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Abstract: A N, O dual-doped honeycomb-like porous carbon (DHPC) was designed and prepared as an efficient
selenium host material for lithium-selenium (Li-Se) and sodium-selenium (Na-Se) batteries. The DHPC possessed a
hierarchical porous structure that effectively encapsulates Se and suppresses the shuttle effect of polyselenides.
Combined with theoretical calculations, it is confirmed that the N, O dual-doping enhances the chemical adsorption
of polyselenides. The Se@DHPC cathode delivered a high initial charging capacity of 675 mAh-g" and excellent
cycling stability (with a capacity decay rate of only 0.14% per cycle) in Li-Se batteries. Moreover, it exhibited a high

capacity of 688 mAh-g™' and a remarkable capacity retention rate after 300 cycles in Na-Se batteries.
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0 Introduction

The rapid development of portable electronic
devices and electric vehicles calls for next-generation
rechargeable batteries with high energy density, long
cycle performance, and low cost. Recently, selenium
(Se) cathode materials have attracted increasing atten-
tion due to the high theoretical capacity of 3 253 mAh-

', and

cm™, good electronic conductivity of 1X107 Sem”
high density of 4.2 g-cm™. Due to its numerous advan-
tages, Se cathode material holds great promise for ap-
plication in alkali metal-Se batteries, including lithium-
Se (Li-Se) and sodium-Se (Na-Se) batteries. Neverthe-
less, due to the shuttle effect of high -order polysele-
nides, the Se cathode typically exhibits rapid capacity
fading and low Coulombic efficiency during cycling! .
To overcome these inherent limitations, infiltrating Se

. . . A
into carbon matrix materials, such as porous carbon'**,

[7-91

metal - organic framework - derived composites'”™, car-

19 and graphene", would be

bon nanofibers/nanotubes
beneficial. Although such Se/C hybrids enhance the
conductivity and exhibit good electrochemical proper-
ties in the initial stage, the long cycle performance is
usually poor due to the following three reasons: (a)
weak interaction between Se and carbon host; (b) vol-
ume expansion during the cycle; (¢) side reactions

2 Therefore, it is of

between Se anions and electrolytes
great importance to design novel Se composite cath-
odes to enhance the chemical binding and overcome
the inherent limitations, thus improving the cycle life
and Coulombic efficiency of Li-Se and Na-Se batter-
ies!"'. Tt is expected that the heteroatom (N, O, P, and
so on) doping of nanocarbon materials can essentially
enhance the binding force between Se species and car-
bon hosts for dramatically improving the electrochemi-
cal performances.

Herein, we report the design and construction of a
hybrid Se composite cathode (Se@DHPC), which
involves loading amorphous Se onto a honeycomb po-
rous carbon matrix dual-doped with N and O heteroat-
oms (DHPC). The DHPC support was synthesized via a
novel microwave puffing technique—an atmospheric
pressure puffing process that utilizes radiation heat

transfer to enable uniform and rapid heating of the pre-

cursor. This method effectively overcomes the instabili-
ty issues associated with conventional hot air drying
caused by non-uniform expansion. Although microwave
puffing has been widely adopted in food processing, its
application in the preparation of carbon nanomaterials
remains scarcely explored. In this work, popcorn, a
maize variety specifically designed for microwave pop-
ping due to its excellent puffing characteristics'’, was
employed as the carbon source. Se@DHPC had a high
density, a large specific surface area, a large pore vol-
ume, and a unique nano-architecture composed of con-
nected macro/meso/micropores. The unique structure
of Se@DHPC had three crucial characteristics: (a) the
carbon matrix provides superior electronic conductivi-
ty; (b) the hierarchical nanopore structure provides
abundant electrolyte channels while acting as a micro-
reactor, which effectively inhibits the electrode volume
expansion and captures the polyselenide intermediates
in the redox reaction process; (c) the dual-doping of N
and O boosts the chemical absorption and interaction
of the carbon matrix with Se and Li,Se /Na,Se_ species.
Hence, the synergistic effect of heteroatom (N and O)
dual-doping and vesicular nanoporous structure signifi-
cantly enhances the cycle performance and rate capa-
bility of alkali metal-Se batteries"*. As a result, the Li-
Se and Na-Se batteries based on Se@DHPC composite
cathodes delivered high rate capability and excellent
cycle stability. For Li-Se batteries, the initial specific
capacity of Se@DHPC cathode was 675 mAh-g™ at the
current density of 0.2C (1C=678 mA -g™"), with a nearly
100% Coulombic efficiency and a capacity decay rate
as low as 0.14%. For rechargeable Na-Se batteries, the
Se@DHPC composite cathode exhibited an initial spe-
cific capacity of 688 mAh-g™ at 1C, and the specific
discharge capacity was still maintained at a high level

after 300 cycles.

