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Melt diffusion followed by vapor deposition is judiciously combined with atomic layer deposition (ALD) to
construct Al,O3-coated (Se/porous N-doped carbon nanofibers)@Se composite (denoted SC@Se-Al,0O3) mate-
rials for sodium-selenium (Na-Se) batteries. High mass loading, ultrastable and free-standing carbon-selenium
cathode is conveniently achieved by tailoring both the Se content and the thickness of deposited Al,O3 layer.
Importantly, in contrast to only 176 mAh g~ ' of the electrode without Al,O; deposition after 660 cycles, the
composite with a Se content of 67 wt% and a 3-nm Al,Oj3 thickness retains a reversible capacity of 503 mAh g~

1

after 1000 cycles with no capacity fading at 0.5 A g~ !. These findings clearly suggest that ALD strategy provides
a viable, controllable and effective means of tuning the electrode performance towards high mass loading of
active materials and long cycle life of the resulting battery for energy storage applications.

1. Introduction

Sodium-selenium (Na-Se) batteries has recently received much at-
tention for large-scale energy-storage applications as they possess high
energy density and excellent safety and cyclic stability. They carry
several advantageous attributes including low cost and wide avail-
ability of sodium resources [1-6], as well as their moderate theoretical
gravimetric capacity (678 mAh g~1) and high volumetric capacity of
Se (~3270 mAh cm~%). However, the polyselenide dissolution, poor
electronic conductivity and inferior cycling stability are the challenges
that plague the development of Na-Se batteries [7-12].

High specific energy densities are greatly desirable for developing
practical energy storage devices. Therefore, the ability to construct
cathodes with high Se loading is recognized as one of the essential steps
towards building Na-Se batteries with optimized performance.
However, the Se contents in the reported cathode composites are re-
latively low (30-54 wt%) [10-14], leading to a reduced specific energy
density of the resulting Na-Se batteries. Moreover, additives such as
carbon black and polymer binders are usually required to improve the
mechanical integrity and electronic conductivity of electrodes, which
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result in a further reduction in volumetric energy densities. Na-Se
batteries with excellent mechanical flexibility, high specific energy
density and excellent cyclic stability are highly beneficial for potential
applications in wearable energy storage devices.

In this context, to achieve Na-Se batteries with long-term stability,
strong chemical binding is required in order to prevent the dissolution
of sodium polyselenides into electrolyte. Porous carbon can act as a
conductive framework to entrap selenium, which promotes the reduc-
tion of polyselenide dissolution and improves the electronic con-
ductivity of selenium [15-19]. The electronic and chemical properties
of carbon framework can also be modulated by the introduction of
heteroatoms via structure modification [20]. Moreover, it is important
to note that metal oxides particles, such as Al,05 [21,22], TiO, [23] and
SiO, [24], have been found to act as effective adsorbents for tethering
the soluble polysulfides. However, such modifications are usually
achieved by wet chemistry approaches, making it difficult to control the
particle size and thus leading to incompact interfacial contacts between
the components in batteries. Atomic layer deposition (ALD) technique
has been widely employed in various fields including lithium ion bat-
teries (LIBs) and SIBs [25-27], to render uniform thin film deposition
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on arbitrary surfaces.

Herein, we report on the judicious crafting of ALD-deposited, ul-
trastable and freestanding carbon-Se cathodes with high Se loading for
Na-Se batteries. First, flexible and porous carbon nanofiber mats are
produced by electrospinning and utilized as conductive matrix.
Subsequently, high Se loading with tunable content up to 70 wt% is
achieved by two consecutive Se infiltrations (i.e., melt diffusion and
vapor deposition). A number of Al,O3 layers are then deposited on the
porous composite electrodes by ALD for effective prevention of poly-
selenide dissolution. Intriguingly, the Al,O3; deposition leads to a neg-
ligible weight increase while the stability of electrode is significantly
improved. It is worth noting that this is the first report of ALD-enabled
Se-based cathode materials for Na-Se batteries. The effect of the Al,O3
thickness deposited by ALD on the electrochemical performances of Na-
Se batteries is systematically studied. Particularly, the electrode with
67 wt% of Se content and 25 Al,O3 layers exhibits an outstanding cyclic
stability and electrochemical performance, and delivers an impressive
specific capacity of 503.5 mAh g~ after 1000 cycles at 0.5 A g~ ' with
a capacity retention of 71.2%. This is in sharp contrast to the 23.1%
retention of the bare electrode (i.e., without ALD coating of Al,03) after
660 cycles, demonstrating its promising potential as an advanced
cathode for Na-Se batteries.

