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HIGHLIGHTS GRAPHICAL ABSTRACT

e One-step activation-free synthesis of
microporous carbon (MPC) from PVDF.

e MPC/Se showed high excellent perfor-
mance as cathode in Li-Se batteries.

e Properties of MPC/Se depend on pore
size and volume, and Se content in
MPC/Se.

e Micropores and micropore volume are
the key merits for porous carbon as the
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ARTICLE INFO ABSTRACT
Keywords: Microporous carbon (MPC) was synthesized from polyvinylidene fluoride (PVDF) using an activation-free
Lithium—selenium battery approach and used as a selenium host for high-performance lithium-selenium (Li-Se) batteries. The micropo-

Carbonate-based electrolyte
Microporous carbon
Polyselenides

rous carbon/selenium (MPC/Se) composites were applied a cathode in Li-Se batteries with a carbonate-based
electrolyte. The influences of PVDF carbonization temperature (600 °C, 700°C and 800°C) and Se content
(50 wt%, 60 wt%, and 70 wt%) in the cathode were investigated in order to establish correlation between MPC
structure and MPC/Se electrochemical performance. The results revealed that the MPC/Se composite cathode,
with MPC synthesized at 800 °C and with a Se content of 50 wt%, exhibited a superior reversible capacity of
508.8 mAh g~ at 0.1C after 100 cycles. Moreover, the MPC/Se maintained a capacity retention of 354.0 mAh
g1 at 0.5C for 200 cycles. The reason for the excellent performance could be attributed to the dominant
microporous feature of MPC, which could effectively confine Se and reduce side reactions with electrolytes.
Furthermore, increasing Se content from 50 wt% to 70 wt% leaded to decrease in the specific capacity and rate
capability of MPC/Se cathode, due to significantly reduced Li-ion diffusion coefficient. This work suggested the
effectiveness of MPC derived from commercial PVDF through an activation-free and scalable approach as Se
hosts for high-performance Li-Se batteries.
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1. Introduction

Nowadays, energy storage is one of the top-rated concerns in order to
increase the deployment of renewable energy globally, decrease the
dependence on fossil fuels, and reduce greenhouse gas emissions.
Lithium-ion batteries are the most popularly used energy storage tech-
nology for many applications, such as electric vehicles, portable devices,
and grid storage, due to their relatively high energy density and low cost
[1]. However, the fast-growing demands from end users calls for battery
technologies with higher capacity, longer lifetime and lower cost.
Lithium-ion batteries are reaching the bottleneck of their performance,
due to the limitation in the battery chemistry, and cannot satisfy these
increasing requirements [2,3]. Recently, lithium-sulfur (Li-S) batteries
have drawn great attentions owing to their high theoretical energy
density of 2570 Wh kg™! and the low cost of S [4,5]. Despite of
considerable progresses made over the past years, Li-S batteries still face
many challenges associated with the insulating nature of S and “shuttle
effect” phenomena, which results from the dissolution of high-order
polysulfide intermediates in ether-based electrolytes [6,7]. Therefore,
it is urgent to develop alternatives to S cathode in order to enable
high-performance lithium-based batteries.

Recently, elemental selenium (Se) has attracted increasing attentions
as a promising cathode material to build lithium-selenium (Li-Se) bat-
teries. Se is a d-electron-containing member in the same elemental group
as S in the periodic table, and has a considerably higher electronic
conductivity of 1 x1072Sm™! than S (5 x 1072sm™!) [8-10]. The
reaction of Se with Li follows the reaction of 2Li" + Se + 2e~ < LisSe,
corresponding to a gravimetric capacity of 675 mAh g’l, which is much
lower than that of S (1672 mAh g’l) [8-10]. However, Se possesses a
high density of 4.2 gcm ™3, and provides a high theoretical volumetric
capacity of 5253 mAh cm_3, comparable to that of S (3467 mAh cm™2)
[9]. Since the first report by Amine and co-authors in 2012 [10], these
advantages of Se in electronic conductivity and volumetric energy
density have motivated researchers to explore the possibility of using Se
as a cathode for Li-Se batteries.