1 Experimental

1.1 Synthesis of DHPC

All chemicals and reagents were of analytical
grade and used without further purification. Hydrochlo-
ric acid (HCl) and potassium hydroxide (KOH) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
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The nubby maize grains were obtained from a Taobao
Online Store. Firstly, the nubby maize was extruded by
a 700 W microwave for 2 min to turn into popcorn. Sub-
sequently, after continued microwave treatment for 10
min, popcorn charcoal flakes (PCF) were prepared with
a yield of about 53%. Then, PCF and KOH (1: 3, w/w)
were ground and mixed evenly, and heated to 650 °C at
a rate of 5 °C min™" in Ar gas protection, and then acti-
vated for 2 h. Black solids were washed successively
with 1 mol-L™" HCI and 10% HF solution, and then
thoroughly washed with deionized water and ethanol to
obtain the DHPC matrix. The weight loss of the DHPC
sample was about 68.2%. Finally, the samples were
dried at 100 °C for 12 h under a vacuum drying proce-
dure.
1.2 Synthesis of Se@ DHPC

Se@DHPC was prepared by a simple melt diffu-
sion method. The pure Se and DHPC were mixed and
ground evenly in an agate mortar with a weight ratio of
6:4. After desiccation, the mixture was transferred to a
quartz tube furnace. Se@DHPC was obtained by keep-
ing it at 260 °C for 8 h in an Ar atmosphere.
1.3 Characterizations

X-ray powder diffraction (XRD) measurements
were performed on a Rigaku Smartlab diffractometer
with Cu Ko radiation (A=0.154 06 nm) at 40 kV and 40
mA, over a 26 range of 5° to 80° at a scanning rate of
5 °+min". The morphology features were characterized
by a JEOL JSM-7600F field - emission scanning elec-
tron microscopy (SEM). Using transmission electron
microscopy (TEM, JEOL JEM-2100F, 200 kV) and en-
ergy dispersive X-ray spectroscopy (EDX, ESCALab
250xi electron spectrometer), the microstructures and
spatial element distributions were obtained. Thermo-
gravimetric analysis (TGA) was carried out in N, atmo-
sphere with NETZSCH STA 449 F3 thermogravimetric
analyzer from room temperature to 800 °C at the heat-
ing rate of 10 °C *min"'. Raman spectra were measured
by a LabRAM HR Raman spectrometer with a 523 nm
diode solid state laser and a Nd line laser source. X-ray
photoelectron spectroscopy (XPS) was performed on an
ESCALAB spectrometer using a Mg Ka light source.
FTIR spectra were performed on a Bruker Tensor 1FS-

66V/S spectrometer. Specific surface areas and pore
size distributions of the samples were analyzed by the
ASAP 2020 specific surface area and pore size tester.
The pore size distribution was calculated by the Barrett-
Joyner-Halenda (BJH) method and Horvanth-Kawazoe
(HK) method.
1.4 Electrochemical tests