2. Experimental
2.1. Preparation of the porous N-doped carbon nanofibers

The porous N-doped carbon nanofibers (PCNFs) were synthesized
by using electrospinning technique combined with the carbonization
process. (1) Typically, 1.4 g polyacrylonitrile (PAN) and 0.05 g F127
were dissolved into 15 mL dimethylformamide (DMF) organic solvent
and stirred for at least 12 h to form a clear solution as the spinning
solution. Then, the as-prepared solution was loaded into a 25 mL syr-
inge pump, and the electrospinning process was conducted under
14.5 kV applied voltage and 1.5 mL h~? feeding rate, as well as 15 cm
collected distance. Finally, non-woven film can be easily peeled off
from the collector and successively dried at 80 °C under vacuum for 8 h.
(2) Dried film was stabilized at 280 °C for 4 h in air and then carbonized
at 850 °C for another 6 h at 2°Cmin~! heating rate under N, atmo-
sphere.

2.2. Preparation of the (Se/PCNFs)@Se composite

The PCNFs were punched to disc with a 0.6 cm radius and mixed
with Se powder. Subsequently, they were heated to 260 °C for 12 h and
then 300 °C for 3 h in an Ar-filled tubular furnace to yield the Se/PCNFs
(denoted SC) composite. After that, the SC composite and additional Se
powder were respectively loaded in two sides of an alumina boat with a
sealed cover and placed in a quartz tube reactor again, which was he-
ated at 350 °C for 2 h under flowing Ar gas, yielding (Se/PCNFs)@Se
composite (denoted SC@Se).

2.3. Preparation of the Al,O3—coated SC@Se composites by ALD

The Al,O3 protective layer was directly grown on the freestanding
SC@Se electrode using KE-MICRO PEALD-200A machine under
4 %1073 Torr at 150 °C. Typically, trimethylaluminum (TMA, Fornano,
99.9999%) and deionized H,O were used as the aluminum and oxygen
source, respectively. Ar (99.999%) gas was used as the carrier gas with
a flow rate of 20 sccm. Typically, a complete atomic layer deposition
(ALD) cycle consisting of a sequential and alternating supply of TMA
and H,O as follows: a 0.05 s supply of TMA vapor, a 7 s exposure of
TMA to the electrodes, a 60 s-Ar purge, a 0.06 s supply of water vapor, a
7 s extended exposure of H,O to the electrodes, and 70 s-Ar purge. The
ALD process were conducted for 0, 10, 25, 40 cycles to produce a series
of the Al,Os-coated SC@Se composites (denoted SC@Se-xAl,O3
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composites; where x = 0, 10, 25, and 40 cycles). It is notable that the
content of Al,O3 was difficult to be accurately measured in the com-
posite due to its ultrasmall amount.

2.4. Physical characterizations

The morphology and microstructure of SC@Se-xAl,O3 composites
were examined by FESEM (JSM-7800F & TEAM Octane Plus) and
HRTEM (Tecnai G2 F30). The structure and Raman spectrum were
collected on X-ray diffraction (Bruker, D8 Advance with Cu-Ka radia-
tion) and Raman microscope (DXR Thermo-Fisher Scientific), respec-
tively. Thermogravimetric analysis (TGA-Q50) was performed under
nitrogen atmosphere from room temperature up to 700 °C with a
heating rate of 10°Cmin~'. BELSORP-max Surface Area and
Porosimetry instrument was used to measure the nitrogen adsorption/
desorption isotherms of electrodes. X-ray photoelectron spectroscopy
(XPS) tests were carried out using an ESCALAB 250Xi system, and all
data were calibrated using adventitious Cls peak at a fixed value of
284.4 eV. To prepare HRTEM samples, a trace amount of samples were
added into ethanol solution with ultrasonic dispersion for 1 h, and then
dropped to the micro Cu grid and dried.