Earlier work employed bulk Se or nanostructured Se cathodes in
ether-based electrolytes in Li-Se batteries [11-13]. Similar as S cathodes,
Se cathodes exhibited severe shuttle effect, limited life cycle, and
Coulombic efficiency in ether-based electrolytes, due to highly reactive
high-order polyselenides (LiySe,, x > 4). Later on, it was reported that
polyselenides were insoluble in carbonate-based electrolytes [14]. As a
result, Se cathode, especially space-confined Se, were more compatible
with carbonate-based electrolytes, and showed high capacity and
outstanding cycling stability [16-24]. In carbonate-based electrolytes,
Se undergoes a one-step reaction from Se to LisSe, without the formation
of unstable polyselenide intermediates, and is featured with one single
plateau in its charge-discharge curves [8,9]. Therefore, development of
Li-Se batteries based on carbonate-based electrolytes represents a
promising approach to develop alternatives to LIBs and Li-S batteries.

Rational design of Se cathode is the key to enabling high-capacity
and durable Li-Se batteries. In particular, confining Se in porous car-
bon matrix has been proven as an effective approach to enable high-
performance Se cathode for Li-Se batteries. In recent work, various
porous carbon materials have been developed as Se hosts to improve the
overall performance of Li-Se batteries, including hierarchical porous
carbon derived from metal organic framework (MOF) or zeolitic imi-
dazolate framework (ZIF) [16-18], nitrogen-doped microporous carbon
[19,20], and porous carbon spheres [21-24]. For instance, Guo et al.
prepared a ordered mesoporous carbon (CMK-3) matrix as a Se host and
demonstrated a high discharge capacity of 670 mAh g~! at 0.1C for the
Se/CMK-3 cathode [24]. In another work, by using ZIF-derived micro-
porous carbon and novel electrolyte additives (LiDFOB and FEC), Wang
et al. achieved a capacity of 511 mAh g~! for 1000 cycles at 5C, with a
capacity decay of 0.012% per cycle for the nanostructured Se cathode
[16]. Despite of these great progresses in Se cathode design, synthesis of
porous carbon materials used in these work involved complex processes
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and/or expensive precursors (as summarized in Tables SI-1), making
them difficult to scale up for practical applications. For example,
although ZIF-8 derived carbon nanoparticles (~35nm) promised fast
kinetics and good rate capability for Se cathode, the preparation of these
carbon nanoparticles consisted of several steps, i.e. synthesis of ZIF-8,
followed by carbonization at high temperatures and then washing
with a HCI solution [16,17]. In another two studies, polyacrylonitrile
nanofibers [15] and polypyrrole spheres [19] were first synthesized,
then carbonized, and finally chemically activated using KOH, followed
with a washing process. Furthermore, the majority of Se cathodes re-
ported so far have relatively low Se loading (<1 mg cm™2) and Se con-
tent (<50 wt%) [16-25]. Se loading represents the mass of Se per unit
electrode area, while Se content stands for the weight percentage of Se in
the Se/C composites. Ideally, both Se loading and Se content should
reach as high as possible in order to achieve high energy density in Li-Se
batteries at the battery system level [26,27]. To address the aforemen-
tioned limitations, therefore, it is imperative to develop an easy, scal-
able, and low-cost fabrication approach for porous carbon material with
preferably high Se loading and Se content in Se/C cathode composites
for Li-Se batteries.

Herein, we developed a one-step activation-free process to fabricate
microporous carbon (MPC) as Se hosts for Li-Se batteries based on a
carbonate electrolyte. This work has thee highlights as follows. First of
all, MPC with a high surface area (830.0m?g ') and dominant micro-
pores (1-3nm) was prepared by direct pyrolysis of commercial poly-
vinylidene fluoride (PVDF) powders in one step and used for Se
infiltration without any further activation. The MPC synthesis method is
easy to scale up at relatively low cost. Secondly, the optimal MPC/Se
composite cathode showed a high reversible specific capacity of 530
mAh g1 and high Coulombic efficiency (CE) over 99.5% at 0.1C, and
maintained a capacity of 400 mAh g~ at 0.5C for 200 cycles with a high
Se loading of 1.4 mg cm™2. At finally yet importantly, this work estab-
lished the correlations between the physical properties of MPC, Se
loadings and Se contents, and electrochemical properties of MPC/Se
cathode, and pinpointed the key factors governing the performance of
Li-Se batteries in carbonate-based electrolytes.