The electrochemical performances of the Se@
DHPC cathode were tested by CR -2032 coin cells
assembled in a glove box filled with high-purity argon.
Se@DHPC, Super P carbon black, and polyvinylidene
fluoride adhesives were ground and mixed evenly with
a weight ratio of 8:1: 1. The obtained slurry was evenly
coated on an aluminium foil and vacuum-dried for 12 h
at 80 °C. The load of active materials was about 1.5 mg-
cm™, and the foil was cut into a round disk of 10 mm
diameter. The Li-Se coin cells were assembled with Li
foil as the counter electrode, and the electrolyte was
1.0 mol-L"" LiPF, ethylene carbonate (EC)/diethyl car-
bonate (DEC) (1: 1 in volume). The electrolyte dosage
of each battery was 200 pL, and the separator was Cel-
gard 2400 membrane. The assembly conditions for the
Li-Se soft-package batteries followed a similar proce-
dure, wherein the cells were encapsulated using an alu-
minum - plastic composite film and vacuum - sealed to
ensure mechanical integrity and prevent electrolyte
leakage. Similarly, the sodium foil was used as the
counter electrode for the Na-Se battery, and 1.0 mol-
L' sodium perchlorate (NaClO,) in a mixture of EC and
DEC (1:1 in volume) was used as the electrolyte, and
the amount of electrolyte used in each cell was 200 L.
Whatman glass fiber membrane was used as the separa-
tor for Na- Se batteries. The constant current charge/
discharge performances were tested on a LAND -2100
battery testing instrument (Wuhan, China) at room tem-
perature, and the specific capacity was calculated
based on the loading mass of Se. The cyclic voltamme-
try (CV) curves of electrode materials were carried out
on a VersaSTAT 4 electrochemical workstation in the
voltage ranges of 1.0-3.0 V (vs Li/Li") for Li-Se batter-
ies, and 0.8-3.0 V (vs Na/Na") for Na-Se batteries.
1.5 Calculation

To better understand the superior electrochemical
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performances of Se@DHPC as cathodes for Li-Se and
Na-Se batteries, density functional theory (DFT) calcu-
lations were performed to model the adsorption between
Li,Se and Na,Se with various doped and undoped car-
bon substrates. The optimization of all the structures
was as per the Vienna Ab Simulation Package (VASP),
where the Perdew-Burke-Ernzerhof (PBE) functional of
(GGA)

described the exchange - correlation potential. During

the generalized gradient approximation
the calculations, the cutoff energy was at 400 eV, and
the convergence criteria of electron energy and residu-
al force were 10 eV and 0.5 eV+.nm™, respectively.
The I'-centered 4X1X1 k-points mesh was sampled in
the Brillouin zone. The 1.5 nm vacuum layer decreased

the interlayer interaction.
2 Results and discussion

2.1 Morphology and composition of the elec-

trodes

Fig. 1a illustrates the synthesis process of DHPC
and Se@DHPC. Firstly, the heated endosperm of corn
generated steam and increased the pressure. With the
pressure exceeding the bearing capacity of the peel,
the seeds burst and expand to produce nutritious,
crisp, and delicious popcorn. For this variety, the pop-
ping rate was generally 80%-98%, and the expansion
ratio was 9-30 times. Instantaneously, a unique
honeycomb-like flake structure formed during the
expansion process (Fig. la). Through the expansion
effect of the microwave pulse, hierarchical porous
structures were prepared from granular biomass materi-
als. The microwave expansion effect showed numerous
advantageous characteristics, including high energy
conversion efficiency, fast heating speed, no heat radia-
tion waste, no powder sound, no noise, no pollution,
and so on. Subsequently, the DHPC material was pre-
pared from the popcorn after thermal carbonization and
alkali activation. Finally, Se@DHPC was obtained via
Se loading, which can serve as a high - performance
cathode material in alkali metal-Se batteries.

Fig.1b demonstrates the XRD patterns of pure Se,
DHPC, and Se@DHPC. All the diffraction peaks

obtained for pure Se could be well - matched with the

crystalline trigonal Se, indicating high thermal stability
for Se. After the melting-diffusion process, all the dif-
fraction peaks of Se disappeared in Se@DHPC, sug-
gesting that the amorphous Se had good dispersibility
in the DHPC pores. The results of Raman analyses
were in good agreement with the XRD patterns, as
exhibited in Fig. 1¢™. Raman analysis confirms the
transition from crystalline trigonal Se (peak at ca. 235
cm™) in pure Se to amorphous cyclic Se, molecules
(peaks at ca. 113 and ca. 250 cm™) within the Se@
DHPC composite. This amorphous state promotes bet-
ter dispersion and contact with the carbon matrix,
improving reaction kinetics. The two peaks at 1 603
and 1 345 c¢cm™ in the Raman spectra of DHPC and
Se@DHPC represent crystalline graphite (G band) and
disordered graphite (D band), respectively'®. Simulta-
neously, the results of Raman spectra revealed that the
carbon layer of Se@DHPC had a lower intensity ratio
(I/1;) of D band to G band after Se loading, indicating
a higher graphitization degree, and a more compact and
regular carbon layer structure'’!. Tt is due to the elonga-
tion of the sp® carbon skeleton of DHPC, which termi-
nates the dangling carbon bond after loading Se mole-
cules!"".