2.5. Electrochemical measurements

The electrochemical tests were performed with CR2032 coin-type
cells, which were assembled with sodium metal as the counter and
reference electrodes inside an argon-filled glove box (MBRAUN,
UNILab2000, both moisture and oxygen levels below 1 ppm). Glass
fiber (Whatman) was used as the separator. The electrolyte was 1 M of
NaClO4 in a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (1:1 v/v). The freestanding SC@Se-xAl,03 composites were di-
rectly used as the working electrodes without any other binders and
carbon conductors. The loading mass of the active material was
1.2-1.6 mg cm ~ 2. The galvanostatic charge-discharge tests were car-
ried out over a voltage range of 1.0-3.0 V (vs. Na*/Na) on a battery
test system (Land, CT-2001A) (1 C=675mA g ). Electrochemical
impedance spectroscopy (EIS) measurements were performed using the
electrochemical workstation (CHI760D) by applying a voltage of 5 mV
over a frequency of 102-10% Hz. All the cells were held at ambient
temperature for at least 8 h before tests. All the specific capacity in this
study was calculated on the basis of the selenium mass loading. For the
ex-situ SEM tests, all procedures were performed in a glove box filled
with argon, and tested electrodes were carefully washed with DEC
solvent for three times and dried.

3. Results and discussion

Fig. 1a illustrates the step-wise preparation procedure for SC@Se-
xAl,03; composites. Notably, the intensive chemical activation was
found to cause a large specific surface area that renders a high Se
loading. However, it also led to a poor conductivity and a low me-
chanical strength of the carbon matrix [9-12]. To address this un-
favorable issue, the freestanding porous PCNFs were produced by
electrospinning, followed by the carbonization process without further
chemical activation (1st panel in Fig. 1a; see Section 2). The SC com-
posites were first formed via a simple melt-diffusion of elemental Se
(2nd panel in Fig. 1a). Specifically, the solid Se powder tended to melt
and diffuse into the mesoporous carbon matrix during this process. The
successful diffusion was substantiated as discussed later. The compo-
sites were then further treated with the different mass ratio of Se
powder by vapor deposition to create the SC@Se composites (3rd panel
in Fig. 1a). Finally, the Al,O3 protective layers with nanometer thick-
ness were directly deposited onto the SC@Se composites using ALD
process, where a number of ALD cycles were applied to yield the Al,O3
coating with varied thickness (4th panel in Fig. 1a).

The PCNFs clearly exhibit a continuous and interconnected
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structure with an average nanofiber diameter of 200 nm (Fig. S1). Upon
heating the mixture containing Se powder and PCNFs, Se was diffused
into PCNFs to form the SC composites as shown in Fig. 1b (see Section
2). No Se residues were found on the surface of the composite. The
corresponding elemental mapping (Fig. S2) and EELS mappings (Fig.
S3) also suggested the uniform distribution of Se element inside the
PCNFs. To further improve the Se mass loading due to its possible
limited impregnation within PCNFs and prevent the structural damage
of the carbon matrix of PCNFs, the Se vapor deposition was carefully
conducted to yield SC@Se composites. Interestingly, Fig. 1c clearly
shows Se nanoparticles grown on the surface of SC composites with an
average size of a few tens of nanometers. By tuning the mass ratio of SC
to the Se powder, different Se content of SC@Se composites can be
obtained (Fig. S4).

The ALD deposition of Al,O3 on SC@Se was then performed to yield
the SC@Se-xAl,03 composites. The Al,O3 coating functions as effective
adsorbent for preventing polyselenide dissolution. It is notable that for
the SC@Se-xAl,05 (x = 10, 25 and 40 layers) composites, no obvious
morphology changes were observed after the ALD process as compared
to SC@Se (Fig. S5). The mechanical properties of both SC@Se and SC@
Se-xAl,03 composites were evaluated by nanoindentation measure-
ments (Fig. S6). The results showed that the Al,O3 coating created by
ALD can enhance the Young's modulus and the hardness of free-
standing electrodes with the increase of deposition layers. Besides, the
obtained freestanding electrodes showed a good flexibility where 180°
bending and 360° twisting did not lead to any structural damages (Fig.
S7a). To demonstrate its potential for flexible electronics application,
the flake-type Na-Se battery was assembled to power a commercial LED
(Figs. S7b—d). Quite intriguingly, the yellow LED can be easily lighted
up even when the battery was bent to 180°, signifying its promising
potential for flexible energy storage devices.