2. Experimental
2.1. Preparation of MPC and MPC/Se composites

Poly (vinylidene fluoride) (PVDF, (-CH2CFy-),, MW:
64.035 gmol !, Alfa Aesar) was used as the starting material without
further purification. Microporous carbon (MPC) was obtained by direct
pyrolysis of PVDF at high temperatures (600, 700 and 800 °C) for 1h
under a nitrogen (99.999%) environment. The pyrolysis was performed
in a tube furnace (Lindberg/Blue M Mini-Mite) with a heating rate of
10°C min~!. Black products collected after pyrolysis were MPC, and no
further activation on MPC was required. It should be noted that since
decomposition of PVDF released corrosive hydrogen fluoride (HF) gas,
stainless steel tube was used to hold PVDF and calcium carbonate
aqueous solution was used to neutralize exhausted gas from the tube
furnace. From this point forward, the MPC pyrolyzed at 600, 700 and
800 °C was denoted as MPC-600, MPC-700 and MPC-800, respectively.

MPC and Se composites (MPC/Se) were prepared by a melting
diffusion method [23]. Briefly, MPC and Se powders (99.5%, Sigma
Aldrich) were firstly mixed in different weight ratios (50:50, 40:60, and
30:70) in a mortar for 1 h. Secondly, the MPC and Se mixture was sealed
in a 50 mL stainless-steel autoclave under an argon (99.999%) envi-
ronment. Lastly, the autoclave was heated to 260 °C and hold for 12 h to
facilitate the diffusion of Se into microspores of MPC, as a result of
capillary forces. The obtained MPC/Se composites with nominal Se
loadings of 50 wt%, 60 wt%, and 70 wt% were designated as MPC-X/Se
50, MPC-X/Se 60, and MPC-X/Se 70, respectively, where X equals to
600, 700 and 800 (carbonization temperatures). The actual Se loadings
in the MPC/Se composites were measured by thermogravimetric
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analysis (TGA, NETZSCH STA 449F3).
2.2. Structural characterization of MPC and MPC/Se composites

The morphologies and structure of MPC and MPC/Se composites
were characterized by using a scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS) (Tescan
MIRA3), a high resolution transmission electron microscopy (HRTEM,
JEOL 2010F), and a powder X-ray diffraction system (XRD, Bruker D8
Advance, Cu K, X-ray source). TG analysis was conducted on MPC/Se
composites in NETZSCH STA 449F3 in a nitrogen atmosphere from room
temperature (RT) to 900 °C at a rate of xx °C min~'. Raman spectra were
recorded on a HORIBA Scientific LabRAM HR Raman spectrometer
system equipped with a 532.4nm laser. The isotherms of Ny gas
adsorption on the samples were collected at 77 K using TriStar II 3020
surface area analyzer.

2.3. Electrochemical characterizations of MPC/Se composites

The electrochemical properties of the MPC/Se composites were
evaluated in CR 2032 coin cells by using Li foil as the counter electrode.
To prepare the cathode electrode, 80 wt% of MPC/Se composite, 10 wt%
of carbon black (MTI), and 10 wt% of sodium alginate (Ward’s Science
Co., Ltd., 0.5 wt% aqueous solution) were mixed thoroughly to form a
uniform slurry. The slurry was then pasted on an aluminum foil using a
doctor blade. The electrode was completely dried at 50 °C under vacuum
overnight. After that, the electrode was cut into round disks with a
diameter of 12.7 mm and Se loadings in a range of 1.4-2.0 mgcm 2.
Coin cells were assembled in an argon (99.999%) filled glovebox
workstation with HyO and O3 level below 0.1 ppm. One coin cell con-
sisted of one Se/C electrode as the cathode, one Li metal as the anode,
Celgard 2500 as the separator. The electrolyte used is 1 M LiPFg in
ethylene carbonate:diethyl carbonate (EC:DEC, 1:1vol ratio). The
cycling performance of the coin cells was tested in the voltage range of
1-3V (or 0.5-3V) on a Neware BTS 4000 battery testing system. Cyclic
voltammetry (CV) testing was performed on a Biologic VSP Potentio-
stat/Galvanostat Station in the voltage range of 1-3V (vs. Li*/Li) at a
scan rate of 0.2mV s~ L. The electrochemical testing was conducted at
room temperature of 25 °C. The specific capacity was calculated based
on the Se loading weight in each MPC/Se composite.