The specific surface area, micropore volume, and
total pore volume of DHPC calculated by the BET
(Brunauer - Emmett - Teller) method were 1 234 m*-g™",
0.521 1 em’+g™", and 3.391 1 em’+¢', respectively. The
pore-size distribution curve of DHPC revealed the pre-
dominant position of the micropore at 0.30 nm (Fig.1d,
le), and a small number of mesopores with a size of 30-
40 nm. After Se loading, the micropore disappeared,
and the mesopore decreased significantly in Se@
DHPC. The pore volume and specific surface area of
Se@DHPC decreased to 0.002 1 cm’+¢ ™" and 4 m*-g™",
respectively, which demonstrates the effective loading
of Se into the composite pores of DHPC. Notably, the
abundant micropores can effectively confine the poly-
selenides in DHPC and boost the movement of Li" and
electrons that allow a large amount of active substance
Se to participate in electrochemical reactions, thereby
effectively alleviating the shuttle effect of the polysele-

nides™. According to the micropore volume calcula-
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tion, the upper limit of Se loading amount (mass frac-
tion) in DHPC was approximately 60%. Noticeably,
after Se impregnation, some unoccupied voids in the
micropore can effectively counter the volumetric expan-
sion of active substances in the circulation process,
hence avoiding structural breakdown and restraining
side reactions. Therefore, the appropriate amount of
loaded Se is imperative for the best electrochemical
performance, as further confirmed by electrochemical
tests. The TGA shown in Fig.S1 (Supporting informa-
tion) revealed that the mass fraction of Se encapsulated

within Se@DHPC was approximately 53.0%. Se@
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DHPC had a higher Se gasification temperature than
pure Se, indicating stronger interactions between Se
and DHPC. It can be further proved by infrared spec-
troscopy and other means, which are conducive to im-
proving cycling performance and rate characteristics of
Se@DHPC. Interestingly, the weight loss process of
Se@DHPC consists of two gasification processes, i.e.,
attribution of the low-temperature section to the vapor-
ization of excessive Se adhering to the outer surface of
the DHPC matrix and attribution of the high-
temperature segment to the vaporization of Se in the

[20]
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(a) Synthesis process schematic of Se@DHPC; (b) XRD patterns and (¢) Raman spectra of pure Se, DHPC, and Se@DHPC;

(d) N, adsorption-desorption isotherms of DHPC and Se@DHPC at 77 K; (e) Pore-size distribution curves of DHPC and

Se@DHPC calculated via the BJH method
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The SEM images in Fig.2a and 2b depict the three-
dimensional honeycomb -like structure of DHPC with
an interconnected porous structure. The TEM (Fig.2c)
analysis of DHPC revealed a hierarchical porous sur-
face and structure. As illustrated in Fig.2d and 2e, the
porous features and microstructure could be well -
maintained after Se loading, and no noticeable Se parti-
cles or powders could be observed on the exterior sur-
face of Se@DHPC. High-resolution transmission elec-
tron microscopy (HRTEM) image (Fig.2f) showed only
the highly disordered sp® carbon lattice fringes of
DHPC, demonstrating the amorphous nature of the Se
loaded in Se@DHPC""*. The above results showed the
successful encapsulation of the majority of the Se into
the inner pore of the DHPC matrix. Furthermore, the
elemental distribution revealed the uniform spatial dis-
tribution of Se, N, C, and O elements in Se@DHPC, as
shown in Fig.2g-2k.