Microstructure of SC@Se-xAl,O3; composites were characterized by
HRTEM and EELS elemental mapping in Fig. 2. The central was
amorphous Se layer (the inset SAED images in Fig. 2¢ and e) with a
thickness of approximately 20-30 nm on the surface of the carbon
matrix was tightly wrapped by Al,O3 layers (Fig. S8). The thickness of
the outer Al,O3 layers can be precisely controlled by adjusting the ALD
cycle number. Fig. 2(a, ¢, e) show the Al,O3 layer thickness of 1.5, 3
and 5nm produced from the deposition cycles of 10, 25 and 40, re-
spectively. The growing rate was calculated to be 0.12 nm per cycle
(Fig. S9). The EELS mapping of the SC@Se-xAl,O3 composites are
shown in Fig. 2b, d and f. For all the composites, the most intense Al
and O signals were found to be near the edges of the imaged area,
where the signal was mainly originated from the Al,O3 shell. In
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Fig. 1. (a) Schematic illustration of the preparation process for SC@
Se-xAl,O3 composites. FESEM images of (b) SC and (c) SC@Se
composites.
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contrast, the strongest C and Se signals were seen in the center of na-
nofiber. These results clearly suggested a core-shell structure of com-
posites [28-30]. Besides, the corresponding EDS analysis (Fig. S10) also
suggested the uniform elemental distribution of C, N, Se, O and Al
within the SC@Se-xAl,O3 composites.

In order to understand the compositional change of samples before
and after the Se impregnation process and the subsequent ALD de-
position, XRD measurements were conducted. Fig. 3a shows the XRD
patterns of PCNFs and SC@Se-xAl,05; composites where x = 0, 10, 25
and 40 layers. The characteristic peaks of Se were not observed in the
SC@Se-xAl,03 composites after the melt diffusion (1st panel in Fig. 1a)
and vapor deposition (2nd panel in Fig. 1a), indicating a highly dis-
persed, amorphous and short-chain state of Se, within and onto PCNFs
[14,16]. Moreover, no characteristic peaks of Al,O3 layers were de-
tected as well due to their trace amount. The weight percentage of Se in
the SC@Se composites can be estimated by TG analysis. Fig. 3b com-
pares the TG curves of pristine PCNFs, SC, and SC@Se (SC:Se = 1:0.6;
mass ratio) composites measured under nitrogen atmosphere at a
heating rate of 10 °C min ~'. A mild weight loss (~6 wt%) from 80 °C to
700 °C for PCNFs was seen due to the evaporation of adsorbed water
and gradual decomposition of oxygen-containing groups in PCNFs.
Thus, the Se content in SC (~59 wt%) and SC@Se (~67 wt%) compo-
sites can be estimated by subtracting the weight loss of PCNFs. It is
noted that the Se content of SC@Se composites can be readily tuned
from 62 wt% to 70 wt% by adjusting the mass ratio of SC and Se
powder in the Se vapor deposition process (Fig. S11).

The nitrogen adsorption-desorption isotherms of PCNFs can be
identified as type IV isotherm with a relative pressure of around 0.5,
which is a typical adsorption behavior of mesoporous materials
(Fig. 3c). The pore size distribution showed that the majority of pore
size is in a range of 2-12 nm determined by the Barrett-Joyner-Halenda
(BJH) analysis. However, accompanied by the disappearance of meso-
porous pore within PCNFs, the specific surface area decreased from
584 m? g~ ! (for PCNFs) to 23 m? g~ *(for SC) and 18 m* g~ ! (for SC@
Se) after the Se impregnation, indicating the successful loading of Se
into the inner pores of PCNFs.

Fig. 3d compares the characteristic Raman peaks of Se, PCNFs, and
the SC@Se composites. Both PCNFs and the SC@Se composites ex-
hibited similar peaks located at 1340 and 1570 cm ™~ *, which can be
assigned to the D-band of disordered sp® and G-band of graphitic sp>
stretching. It is clear that the Se impregnation and Al,O3 coating do not
influence the Ip/Ig ratio (Fig. S12). Pristine Se displayed three char-
acteristic peaks of Se-Se bonding vibration located at 140, 240 and
457 cm ™. For SC@Se-xAl,05 (x = 10, 25 and 40 layers) composites,
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they all exhibited the Se-Se group vibrations located at 140 and
240 cm ™!, as well as the -C-Se- group vibrations located at 290 cm ™ *.
The lower intensity of Se-Se peaks after the ALD process indicates the
different atomic configurations of PCNFs after reacting with Se (Fig.
$12).

