of the crystalline structure of MIL-53 (Al) after the pyrolysis process. The peaks
from Se are clearly identified for Se-MIL-53-800 (the mixture of Se and MIL-53-800 by ball milling). It is the
same for the mixtures of Se-MIL-68-800 and Se-MIL-100-800, as shown in Supplementary Figure 4.
However, the peaks of Se are not observed with Se@MIL-53-800 after the melt-diffusion process, indicating
the amorphous state of Se in the MIL-53-800 porous structure””. The similar XRD patterns of Se@MIL-
68-800 and Se@MIL-100-800 are observed, indicating that the Se remains in an amorphous state and
effectively penetrated into the pores of MIL-68-800 and MIL-100-800, which will be confirmed by BET and
EDX mapping measurements. However, there is a very weak peak of Se for Se@ MIL-100-800, indicating the
presence of a very small amount of crystalline Se in MIL-100-800. The probable reason would be the very
limited pore volume of MIL-100-800 (0.84 cm® g"') and a high proportion of micropores, as indicated in
Figure 2C and Supplementary Table 1.

Raman spectra [Figure 3B] also proved the successful Se confinement within the obtained porous carbon
materials, as indicated by the total disappearance peak of 236.8 cm™ for Se@ MIL-53-800 and Se@MIL-68-
800, which is the standard Raman peak of crystalline Se"®". A very small peak is still observed at 236.8 cm™
for Se@MIL-100-800, showing the presence of a very small amount of crystalline Se in this sample, which is
perfectly consistent with XRD results. Furthermore, the peaks at approximately 1350 cm™ and 1584 cm™ are
responsible for the carbon of MOF-derived porous carbon materials, which are also called D and G
bands*. The intensity of D and G bands is responsible for the disordered and graphite carbon'*. The
similar intensity ratio (ID/IG) of around 1.02 for the three MOF-derived porous carbon materials indicates
the similar ordered and disordered carbon state in these materials.

Supplementary Table 2 gives information on the surface area and pore volume before and after Se loading.
The surface area sharply decreased from 1566 to 123 m* g*, 1053 to 139 m* g"', and 1412 to 21 m* g for
MIL-53-800, MIL-68-800, and MIL-100-800, respectively, after Se infiltration. The sharp pore volume
decreases from 2.33 t0 0.33 cm’ g, 2.16 t0 0.6 cm’ g, and 0.84 to 0.10 cm® g for MIL-53-800, MIL-68-800,
and MIL-100-800, respectively, were also observed. The drastic reduction of surface area and pore volume
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Figure 3. (A) XRD patterns of pure selenium, MIL-53-800, Se-MIL-53-800 mixture, Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-
100-800; (B) Raman spectrum of selenium, Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-100-800; (C) TGA curves of Se@MIL-
53-800, Se@MIL-68-800, and Se@MIL-100-800 under nitrogen with rate 5 °C min”. XPS spectrum of Se@MIL-53-800; (D) Survey
scan curve (E) High-resolution Se3d and (F) Cls.

after Se infiltration directly evidences that the Se indeed diffuses into the pores of MOF-derived porous
carbon materials. The SEM images after Se confinement and related energy dispersive X-ray spectroscopy
EDX mapping are shown in Supplementary Figure 5. The uniform dispersion of Se and carbon can
obviously be proved by the overlapped images.

The content of Se confined in MOF-derived porous carbon materials was measured by TGA. As shown in
Figure 3C, the first weight loss is from 200 to 240 °C, responsible for the evaporation of bound water and
moisture that adsorbed in micropores of MOF-derived porous carbon materials”®’. The main weight losses
start from 340 to 600 °C. The weight loss in this temperature zone corresponds to the dispersed Se in the
pores®. The Se@MIL-53-800 and Se@MIL-68-800 show the same shape with one important weight loss,
while the MIL-100-800 at this range gives two weight losses with a turning point. That is due to the low pore
volume and high micropores ratio of the MIL-100-800 composite; the diffusion of Se is limited by the lack
of pathways, resulting in part of Se in the crystalline state. Compared with Se loaded in an amorphous state,
the bulk Se confined with a crystalline state undergoes easier evaporation at lower temperature due to the
weaker adsorption. While for MIL-53-800 and MIL-68-800, all the Se is in a well-dispersed amorphous
state; thus, no turning point of the Se evaporation appears. This also indicates that micropores and
mesopores are well interconnected, and tailoring the ratio between the micropores and mesopores of the
hierarchically porous hosts has a significant influence on the system mass transfer. The total Se weight loss
of Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-100-800 are 53.5%, 51.2%, and 44.7%, respectively. As the
pore volume of MIL-53-800 and MIL-68-800 is much higher than that of MIL-100-800, the higher loading
of Se is observed in MIL-53-800 and MIL-68-800 than that in MIL-100-800.