XPS analysis further reveals the chemical states
of the elements of Se@DHPC (Fig.3a-3d, S2). In the
Cls XPS high-resolution spectrum (Fig.3a), the peaks
at 284.8 eV indicate the sp’-hybridized carbon with C—
C configuration. The peaks at 285.7, 286.8, and 289.3
eV are ascribed to the C—0, C—N, and C=0 spe-
cies, respectively, which distinctly corroborate the suc-
cessful embedding of heteroatoms (O and N) in the hon-
eycomb-like carbon matrix. The XPS spectra of the N
and O elements (Fig.3b and 3c¢) reveal the abundance
of N-, O-functional groups in DHPC®***, with the N
and O contents (atomic fractions) of 4.28% and
11.66%, respectively. Fig.3c¢ shows the N1s spectrum,
which consists of pyrrolic N (400.9 eV), graphitic N
(402.6 V), and oxidized N (399.8 eV). The Ols XPS
spectrum in Fig.3c¢ indicates the presence of O species
as C=0 (532.1 ¢V), C—O0 (532.8 €V), hydroxyl O
(533.9 eV), adsorbed O (535.1 €V), and carboxylic O

Fig.2 (a,b) SEM and (c) TEM images of DHPC; (d, e) TEM and (f) HRTEM images of Se@DHPC; (g-k) Elemental distribution

mappings of Se@DHPC
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Fig.3 (a) Cls, (b) N1s, (c) Ols, and (d) Se3d XPS spectra of Se@DHPC; (e, f) FTIR spectra of DHPC and Se@DHPC

(531.0 eV). The Se3d XPS spectra (Fig.3d) showed the
binding energies centered at 55.4 and 56.2 eV, respec-
tively, corresponding to Se3ds, and Se3d,, due to the
spin-orbit coupling™. These binding energies are char-
acteristic of metallic Se’, confirming the predominant
presence of metallic Se” in Se@DHPC. The peak cen-
tered at 59.0 eV can be attributed to Se—0 and Se—N
bonds, which reveals a strong interaction between N
and O dual -doped carbon and Se - containing species
conducive for the electrochemical stability in Li-Se bat-

[27-28]

teries””**l. Furthermore, FTIR spectra measured the

bonding interactions of DHPC and Se@DHPC. As illus-

trated in Fig.3e and 3f, the FTIR spectra of the two
samples indicate the fine signature signals of the hydro-
gen bond at 3 149 em™, the C=0 bond at 1 582 c¢m™,
and the C=N bond at 1 197 cm™. The two new peaks
at 449 and 434 c¢cm™ can be attributed to the bending
vibration of C—=Se bond, which reveals a significant
chemical affinity between Se and DHPC matrix**.
2.2 Electrochemical behavior

To study the cyclic performance and rate charac-
teristics of Se@DHPC in alkali metal-Se batteries, a Li

or Na foil was used as the counter electrode to assem-

ble the coin cells in carbonate-based electrolytes. The
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Li-Se batteries based on Se@DHPC cathode were pre-
liminarily investigated by CV curves (Fig.4a). During
the lithiation/delithiation processes, Se@DHPC had
only one pair of reversible redox peaks, demonstrating
electrochemical  reaction

a single-phase change

between Se-containing species in 1 mol-L™" LiPF, with

0.3
0.2

=l

EC/DEC (1:1, V: V)| The activation process detected

during the initial discharge step may be related to the
Se@DHPC composite deformation caused by the vol-

[18.30

ume change!*. The significant overlap of CV curves

after the second loop indicated the high redox revers-

ibility and good cycle stability of Se@ DHPC™',
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Inset: the photographs of LED lamps with the pattern of “LYU” lighted by Se@DHPC based soft-packed Li-Se batteries.

Fig.4 Li-Se battery performance based on Se@DHPC cathode: (a) CV curves at a sweep rate of 0.1 mV +s™"; (b) cycling performance

at 0.2C; (c) galvanostatic discharge/charge curves for the 1st, 2nd, and 3rd cycles at 0.2C; (d) rate performance under various