XPS spectra of Se 3d in the SC@Se-xAl,O3 composites and pristine
Se powder was depicted in Fig. 4a. For the pristine Se, two fitted peaks
located at 55.1 and 55.8 eV can be assigned to Se 3ds,» and Se 3ds,5,
respectively, based on the spin-orbit coupling [4-6,14]. Clearly, both Se
3ds/» and Se 3ds,» peaks shifted to higher binding energy after the
second Se coating (by vapor deposition; 3rd panel in Fig. 1a) and Al,O3
deposition (4th panel in Fig. 1a). Such observation reveals the forma-
tion of chemical bonds between Se and other atoms [15,17,19]. Taken
together, both Raman and XPS studies demonstrated the existence of
Se-C bond in SC@Se-xAl,03 composites, suggesting the close interac-
tion between Se and PCNFs, thus effectively alleviating the volume
expansion and improving the electronic conductivity during charge-
discharge processes. The comparison of Al 2p XPS spectra for SC@Se-
xAl,03 composites at different x were also conducted (Fig. 4b). Ob-
viously, the intensity of Al 2p peak was gradually increased with the
increased cycles of Al,O3 deposition, implying the formation of thicker
layer. Moreover, the deconvolution of N signals of PCNFs is shown in
Fig. 4c. Three main peaks located at the binding energies of 398.1,
400.0 and 400.9 eV can be attributed to pyridinic-, pyrrolic- and qua-
ternary-N, respectively, indicating the N-doping in PCNFs, which can
enhance the electronic conductivity of PCNFs [31-33]. The weight
content of nitrogen in PCNFs was calculated to be 4.67 wt% according

sk
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Fig. 2. HRTEM images and high angle annular dark
field (HAADF) micrographs with electron energy loss
spectroscopy (EELS) elemental mapping of C, Se, Al
and C of the SC@Se-xAl,O3 composites, obtained
after different x cycles of Al,O3 deposition by ALD to
increase the mechanical stability of composites,
where (a, b) for x = 10, (c, d) for x=25 and (e, f) for
x =40 cycles, respectively.

Max

Min

(0)

i

to the XPS elemental analysis.

The CR2032 coin-type cells were assembled using SC@Se electrodes
with sodium metal as the counter and reference electrodes (see Section
2). The cycling performance of SC@Se electrodes with different Se
contents were performed (Fig. S13). Fig. 5a shows the cycling perfor-
mance of SC@Se-xAl,05 (x = 0, 10, 25 and 40) composites at 0.05 A g™
The discharge capacities of the first two cycles were 915 and 545
mAh g~ for SC@Se, 890 and 578 mAh g~ ! for SC@Se-10A1,05, 860
and 589 mAh g~ for SC@Se-25A1,05 and 846 and 478 mAh g~ for
SC@Se-40A1,03, respectively. The corresponding capacity retentions
were 59.6%, 65%, 68.5% and 56.5%, respectively. Such low retention
can partially be ascribed to the irreversible formation of solid electrolyte
interface (SEI) film in the first discharge process and the low initial
capacity retention (57.3%) of the PCNFs electrode (Fig. S14). In addi-
tion, this result also suggested that appropriate thickness (e.g., 25 layers)
of the Al,O3 layer can effectively improve the capacity efficiency as it
promotes the formation of a stable SEI film on the surface of electrode. It
is also worth noting that all the electrodes exhibited obvious activation
processes with gradually increasing capacity in the first several cycles.
The 140th discharge capacities are 461, 491, 548 and 423 mAh g~ ! for
SC@Se, SC@Se-10A1,03, SC@Se-25A1,05 and SC@Se-40Al,03, respec-
tively. The SC@Se-25A1,05 composites displayed the highest capacity
retention of 93% with very low capacity fading rate of 0.05% per cycle,
signifying a high reversibility of the electrode.

The rate capability of the bare SC@Se and Al,O3-coated SC@Se
composites was performed and the results are shown in Fig. 5b. It is
clear that the SC@Se-25 Al,O3 electrode exhibited the best rate
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Fig. 3. (a) XRD patterns of Se, PCNFs, and SC@Se-xAl,03 composites (x = 10, 25, and 40). (b) Representative TG analysis of pristine PCNFs, SC, and SC@Se. (¢) N, adsorption-desorption
isotherms and the corresponding pore size distribution of PCNFs, SC and SC@Se (inset), suggesting the presence of micro- and mesopores. (d) Raman spectra of Se, PCNFs, and SC@Se

composites.