The XPS is also applied to investigate the element composition, ratio, and electronic state of the specific
elements. The survey scan of the Se@MIL-53-800 [Figure 3D] displays the peaks located at 533, 284, and
55.3 eV, corresponding to the O1s, Ci1s, and Se 3d, respectively. The high-resolution spectrum of Se 3d
[Figure 3E] can be divided into two peaks (54.8 and 55.7 eV), corresponding to Se 3d,, and Se 3d,,,
respectively'”. The peak of carbon [Figure 3F] can be deconvoluted into three peaks at 284.2, 285.3, and
288.8 €V, responsible for C-C, C-O, and C=0 bonds, respectively'*”. The similar survey scan and high-
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resolution spectrum of carbon and Se of Se@MIL-68-800 and Se@MIL-100-800 are shown in
Supplementary Figure 6A and B and Supplementary Figure 6D-F, respectively. The weight ratio of Se from
the survey scan of Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-100-800 is 54.3%, 53.6%, and 45.4%,
respectively, being in very excellent consistency with the results from TGA.

Electrochemical properties

The electrochemical properties of Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-100-800 cathodes are
presented in Figure 4 and Supplementary Figure 7, compared with pure Se electrode prepared as a
reference. Cyclic voltammogram (CV) was collected at a scan rate of 0.1 mV s with a potential range of
1.75-2.6 V vs. Li*/Li in Figure 4A and Supplementary Figure 7A-C. All the Se cathodes with MOF-derived
porous carbon host show two obvious reduction peaks at approximately 2.1 and 1.95 V in the first cycle,
relevant to the stepwise electrochemical reaction from Se to (Li,Se,), finally to Li,Se!”. The oxidation peak,
mainly at 2.25 V, and a shoulder peak at 2.35 V correspond to the Li,Se back to Se with the intermediate Li,
Se,, respectively. Compared with pure Se cathode, the reduction of Se@MIL-(53, 68, 100)-800 occurs on
higher voltage in the first cycle, as the value labeled in Figure 4A and Supplementary Figure 7A-C, reflecting
the accelerated electrochemical reaction kinetics on these three cathodes. The reduction peak at 2.1 V shifts
to a higher potential of 2.21 V after six cycles of battery operation [Figure 4A]. The shift of the first cathodic
peak is due to the activation of Se particles and the formation of a stable solid electrolyte interphase (SEI)
layer®**”). The high potential shift of the first reduction peak means easier reduction reaction from Se to Li,
Se,, indicating the Se cathodes were activated in the discharge/charge process. After activation through the
first four cycles, the CV curves of these Se@MIL-X-800 (X = 53,68,100), overlapped well, demonstrating
improved reversibility of these batteries'”. The compared result of these three MOF-derived cathodes on
the 5" cycle is shown in Figure 4B. It can be seen that Se@MIL-68-800 possesses the smallest oxidation/
reduction potential gap (AV) and the highest current density than Se@MIL-53-800 and Se@MIL-100-800,
suggesting the accelerated reaction kinetics in Se@MIL-68-800 cathode!*”. It is worth noting that the pure Se
cathode shows significantly different electrochemical behavior compared to the three MOF-derived porous
carbon materials when used as carbon hosts for the Li-Se batteries. The pure Se cathode has the lowest
reduction voltage at the first cycle due to the lack of pathways, while after five cycles, its reduction peak
shifts to a higher voltage position than the other three cathodes. The phenomenon may be attributed to the
easy diffusion and reaction of the polyselenides that have diffused out of the cathode, as they do not
encounter significant interfacial barriers. Moreover, the detailed discharge/charge curves of the different
electrodes at the 1%, 50", 100", 150", and 200" cycles are also shown in Figure 4C and Supplementary Figure
7D-F. The discharge curves show two typical platforms, in good consistence with the cyclic voltametric
measurements containing two reduction peaks. The lowest gap between the discharge and charge platforms
(overpotential) of Se@MIL-68-800 (0.1 V) among all the other three cathodes (Se@MIL-53 with 0.12 V,
Se@MIL-100-800 with 0.17 V, and pure Se with 0.17 V) means its lowest polarization compared to the other

three batteries, indicating the smallest reaction energy barrier”.