current densities; (e) long cycling performance at 4C
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Fig. 4b presents the cycling performance of the Se@
DHPC cathode in Li-Se batteries at 0.2C. At the initial
cycle, the high irreversible specific capacity loss
(Fig.4b) was usually met with the irreversible reactions
between Li and surface functional groups and the for-
mation of a solid electrolyte interface (SEI) layer by the
electrolyte™. Besides, Se@DHPC could achieve high
initial reversible specific capacities of 675 mAh-g™.
After the first few cycles, Se@DHPC showed a high
reversible specific capacity of 578 mAh-g™ with 84%
capacity retention rate after 100 cycles. Thus, the
excellent capacity retention of Se@DHPC confirms the
cooperative effect of diatomic doping in the porous car-
bon matrix. The electrochemical characteristics of
Se@DHPC are demonstrated in Fig.4c by galvanostatic
discharge/charge evaluation in the voltage range of 1.0-
3.0 V at 0.2C (135.6 mA g ™"). The cathode exhibited a
ramp voltage platform similar to the CV curve, which
further verifies and validates the existence of only a
single - phase change electrochemical reaction in the
charging/discharging process. As shown in Fig.4c, the
initial specific discharge and charge capacities of
Se@DHPC were 1 010 and 676 mAh-g™', respectively.
Due to the irreversible formation of the SEI layer, the
irreversible capacity of the first cycle was 334 mAh-
g ' Notably, the gaps between lithiation and deli-
thiation profiles did not significantly alter with the
deepening of the cycle, which confirms good electro-
chemical stability of Se@DHPC composite™”*. The
as-prepared Se@ DHPC composite exhibited excellent
rate performance, as shown in Fig.4d. Se@DHPC pro-
vided a high reversible specific capacity of 315 mAh-
¢ even at a high current density of 4C (2.72 A-g™).
With the current density returning to 0.2C, the dis-
charge specific capacity reverted to 608 mAh-g™.
Fig. 4e depicts the excellent cycling stability of
Se@DHPC in lithium storage. After 200 cycles, the
composite provided a stable, reversible specific capaci-
ty of 312 mAh-g ™" at 4C with nearly 100% Coulombic
efficiency, revealing high rate performance and good
cyclic stability. Simultaneously, it showed a very low
specific capacity decay rate of only 0.14% per cycle.

To demonstrate the practical potential of using visual

identification, Se@DHPC based soft-packed Li-Se bat-
teries were assembled, which can easily power a series
of light-emitting diodes (LEDs) with “LYU” pattern, as
displayed in the insets of Fig.4e. Compared to Se@DH-
PC, Fig.S3 demonstrates much inferior electrochemical
properties of pure Se and DHPC electrodes. The first
reversible discharge specific capacity for DHPC was
91.6 mAh-g™". After 100 cycles, the reversible specific
capacity was only 17.3 mAh-g™, revealing the negligi-
ble capacity contribution from DHPC in Se@DHPC.
Compared to the original electrode (Fig.S4a, S4b), the
SEM image of the Se@DHPC electrode after cycling
(Fig.S4c, S4d) revealed that the morphology remained
substantially unchanged after the cycling, indicating
the good structural stability of Se@DHPC. Thus, all the
above results showed that the prepared Se-loaded
DHPC cathode material had superior electrochemical
stability and rate characteristics.

To further study the strong interaction between
the DHPC matrix and Se species, Se@DHPC was fur-
ther investigated after 200 cycles. It revealed that the
battery separator assembled with Se@DHPC had no
significant color change (Fig.S5), which revealed the
sufficiently confined Se species within the pores of the
DHPC matrix during charging and discharging. Fig.S6
depicts the Nyquist plots of pure Se and Se@DHPC in
Li - Se batteries, confirming the outstanding electro-
chemical performance of Se@DHPC. According to pre-

29]

vious literature™!, among various heteroatom - doped

carbons, N and O dual-doped carbon had the best bind-
ing effect on Li,Se, which is significant evidence of a
strong interaction between Se/selenides and DHPC
matrix. In this paper, the moderate calcination tempera-
ture provides higher contents of pyrrolic N and ketone-
O species in DHPC, which efficiently improves the
electrochemical performance of Se-loaded DHPC com-
posite for alkali metal-Se batteries.