3. Results and discussion

Fig. 1 illustrates the preparation process for microporous carbon
(MPC) and MPC/Se composites. The MPC is synthesized from one-step
carbonization of PVDF at temperatures of 600-800 °C in a Ny environ-
ment for 1 h. In the first step, thermal decomposition of PVDF leads to
the formation of micropores in MPC structure, and is accompanied with
the release of corrosive HF gas [28,29]. In the second step, MPC was
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mixed with Se powders in various weight ratios (50:50, 40:60, and
30:70), and the mixture was annealed at 260 °C for 12 h to infiltrate Se
into the pores of MPC to form MPC/Se composites.

Fig. 2 shows the morphology and structure of MPC and MPC/Se
composites. The obtained MPC possesses irregular shapes with particle
sizes of about 10-100 pm, as seen in Fig. 2a. High-resolution trans-
mission electron microscopy (HRTEM) observation discloses the pres-
ence of short-range ordered carbon layers and many micropores less
than 3nm imbedded in the structure of MPC, as pointed by the white
arrows in Fig. 2b. Fig. 2c presents BET isotherms and pore size distri-
bution of MPC carbonized at 800 °C (MPC-800). MPC-800 exhibits type I
isotherm with the significant feature of “microporous solids” [28,29].
The knee of adsorption took place at a very low pressure and the plateau
is fairly flat, indicating a strong interaction between pore walls and
adsorbate, as a feature of highly microporous carbon [28,29]. The insert
in Fig. 2¢ shows the pore size distribution of MPC-800, which exhibits a
narrow single modal pore size distribution between 1 and 3 nm in the
micropore region. MPC-700 and MPC-600 possess similar features in
BET isotherms, as will be discussed later on. Compared to MPC, MPC/Se
composites show no obvious morphology change (Fig. 2d). EDS
elemental mapping under Scanning Transmission Electron Microscopy
(STEM) mode confirms the existence of C and Se (Figure SI-1), and the
uniform distribution of Se in MPC carbon structure, as seen in Fig. 2e.
X-ray diffraction (XRD) patterns of pristine Se, MPC-800, and MPC-800
with a Se content of 50% (MPC-800/Se 50) are shown in Fig. 2f. It can be
seen that pure Se powders exhibit sharp and intense peaks. Diffraction
peaks of pure Se are located at 23.5°, 29.7°, 41.3°, 43.7°, 45.4°, 51.7°,
56.1°, 61.7°, 65.2°, corresponding to (100), (101), (110), (012), (111),
(201), (112), (022), (120) planes of trigonal Se (JCPDS No: 06-0362),
respectively. For MPC-800, only one broad peak is detected in its XRD
pattern, suggesting the amorphous nature of MPC carbon, which is in
agreement with HRTEM in Fig. 2b. For MPC-800/Se 50, all the char-
acteristic diffraction peaks related to pure Se disappear, and on one
broad peak is found located at about 25°, implying all Se are buried into
the micropores of MPC. TGA reveals that the Se content in MPC-800/Se
50 is about 48.0 wt% (Figure SI-2). The two stages of weight loss in the
TGA results, i.e. 350 °C-600 °C and 600 °C-900 °C, could be due to that
Se was buried in micropores and mesopores with different sizes, which
could result in different bonding energy between Se and C and thus
different evaporation temperatures of Se in the TGA results. From the
above results, it can be summarized that microporous carbon with high
surface area and narrow pore distribution was successfully prepared by
direct pyrolysis of PVDF powders, without any further activation pro-
cess. The resulting MPC-800/Se 50 composite shows uniform distribu-
tion of Se in the microporous carbon.