The cycling performance and CE were evaluated at 0.2 C between 1.75-2.6 V. The initial discharge capacity
of Se@MIL-53-800, Se@MIL-68-800, and Se@MIL-100-800 shows much higher values of 704.5, 648.3, and
473.7 mA h g', respectively, compared to 342.3 mA h g of pure Se cathode. The much higher initial
capacity than pure Se cathode indicates the much higher utilization efficiency of Se for Se@MIL-53-800,
Se@MIL-68-800, and Se@MIL-100-800. Because the highly porous carbon can lead to a large dispersion of
Se in the carbon host system, facilitating the contact between carbon and Se for better electrochemical
activity. The initial discharge capacity of Se@MIL-53-800 is higher than the theoretical value (675 mA h g"),
and that of Se@MIL-68-800 is very similar to their theoretical value, while the Se@MIL-100-800 achieves a
capacity value that is far from its theoretical value. This is due to the lack of interconnected micro-
mesopores constructed electrolyte pathways for the Se@MIL-100-800 cathode, in spite of its high CE value
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Figure 4. Cyclic voltammetry curves of (A) Se@MIL-53-800 and (B) Compared CV result of different cathodes in the 5" cycle at a
voltage of 1.75-2.6 V vs. Li"/Li with the scan rate of 0.1 mV s™; (C) The discharge/charge curves at different cycles at the voltage of
1.75-2.6 V vs. Li*/Li with the current density of 0.2 C. The electrochemical properties of pure Se, Se@MIL-53-800, Se@MIL-68-800,
and Se@MIL-100-800 cathodes in Li-Se cell; (D) Cycling performance and corresponding Coulombic efficiency at 0.2 C; (E) Rate
capability and (F) Nyquist plots of these four different cathodes at fresh state.

of 87.5%. The initial CEs of Se@MIL-53-800 and Se@MIL-68-800 are 62.9% and 74.8%, respectively. The
high initial capacity and low CE of these two cathodes can be attributed to the irreversible formation
process of the SEI layer and electrolyte decomposition on the matrix materials in the first cycle”"!. The CE of
Se@MIL-68-800 quickly increases to more than 95% in the first three cycles, which is attributed to the rapid
formation of a stable SEI layer, leading to the decrease of irreversible side reaction between the Se cathode
and electrolyte. This is much faster than that of Se@MIL-53-800, Se@MIL-100-800, and pure Se cathode to
be stabilized because of its good Se dispersion and strong adsorption to polyselenides by optimized pores
distribution”. As shown in Figure 4D, the discharge capacity of Se@MIL-53-800, Se@MIL-68-800,
Se@MIL-100-800, and pure Se cathodes after 200 cycles is 457, 530.1, 347.9, and 199.3 mA h g7, respectively.
The Se@MIL-53-800 shows comparable capacity in the first several cycles as Se@MIL-68-800. However,
Se@MIL-68-800 keeps the capacity much better with high cycling stability after 200 cycles.

The rate capabilities of these three MOF-derived cathodes and the reference pure Se cathode is shown in
Figure 4E. The capacity decreases with increased current density due to the polarization and the limited
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utilization of Se””. The Se@MIL-68-800 and Se@MIL-53-800 exhibit very similar high discharge capacities,
with the current density increasing from 0.1 C to 5 C due to the high proportion of mesopores and
macropores in the corresponding two host materials. The capacity value of Se@MIL-68-800 (307 mA h g”)
is higher than that of Se@MIL-53-800 (292 mA h g") at the current density of 5 C, reflecting its better pore
size cooperation to accelerate the transportation of electrons/ions. When the current density returns to 0.1
C, a high reversible capacity of 544 mA h g is achieved for Se@MIL-68-800, indicating fast electrode
reaction kinetics. The best rate capability of Se@ MIL-68-800 is probably stemmed from its large proportion
of large mesopores, which can ensure the rapid electrolyte transportation and shorten the distance between
active Se in the cathode. The capacity of Se@MIL-100-800 and pure Se cathode can be only 220 and 130 mA
h g at 5 C and the reversible capacities of 380 and 295 mA h g at 0.1 C, respectively, demonstrating
deteriorated rate performance because of inappropriate porous structures. From the cycling performance,
CE, and rate capability test, it is clearly seen that Se@MIL-68-800 performs better than Se@ MIL-53-800,
Se@MIL-100-800, and pure Se in Li-Se battery. Moreover, compared with the reported papers with similar
Se host materials”*”, the Se@MIL-68-800 cathode achieves a promising electrochemical performance, as
shown in Supplementary Table 3.