As discussed above, the Se@DHPC hybrid materi-
al had excellent properties for lithium storage. Consid-
ering the electrochemical similarity between lithium
and sodium storage, we further investigated the energy
storage characteristics of Se@DHPC as a cathode elec-
trode for Na-Se batteries. As expected, Se@DHPC also
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exhibited good electrochemical properties in Na-Se bat-
teries containing 1 mol-L™ NaClO, with the EC/DEC
electrolyte. We first investigated the CV characteristics
of Se@DHPC during sodium storage, as shown in
Fig.5a. The cathodic peaks at 1.11 V and anodic peaks
at 1.75 V in the first cycle are attributed to the redox
reaction of Se and Na" ions, which moved to a higher
voltage and remained stable subsequently. From the
second cycle, the shift of the cathodic peak to 1.20 V
indicates the formation of Na,Se,”. Next, we investigat-
ed the galvanostatic cycling performance of Se@DHPC
in Na-Se batteries, as shown in Fig.5b. Encouragingly,
the initial discharging and charging capacities were
1 058 and 723 mAh-g"', respectively. The Coulombic
efficiency of the first cycle was nearly 58%. The capac-
ity loss is due to the irreversible capacity of the DHPC
matrix and the formation of the SEI film. The cycling
performance of Se@DHPC for sodium storage was
slightly worse than that of lithium storage, which is
essentially due to the poor kinetics of the electrochemi-
cal reaction attributed to the larger radius of Na® and
the volume expansion. As shown in Fig.5¢, the revers-
ible specific capacity of Se@DHPC in Na-Se batteries
after 100 cycles at 0.2C was 404 mAh-g™', correspond-

ing to a specific capacity retention rate of 59.0%, veri-

fying the relatively stable electrochemical performance
of Se@DHPC. In contrast, the pure Se and DHPC elec-
trodes showed a relatively inferior electrochemical per-
formance, as shown in Fig.S7a and S7b. Fig.5d shows
the long cycling characteristics of the Se@DHPC cath-
ode. In the initial three cycles, the electrode provided a
reversible capacity of 688 mAh-g™ at 0.2C. Even at a
high current density of 1C, a high discharge specific
capacity of 343 mAh-g™' could be maintained after 300
cycles. Notably, the glass fiber separator in the Na-Se
battery assembled with Se@DHPC cathode showed a
much lighter color than that with a pure Se electrode,
as depicted in the insets of Fig.5d, indicating the suffi-
cient inhibition of polyselenide shutting by the DHPC
matrix. Furthermore, the honeycomb - like morphology
of Se@DHPC did not change after 100 cycles at 0.1C
(Fig. S8a, S8b), because the DHPC matrix effectively
buffered the volume change.

To further reveal the high -rate characteristics of
the Se@DHPC cathode for Na storage, the tests of CV
curves at different scanning rates are depicted in
Fig.6a. The relationship between the peak current (i)
and the scan rate (v) is i,=ar", where a and b are vari-
ables'”. The slope of lg i, vs g v provides the value of
b. Notably, the calculated b values for all reduction and
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Inset: the digital photos of the separator membranes with the pure Se and Se@DHPC cathodes after 100 cycles, respectively.

Fig.5 Na-Se battery performance of Se@DHPC: (a) CV curves at a sweep rate of 0.1 mV +s™'; (b) galvanostatic discharge/charge

curves for the Ist, 2nd, and 3rd cycles at 0.2C; (c) cycling performance at 0.2C; (d) long cycling performance at 1C
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oxidation peaks were higher than 0.55, indicating
capacitance -induced capacity as the main contributor
to the cycling processes (Fig.6b). To further elucidate
the contribution ratio of diffusion- and capacitive-domi-
nated processes, the current (i;) at a specific potential
(V) can be expressed as the sum of capacitive effect

(k) and diffusion-dominated reaction (kp'"), calculat-

ed as i,=kw+kp"”. The constants k, and k, can distin-
guish the contribution of surface capacitance and diffu-
sion. The typical voltage curve (Fig.6c) showed that the
capacitive contribution (the blue part) dominated the
total specific capacity. With increasing the scanning
rate, the capacitive contribution of Se@DHPC in Li-Se

batteries gradually increased, showing a value of
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The gray, white, red, blue, purple, and brown balls represent C, H, O, N, Se, and Na atoms, respectively; (d) Undoped carbon substrate, adsorption site:

Na,Se physically adsorbed on the sp?-carbon plane; (e) O-doped carbon substrate (ketonic O), adsorption site: Na coordinated with ketonic O atom;

(f) N-doped carbon substrate (pyrrolic N), adsorption site: Na coordinated with pyrrolic N atom; (g) N, O-co-doped carbon substrate (pyrrolic N+ketonic

0), adsorption site: Na simultaneously coordinated to N and O atoms; (h) O-doped zigzag edge, adsorption site: Na bonded with carboxylic O at the

edge; (1) N, O-co-doped zigzag edge, adsorption site: Na dual-coordinated with pyrrolic N and carbonyl O at the edge.