performance when compared with the bare electrode and other two
coated electrodes. Specifically, there was a small difference between the
bare SC@Se and the three coated electrodes up to 0.5 C. However, clear
differences emerged with the increased rate, especially at 3, 4, 5 and
10 C. Remarkably, the SC@Se-25 Al,O3 electrode can retain 69.4%,
53.8%, 45.4% and 27.5% of its initial capacity at 3, 4, 5 and 10 C,
respectively, demonstrating higher electrochemical performance than
both bare and other coated electrodes. Notably, the capacity retention
of SC@Se-40Al,03 electrode dropped below 10% when the current rate
increased to 5 and 10 C. This is not surprising as the thick electro-
chemically inactive and insulating Al,Os3 film deposited by ALD likely
led to much reduced electronic conductivity and ionic diffusion, and
thus large polarization and capacity loss [32-35]. For the thinnest
coated electrode, a 1.5-nm thick Al,O3 protective layer was not thick
enough to afford a robust electrode nanostructure during cycling. In the
case of SC@Se-25A1,03, a balance between the needed strong binding
of polyselenides to Al,O3 that prevents it from dissolving in the elec-
trolyte and the decreased electronic and ionic conductivities was
reached.

Galvanostatic charge-discharge processes of the SC@Se and SC@Se-
25A1,05 electrodes at various rates were evaluated (Fig. S15a and b,
respectively). One distinct plateau was observed in each discharge and
charge process, corresponding to the reversible reaction between Se and
Na. In contrast to the SC@Se electrode, the SC@Se-Al,0O3 electrode
exhibited a higher reversible capacity, especially at high rates, sug-
gesting a faster ionic transfer and a lower kinetic barrier. This can be
ascribed to the formation of stable Na-Al-O layer, which is conductive
to Na* and facilitated the uniform and fast sodiation/desodiation

during cycling [31,35,36]. Moreover, the Na storage behavior of the
SC@Se and SC@Se-25A1,03 electrodes was also investigated by cyclic
voltammograms over a voltage range from 1.0 to 3.0 V (Fig. S16). As
evidenced, only one redox pair of peaks was present between 1.0 V and
2.5V in the first cycle for each electrode, indicating the full discharge
product (Na,Se) was formed from the chain-structure Se, [16-19], and
the peak shifted positively during the cathodic scan after the first cycle.
The potential interval of the redox peaks in the 3rd cycle was calculated
to be 0.44 V for the SC@Se-25A1,03 electrode, which is much narrower
than 0.476 V for the SC@Se electrode, reflecting the fast ionic transfer
and improved electrochemical reaction kinetics owing to the Al,O3
modification.

Fig. 5c¢ shows a long-term cycling test for SC@Se and SC@Se-
25A1,05 electrodes at 0.5 A g~ ', with which an initial discharge ca-
pacity of 760 and 707 mA h g~ ! were achieved, respectively. Notably, a
discharge capacity of 503.5 mAh g~! was retained for the SC@Se-
25A1,0; electrode after 1000 cycles, whereas only 176 mAh g~ after
660 cycles for the SC@Se electrode was found. Moreover, the SC@Se-
25A1,05 electrode even maintained 282 mAh g~ ! after 500 cycles with
a coulombic efficiency of 62.2% at a current density of 2A g~ ! (Fig.
S17). To the best of our knowledge, this is the best cyclic stability
performance for Na-Se batteries compared to the previous studies in the
literature (Table S1).

In order to investigate the role of Al,O3; layer in protecting the
electrodes, EIS on the fresh state and cycled states (1st, 20th and 40th)
were carried out and shown in Fig. 5d and Fig. S18, respectively. In
general, the Nyquist plot comprised a depressed semicircle in the high-
to-middle frequencies corresponds to the charge-transfer resistance and
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Fig. 4. XPS spectra of (a) Se 3d in pristine Se powder, SC@Se, and the SC@Se-xAl,03 composites (x = 10, 25, and 40), (b) Al 2p in the SC@Se-xAl,03 composites, and (c) N 1 s in PCNFs.