To obtain further insight into the mechanism of improved cycle and rate performance, EIS analysis was
carried out [Figure 4F]. The curves are composed of a semicircle at high frequency followed by a straight
line at low frequency. The start point corresponds to the Ohmic resistance (Rg) of the whole battery”” ™),
while the diameter of the semicircle corresponds to the interface resistance between electrode and
electrolyte (also called charge transfer resistance, R)'
The interface resistance has a huge influence on the Li-ion and electron transportation. The R, values of
Se@MIL-53-800, Se@MIL-68-800, Se@MIL-100-800, and pure Se cathode were 95, 48, 93, and 162 Q,
respectively. The smallest of Se@MIL-68-800 indicates its fastest reaction kinetics in the discharge/charge
process.

80-82

I The fitted circuit diagram is shown in the inset.

Figure 5 schematically illustrates the mechanism of the MIL-53-800, MIL-68-800, and MIL-100-800 as hosts
for Se. For the Se@MIL-53-800 composites (I), there are some interconnected large mesopores that traverse
the whole particles, along with a large number of small mesopores and numerous micropores [Figure 2C]
to carry selenium. This designed structure could ensure a high rate of electrolyte transfer and enough space
for Se loading and reaction sites. For Se@MIL-68-800 (II), the difference in pores distribution compared to
Se@MIL-53-800 is that the large mesopores occupy a larger proportion, while small mesopores are less
abundant. At the same time, the number of micropores becomes a little bit less [Figure 2C], but it is still
enough for Se loading. The enlarged pathways accelerate the mass transfer of ions and electrolytes. In the
case of Se@MIL-100-800 (III), although there are plentiful micropores for loading Se, the lack of pathway of
mesopores leads to slow mass transfer and inadequate reaction. The compromise between the efficient
adsorption of polyselenides, fast electrolyte transfer, and fast Li-ion transportation should be well
considered. Therefore, the balance of micropores (providing space for Se loading, reaction sites, and strong
adsorption to polyselenides) and mesopores (pathways for Se loading and ions/electrons transportation) is
critical for high reaction kinetics achievement. Se@MIL-68-800 cathode achieved the best electrochemical
performances due to the optimized distribution and ratio of micropores and mesopores. The excellent
electrochemical performances of Se@MIL-68-800 can be attributed to the following reasons: (1) High
specific surface area and pore volume of high conductivity carbon materials are necessary to achieve good
performance due to better Se dispersion, high utilization, and volume expansion suppression; (2) The
rational range of micropores that provide Se loading space and interconnected with micropores-mesopores
that shorten the pathways of the electrolyte can maximize the battery performance; (3) Most importantly,
the favorable MOF-derived hierarchically porous carbon including the optimized ratio of micropores and
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Figure 5. Schematic mechanism of the MOF-derived hierarchically porous carbon for selenium confinement and the synergistic effect of
micropores and mesopores during the electrochemical reaction.

mesopores can achieve more efficient suppression of polyselenides dissolution and fast electrolyte
transportation at the same time.

CONCLUSIONS

Hierarchically micro-mesoporous carbon materials have been synthesized to confine Se by facile
carbonization of three kinds of aluminum-based MOFs. The hierarchically micro-mesoporous carbon
structure can confine Se well and alleviate the volume expansion, especially enhancing the adsorption of
soluble polyselenides, leading to improved battery performance. Especially, the micropores can efficiently
decrease the polyselenides dissolution to inhibit the shuttle effect, and the mesopores interconnected with
micropores can lead to good electrolyte transportation. These synergistic hierarchically micro-mesoporous
characteristics with a well-balanced ratio of micropores and mesopores achieved a capacity of 456.6 mA h
g for Se@MIL-53-800 and 530.1 mA h g for Se@MIL-68-800, compared to 348.4 mA h g for their fewer
mesopore counterparts Se@MIL-100-800 and 199.3 mA h g for pure Se cathode after 200 cycles. The
Se@MIL-68-800 also showed very good rate performance around 307 mA h g at 5 C and a high reversible
capacity of 544 mA h g* when back to 0.1 C. Furthermore, the electrochemical performance of the battery
should be further improved through the modification of electrolytes to better match the prepared Se
cathode!™ ™. Our strategy not only provides a facile way to obtain hierarchically porous carbon from MOFs
but also gives insights on how to regulate the proportion of micropores and mesopores to achieve a better
Li-Se or Li-S battery performance.
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