3.1. Effect of PVDF carbonization temperature

In order to obtain the best electrochemical performance for MPC/Se
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Fig. 1. Schematic illustration of the preparation process for microporous carbon (MPC) by the direct carbonization of PVDF at 600-800 °C for 1 h in N, atmosphere
(Step 1), and for MPC/Se composites by melting diffusion of Se powders into MPC at 260 °C for 12 h (Step 2).
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Fig. 2. (a) SEM image, (b) HRTEM image, and (c) BET isotherms and pore size distribution (inset) of MPC-800; (d) SEM image, (e) STEM image and EDS elemental
mapping of C and Se, and (f) XRD patterns of MPC-800/Se 50, in comparison with MPC-800 and Se powders.

composites, systematic optimization was performed on MPC/Se cath-
odes, in terms of PVDF carbonization temperature, Se loading on the
cathode, and Se content in MPC/Se. Fig. 3 presents the effects of PVDF
carbonization temperature and Se loading on the performance of MPC/
Se cathodes in Li-Se batteries. As seen in BET isotherms (Fig. 3a), all
MPC carbonized at 600 °C, 700 °C, and 800 °C exhibit type-I isotherm,
which is typical feature of “microporous solids” [28,29]. The main dif-
ference among these samples is the BET surface area, which is deter-
mined to be 731.2m? g}, 671.3m?g !, and 830.0 m? g~ ! for MPC-600,
MPC-700, and MPC-800, respectively (Tables SI-1). Raman spectra of
MPC-600, MPC-700 and MPC-800 show two broad distinct peaks at
1345cm ! and 1590 cm’l, which are assigned to D band and G band,
respectively [22,23,30]. The D band is due to disordered carbon origi-
nating from sp> carbons, whereas the G band is associated with a hex-
agonal carbon structure [22,23,30]. Ip/Ig ratios for all the samples are in
a range of 2.4-2.6, suggesting similar degree of disorder in their carbon
structure. Physical characterizations suggest that MPC obtained at
different carbonization temperatures have no significant difference in
their carbon structure, the type of pore size, and specific surface area.
Fig. 3c-f presents the electrochemical performance of MPC-600/Se
50, MPC-700/Se 50, and MPC-800/Se 50 cathode in Li-Se batteries
based on 1 M LiPFg in EC:DEC carbonate electrolyte. As seen in Fig. 3c,
all the cathodes exhibit a stable cycle stability over 100 cycles, and
almost the same reversible capacity of 530 mAh g~! at 0.1C. Discharge-
charge curves of all the samples in the first cycle are featured with only
one plateau at the same potential of 1.7 V-1.8 V, which suggests an one-
step phase change between Se and LisSe (Se + Li* + e~ « LisSe) and
agrees well with previous work on Li-Se batteries based on carbonate
electrolytes [15-24]. A one-step phase transition in charge-discharge
profiles is one of the main characteristics of Li-Se batteries based on
carbonate electrolytes, and suggests that Se is completely buried into the
micropores of the carbon hosts [8,9,25,31]. This one-step reaction is
further confirmed by CV curves (Figure SI-3), which show one pair of

oxidation and reduction peaks located at ~ 1.2V and 2.2 V, respectively.
Coulombic efficiency (CE) in the first cycle is calculated to be 61.3%,
61.0%, and 59.1%, for MPC-600/Se 50, MPC-700/Se 50, and
MPC-800/Se 50, respectively. In the following cycles, CE maintains over
99.6% for all the samples (Figure SI-4). The results in Fig. 3c-d reveal
that although PVDF carbonization temperature affects specific surface
area of MPC to some extent, it has inappreciable influence on the battery
performance of MPC/Se composite cathodes. Since all MPC have mainly
micropores in their structure (Fig. 3a), it can be concluded that micro-
pores in the carbon plays a key role in enabling high specific capacity
and excellent cyclic stability for MPC/Se composite cathodes. Long
cycling stability of MPC-800/Se 50 is evaluated at 0.1C for 5 cycles and
0.5C for the following cycles, and presented in Fig. 3e. It can be seen that
MPC-800/Se 50 exhibits a reversible capacity of ~400 mAh g~ at 0.5C,
and ultra-stable cyclic performance for 200 cycles, indicating the su-
perior performance of MPC as a stable Se matrix. Furthermore, Se
loading on the MPC/Se electrode (1.3-2mgcm ™ 2) was controlled by
adjusting the electrode thickness using a doctor blade, and the effect of
Se loading on the specific capacity and areal capacity of MPC-800/Se 50
was investigated. As presented in Fig. 3f, the specific capacity of
MPC-800/Se 50 gradually increases with the Se loading and reaches
maximum 540 mAh g~! with a Se loading of 1.6 mg cm 2. Higher Se
loadings result in a decrease in the specific capacity, probably due to
electrolyte wetting issue in thick electrodes [27,32]. On the other hand,
the specific areal capacity is elevated monotonously with the Se loading,
and reach to 1.04 mAh cm~2 with a Se loading of 2.0 mg cm ™2,