Fig.6  Quantitative kinetics analysis of Se@DHPC for Li-Se batteries and DFT calculation for Na-Se batteries: (a) CV curves at

different scan rates; (b) determination of the b-value by the relationship between the scan rate and the peak current;

(c) capacitive contribution (the blue section) at 2.5 mV +s™'; (d-i) DTF simulation optimized chemisorption structure

of Na,Se on doped and undoped carbon substrates



2382 Jc ML 1k

¥ Ha1E

69.02% at 2.5 mV+s™" (Fig.S9). The quantitative kinet-
ics analysis revealed the surface capacitive reaction as
the dominant process, which is the reason for the high
rate capability of Se@DHPC.

To better understand the superior electrochemical
performances of Se@DHPC as cathodes for Li-Se and
Na-Se batteries, DFT calculations were performed in
Fig.S10a-S10f and Fig.6d-6i. The DFT-D3 method was
also considered to depict the adsorption behavior of
Na,Se on the carbon substrate. The definition of adsorp-
tion energy (E,,) was as follows:

E. =E, ~E,-E. 1)

ads
Here, the adsorption energy was computed as the differ-

total slab

ence between the energy of the adsorption complex
(K1), the energy of the clean carbon substrate (E,,),
and the energy of the free Se—containing molecule
Li,Se or Na,Se (E,). The DFT calculations predicted
the adsorption behavior of Li,Se and Na,Se on carbon
substrates doped with N (N—C), O (O—C), and N and
O (N—C/O—C). To assess the chemisorption of Na,Se
in the nanopores of the DHPC cathode for Na—Se bat-

m

teries, Fig.6d-61 show the optimized adsorption model

and corresponding E,,. between N and/or O-doped car-

ads
bon and Na,Se. As revealed by the simulation results,
the binding energy of Na,Se on the surface of doped
carbon was —0.76 ¢V on N—C (Fig.6f), =0.77 ¢V on
0—~C (Fig.6e), and —1.23 eV on N—C/O—C (Fig.6g),
respectively, which are lower than that of undoped car-
bon (-0.28 eV, Fig.6d). It verifies that both N and O
doping can enhance the adsorption of Na,Se on the sur-
face of carbon substrate. Thus, the Na,Se binds strong-
ly on the N and O dual-doped carbon, showing a more
negative adsorption energy of —1.23 eV than solely N-
or O-doped carbon (ca. 0.76 eV). Besides, the zigzag
edge doped by O (Fig.6h) or N, O (Fig.6i) enables stron-
ger Na,Se binding with the binding energy of —2.61
and =2.09 eV, respectively, due to the electron unsatu-
ration of edge-doped N and O species. For Li-Se batter-
ies, similar conclusions can also be obtained (Fig.S10).
These results prove that the pyrrolic-N and ketone-0
species in the DHPC matrix provide strong binding and
chemisorption of Li,Se and Na,Se, leading to excellent

electrochemical energy storage characteristics for lithi-

um and sodium storage.
3 Conclusions

This paper presents a well-designed cathode mate-
rial with Se confined in a heteroatom (N and O) dual -
doped porous carbon matrix for alkali metal -Se batter-
ies. The as - prepared Se@DHPC composite showed
excellent cycling performance and rate characteristics
for lithium and sodium storage. The material character-
izations, battery tests and DFT analyses evidence the
outstanding electrochemical properties of Se@DHPC
cathode, which can be summarized as: (1) the hierarchi-
cal macro/meso/micropores with interconnected chan-
nels provides a fast transport pathway for Li*/Na’ ions
during charging and discharging, and thus enhancing
the rate capability and specific capacity retention; (2)
the micropores in DHPC are conducive to Se loading
and have a spatial limitation effect on Se species,
which alleviates the volume expansion during long
cycling; (3) short-chain Se molecule in micropore are
easily formed, which can reduce side reactions; (4) the
dual - doping of N and O heteroatoms can adjust the
electronic structure and effectively improving the inter-
actions with Se species with carbon matrix. The ratio-
nal design and construction of high-performance
Se@DHPC cathode material show great potential for
applications in next-generation alkali metal-Se battery

systems.
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