the straight sloping line at low frequency is related to the diffusion of
sodium ions in the electrode [32,37-40]. The diameter of the semicircle
represents the charge transfer resistance (R.), which is mainly gener-
ated at the interface between electrode and electrolyte and is expected
to be electrolyte-Al,O3-Se in this work. Among them, the SC@Se-
25A1,03 electrode showed the smallest R, of 117 Q before cycling and
remained at 104 Q, 214 Q and 263 Q after 1st (Fig. S18a), 20th (Fig.
S18b) and 40th (Fig. S18c) cycling, respectively. However, the largest
R.; was seen for the SC@Se-40Al,03 electrode (i.e., 402 Q before cy-
cling and changed to 337 Q after 1st cycling, 542 Q for 20th cycling and
655 Q for 40th cycling, respectively), demonstrating that the thick layer
blocked the ionic transfer. As shown in Fig. S18d, the bare SC@Se
composite existed an obvious increment of R, from 1st to 40th cycle
when compared with SC@Se-10A1,05 and SC@Se-25A1,05 electrodes.
Thus, it can be concluded that an optimized ALD Al,O; layer ensured
the stable charge transfer and structural integrity of the electrodes,
which led to good cycling performance and rate capability.

To scrutinize the improved cyclic stability due to the Al,O3 layer
protection, the structural changes of the SC@Se-25Al,03 electrode
during charge/discharge processes were characterized by ex-situ
FESEM measurement. It is clear that the structural integrity was re-
tained except the growth of amorphous Se nanoparticles anchored on
the surface of composite during the discharge process from 1.5 to 1.0 V
(Fig. S19). However, the growth of Se nanoparticles resumed in the
subsequent charge processes. Such the shape, size and structural in-
tegrity characteristics can be well maintained even after 300 cycles,
with the uniform elemental distribution of Al, Na and Se elements along
the entire nanofibers (Fig. S20), demonstrating a high structural sta-
bility enhanced by Al,O5 layer protection. For the SC@Se composites,
the repeated volume variation during charge/discharge processes un-
avoidably caused the crack and pulverization of amorphous Se nano-
particles and conductive carbon matrix (Fig. S21), thus losing the
conductive contact and leading to the capacity decay.
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The mechanism for superior electrochemical performance of the
SC@Se-25A1,03 composites which benefit from the deposition of Al,O3
protective layer is proposed in Fig. 5e and f. First, the Al,O3 protective
layer renders the structural integrity of electrode by suppressing the
volume changes during charge/discharge processes. Second, the uni-
form and conformal Al,O3 layer serves as an artificial barrier to limit
the dissolution of sodium polyselenides and mitigate the shuttle effects
in electrolyte. Third, the Al,O3 protective layer also reduces the inter-
facial resistance, facilitating the charge transfer and Na ™ insertion, thus
improving the rate capability (Fig. 5f).

4. Conclusions

In summary, Al,Os—coated (Se/porous N-doped carbon nanofibers)
@Se composites (i.e., SC@Se-xAl,03) were rationally designed and
exploited as high-performance freestanding cathodes for Na-Se bat-
teries. To improve the energy density of electrode, a facile strategy
based on a two-step infiltration of Se in PCNFs was developed (i.e.,
yielding SC@Se), which enables the active mass loading of Se up to
70 wt%. More importantly, Al,O5 layer deposited on SC@Se by ALD
was for the first time implemented for producing Se-based materials,
conferring the long-term cycleability of Na-Se battery. Interestingly, the
SC@Se-xAl,03 composites with approximately 3-nm Al,Os layer (x =
25) exhibited the best rate performance and cycling stability with a
discharge capacity of 503.5 mAh g~ after 1000 cycles at a current
density of 0.5 A g~ !. This result can be ascribed to the synergy of N-
doped 3D conductive carbon matrix and the Al,O3 layer protection,
which resulted in good electrical conductivity, fast ionic/charge
transfer, limited dissolution of sodium polyselenides into electrolyte,
and suppressed volume expansion during charge/discharge processes.
We envision that the strategy of constructing hierarchical structures
(i.e., creating porous carbon nanofibers via electrospinning, decorating
porous carbon nanofibers with Se, followed by coating Al,O5 layer for
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Fig. 5. (a) Cycle stability of SC@Se-xAl,03 composites. (b) Comparison of the rate capability of SC@Se-xAl,03 composites expressed as a percentage of the initial capacity at 0.1 C. (c)
Comparison of long-term cycling stability of PCNFs, SC@Se, and SC@Se-25A1,0; composites. (d) Nyquist plots of the SC@Se and SC@Se-xAl,03 electrodes before cycling. (e) The

proposed stabilizing effect of Al,O3 layer deposition on the SC@Se composites.

protection) can be easily extended to other electrode material systems
to effectively impart high mass loading of material of interest and long
cycle life of high-performance energy storage devices.
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