The above results show that MPC derived from PVDF via an
activation-free process is an excellent Se host material to enable stable,
high capacity, and long-lifetime for Se cathode for Li-Se batteries in
carbonate electrolytes. It should be noted that the mechanism of (de)
lithiation of Se cathode in carbonate-based electrolytes is quite different
from that in ether-based ones [8]. In ether-based electrolytes, Se un-
dergoes multi-step phase transitions during the lithiation and
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800/Se 50 electrodes with Se loadings ranging from 1.3 to 2.0 mg cm 2 (specific and areal capacities are calculated using reversible discharge capacity in the

2nd cycle).

delithiation processes. During the lithiation process, Se will be first
reduced to high-order polyselenides Se,z{ (n > 4) and then further to Seﬁ'
n>4) to Se%' and Se* [8,9,13]. The soluble polyselenides in
ether-based electrolytes can cause severe shuttle effect, leading to poor
cycling life and low specific capacity of Se cathode [11,13]. In carbonate
electrolytes, we observed only one plateau, suggesting only one phase
transition during the lithiation and delithiation process for MPC-800/Se
50. The distinguished electrochemical performance in MPC-800/Se 50
could be attributed to the infiltration of Se into interior micropores of
MPC, which can effectively confine Se to alleviate the dissolution of

polyselenide and reduce the diffusion lengths for Li ions and electrons
[15-22].

3.2. Effect of Se content in MPC/Se composites

Se content in MPC/Se composites is a critical factor that determines
the overall energy density of Li-Se batteries at the system level. There-
fore, the effect of Se contents (~50wt%, 60 wt%, and 70 wt%) on
electrochemical performance of MPC/Se cathodes was investigated by
using the optimized MPC-800 as a model material.
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N adsorption-desorption isotherms analysis in Fig. 4a discloses that
the BET surface area of MPC-800/Se 50, MPC-800/Se 60, and MPC-800/
Se 70 significantly decreases to 18.2m?g !, 3.0m2 g}, and 3.5m? g !
respectively (Tables SI-1). This result suggests that the micropores in
MPC-800 are completely filled for higher Se contents (MPC-800/Se 60
and MPC-800/Se 70), while a small portion of micropores remain un-
occupied for MPC-800/Se 50. The XRD patterns in Fig. 4b reveals that
strong and sharp diffraction peaks show up in MPC-800/Se 60 and MPC-
800/Se 70, and could be assigned to trigonal Se. This is different from
broad peaks for MPC-800/Se 50. The reason could be due to that for
higher Se contents, Se will first completely fills the micopores of MPC-
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800, and then the remaining Se stays as “bulk type” on the outer sur-
face of MPC particles. The bulk Se will contribute to the strong XRD
diffraction peaks (Fig. 4b).

Electrochemical properties of MPC-800/Se 50, MPC-800/Se 60, and
MPC-800/Se 70 in Li-Se batteries are compared in Fig. 4c-f. As shown in
Fig. 4c, the 1st-cycle discharge capacity is 1088.5 mAh g™}, 804.1 mAh
g1, and 635.1 mAh g™, for MPC-800/Se 50, MPC-800,/Se 60 and MPC-
800/Se 70, respectively. The higher capacity than the theoretical value
of Se (675 mAh g™1) could be attributed to the decomposition of car-
bonate electrolytes and formation of SEI in the 1st cycle [16,19].
Moreover, difference between discharge and charge potentials becomes
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Fig. 4. (a) BET and (b) XRD patterns of MPC-800/Se 50, MPC-800/Se 60, and MPC-800/Se 70; charge-discharge curves in (c) the 1st cycle and (d) 5th cycle; (e)
cycling performance at 0.1C and (f) rate capability of MPC-800/Se 50, MPC-800/Se 60, and MPC-800/Se 70 measured at different currents (0.1-5C) in a voltage

range of 0.5-3 V.
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significantly larger with the increased Se content from about ~50 wt%
to 70 wt% in the MPC/Se composites, as shown in Fig. 4c and 4d for the
1st and the 5th cycle. Moreover, the CV analysis (Figure SI-3) reveals the
broadening feature and larger separation between oxidation and
reduction peaks with increasing Se contents, suggesting larger polari-
zation and slower kinetics of electrochemical reactions for MPC/Se
composites with higher Se contents. As a result, the lower cut-off voltage
has to be extended from 1V to 0.5V for electrochemical testing of
MPC-800/Se 50, MPC-800/Se 60, and MPC-800/Se 70, in order to
complete the full lithiation reaction from Se to LizSe. As shown in
Figure SI-5, MPC-800/Se 60 and MPC-800/Se 70 only deliver specific
discharge capacities of 500 mAh g~! and 350 mAh g1, respectively, in
the 1st cycle in the voltage range of 1 V-3 V. This result shows that larger
over-potential is required to initiate and complete the lithiation reaction
for MPC/Se cathodes with higher Se contents. It is worth to note that a
small plateau between 2V and 1.5V is observed in the 1st-cycle
discharge curve of MPC-800/Se 60 and MPC-800/Se 70 (Figure SI-5),
and is assigned to the dissolution of bulk Se into carbonate electrolytes
in previous studies [15,18,19]. However, we did not observe the same
phenomena in MPC-800/Se 50 (Fig. 4c). The cycling stability and rate
capability of MPC-800/Se 50, MPC-800/Se 60, and MPC-800/Se 70 are
shown in Fig. 4e and 4f, respectively. MPC-800/Se 50, MPC-800/Se 60,
and MPG-800/Se 70 maintain reversible capacities of 583.4 mAh g1,
442.3 mAh g1, and 292.9 mAh g~! over 100 cycles, with average CE
over 99.5% from the 2nd to the 100th cycle (Figure SI-4). The rate
capability measured at 0.1C-5C decreases in the order of MPC-800/Se
50 > MPC-800/Se 60 >MPC-800/Se 70 (Fig. 4f). For example,
MPC-800/Se 50 could deliver a specific capacity of 350.3 mAh g~ ! at 2C,
while the reversible capacity is only 245.1 mAh g ! and 150.1 mAh g~!
for MPC-800/Se 60 and MPC-800/Se 70, respectively. The
charge-discharge profiles and XRD analysis (Fig. 4b and 4c, and
Figure SI-4) strongly indicate that bulk Se exists in MPC-800/Se 60 and
MPC-800/Se 70, but MPC-800/Se 50, and that the increasing Se content
and unconfined Se (or bulk Se) result in the capacity loss for
MPC-800/Se 60 and MPC-800/Se 70 [33].

In order to develop a better understanding on Se content effect on the
electrochemical properties of MPC/Se composites, the CV curves for
MPC-800/Se 50 and MPC-800/Se 70 are measured at various scan rates
from 0.1 mVs ™! to 0.6mVs ' and showed in Fig. 5a and 5b. It can be
found that the peak current is proportional to the square root of scan
rates (Fig. 5¢), indicating that the electrochemical reaction (Se + Li* +
e~ o LisSe) is diffusion-controlled [34,35]. The Li-ion diffusion co-
efficients (Dy}) are determined according to the Randles-Sevcik equation
[34,35]:

I, =2.69 x 10°n*?AD"2y2C =B x v

Where I}, is the peak current, n is the number of electrons involved in the
reaction, A is the electrode area, C is the concentration of Li ions in the
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electrolyte, and B is the slope of the best-fit-curve in Fig. 5c. Dfj is
calculated to be 597 x 10" M em?s7! (cathodic) and
5.84x107"'em?s™!  (anodic) for MPC-800/Se 50, and
5.29 x 10" 2 cm?s7! (cathodic) and 5.86 x 10 2 cm?s7! (anodic) for
MPC-800/Se 70. This result suggests that Df; in MPC/Se composite
cathode is associated with the Se content, and higher Se content in MPC/
Se composites leads to decrease in Li-ion diffusion rate, as schematically
shown in Fig. 6. This explains the electrochemical performance differ-
ence among MPC-800/Se 50, MPC-800/Se 60, and MPC-800/Se 70
(Fig. 4). When micropore volume of carbon matrix is large enough to
host all Se, Li ions from the electrolytes can quickly diffuse through SEI
and react with Se (MPC 800/Se 50 in Fig. 6a). In contrast, when the Se
content exceeds the maximum hosting capability of microporous car-
bon, the remaining Se will have to stay as bulk type on the outer surface
of carbon, which will inevitably reduce Li-ion diffusion rate because of
the large size of bulk Se (MPC 800/Se 70 in Fig. 6b). Therefore, bulk Se
not only contributes little to reversible capacity, but also “disables” Se in
micropores by blocking Li-ion diffusion channels, leading to signifi-
cantly reduced capacity and rate capability in MPC/Se cathode with
higher Se contents (Fig. 4e and 4f).

The above systematic study shows that micropores and micropore
volume are the key merits for porous carbon as the Se host for Li-Se
batteries based on carbonate electrolytes. Microporous carbon can
effectively constrain Se in the space and prevent its dissolution into
carbonate electrolytes during 1st discharge process, leading to highly
reversible capacity and good cycling stability in Se cathodes [15-22]. In
contrast, Se hosted in mesopores and macropores of the carbon or on the
surface of carbon is generally irreversible, as evidenced by irreversible
and higher discharge plateau in the 1st cycle in our work (Figure SI-5)
and in others’ results [15,18,19]. Therefore, it is the key to develop a
porous carbon matrix with dominant microporous feature and high
micropore volume in order to maximize Se content in the Se composite

Bulk Se

Micropores

(a) MPC 800/Se 50 (b) MPC 800/Se 70

Fig. 6. Schematics of (a) MPC 800/Se 50 with all Se infiltrated into microspore
carbon, allowing fast Li-ion diffusion from electrolytes to Se and (b) MPC 800/
Se 70 with bulk Se distributed on the surface of carbon, which slows down
diffusion of Li ions from/to Se in micropore carbon.
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Fig. 5. CV curves of (a) MPC-800/Se 50 and (b) 50 MPC-800/Se 70 measured at 0.1. 0.2. 0.3. 0.5 and 0.6 mV s~! between 0.5V and 3.0V; (c) linear fit of peak

currents as a function of square root of scan rates obtained in (a) and (b).
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cathodes. In order to reach 80 wt% of Se content in the Se composite, the
micropore volume of the carbon matrix needs reach ~1.2cm®g™!
(Figure SI-6), which is still quite challenging and requires further pro-
cess and material developments.

A detailed comparsion among this work and previous studies on Se
cathode based in carbonate electrolyte is made, in terms of synthesis
process, micropore volume, Se loading, Se content, and electrochemical
performance (Tables SI-2). As a Se host material, MPC synthesized by
one-step pyrolysis of commecial PVDF shows comparable electro-
chemical performance as nanostructued carbon fabricated through via
sophicated and multil-step processes, such as ZIF-8 and MOF derived
microporous carbon and CMK-3, etc. The simplicity of MPC synthesis
process is an advantange for scaling up towards practical applications.

4. Conclusions

In summary, microporous carbon (MPC) with high surface area was
successfully prepared by direct pyrolysis of PVDF in one step, and used
as a host material for Se cathode in Li-Se batteries. The results suggested
that micropores in MPC were the determinant factor for affecting the
performance of MPC/Se composites. Carbonization temperatures for
PVDF had negligible influence on the micropores and electrochemical
performance of MPC/Se cathodes. Se contents in MPC/Se composites
significantly affected the specific capacity and rate capability of MPC/Se
cathodes. Increasing Se content from ~50wt% to 70wt% led to
reduction of reversible capacity from 583.4 mAh g~! to 292.9 mAh g~}
for MPC/Se cathode. The reason was attributed to bulk Se sitting outside
of micropores, which resulted in reduced Li-ion diffusion coefficient in
MPC/Se. The optimal MPC/Se cathode delivered a reversible capacity of
530 mAh g~ at a current density of 0.1C, and exhibited an areal ca-
pacity up to 1.04 mA cm ™! with a Se loading of 2 mgcm ™. The excep-
tional cyclability of MPC/Se cathodes was mainly due to the uniform
distribution of Se in micropores, which could alleviate side reactions
with electrolytes and prevent the dissolution of polyselenides in car-
bonate electrolytes.
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