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Abstract: In order to alleviate the cyclic attenuation caused by the dissolution of poly-selenides in
lithium/sodium storage devices, quantitative selenium was slowly evaporated on the surface of
sodium citrate derived carbon (SCDC) at low temperature, and simultaneously the element Se was
doped. Benefiting from the synergistic effects of the domain-limiting effect of embedded nanopores
on Se nanoparticles and the stability of SCDC with Se doped during the embedding and stripping
of Na ions, Se@C versus sodium metal exhibits high second specific capacity of 485 mAh·g−1 and
unexpected stability at 0.1 A g−1 and 1 A g−1. Se@C versus lithium metal exhibits high second
specific capacity of 1185 mAh·g−1 at 0.1 A g−1 and excellent stability. Together with the simple and
application of synthesis method, Se@C composite is expected to become an anode material for large
sodium/lithium storage devices.

Keywords: lithium or sodium storage; synergistic effect; nano-confinement; Se@C

1. Introduction

As one of many energy storage systems, lithium-ion batteries (LIBs) have been widely
used in various fields due to its advantages of high energy density, long cycle life and
without memory effect [1–3]. Frustratingly, the application of LIBs in large-scale energy
storage devices is seriously limited by the restricted lithium re-sources and substantial
security issue [4–6]. In comparison, with many advantages of abundant sodium resources,
wide distribution, low price, and physicochemical properties similar to LIBs, sodium ion
batteries (SIBs) were expected as a supplement to achieve scale energy storage applica-
tions [7–9]. However, the scale application of SIBs is hampered by the shortage of electrode
materials with superior comprehensive performance. Although through various measures
such as nano-crystallization [10–12] and surface modification [13–17] of electrode materials,
the doping and recombination of heterogeneous elements [18–20], the addition of different
auxiliary additives to electrolyte [21–26] and so on, the performances of LIBs and SIBs have
got some promotion. Unfortunately, most of these current measures have defects such
as complex process, high cost, and difficult mass production. Therefore, the exploration
of improvement measures with simple and low energy consumption is still the focus of
current exploration in LIBs and SIBs. Therefore, in this work, a one-step thermal evapora-
tion process at relatively low temperature was applied to realize the loading and doping
of selenium.

Besides these mentioned above, the exploitation of electrode materials with overall
electrochemical properties is still the key factor to further elevate the comprehensive per-
formance of LIBs and SIBs [27–30], especially anode materials, where many challenging

Batteries 2023, 9, 143. https://doi.org/10.3390/batteries9030143 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries9030143
https://doi.org/10.3390/batteries9030143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0002-7092-9961
https://doi.org/10.3390/batteries9030143
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9030143?type=check_update&version=1


Batteries 2023, 9, 143 2 of 13

issues derived from applicability and electrochemical kinetics need to be overcome. For
example, a typically commercialized graphite anode for LIBs is not conducive to sodium
ions intercalation due to the unstable structure of Na+-insertion compound of graphite.
Therefore, metal alloys, oxides, sulfides, Ti-based intercalation compounds, and carbona-
ceous materials have been vigorously investigated. Undeniably, among these materials
mentioned, carbonaceous materials were considered one of the most promising anode mate-
rials [31–33]. Especially the carbon composites doped with various heterogeneous elements
do not have enlarged interlayer distance, and electronic structure and crystal structure
are also regulated, but their defect sites are increased [34–40]. For example, the doping of
nitrogen [38–40], phosphorus [41,42], sulfur [43–45], and selenium [46–50] has been shown
to be effective in enhancing the physical and chemical properties and lithium/sodium
storage of carbon materials. In particular, selenium doping is expected to be a general mea-
sure due to the advantages of high theoretical volume specific capacity (3253 mAh/cm3),
good conductivity (1 × 10−3 S/m), and stable existence in carbonate electrolyte [48,49]. For
example, Zhao et al. achieved a lithium-selenium battery with a high reversible specific
capacity of 545 mAh g−1 and an excellent cyclic stability of 1500 cycles at a current density
of 0.5 C (1 C = 675 mA g−1) through the construction of heteroatoms (N and O) dual-doped
hierarchical porous carbon (HDHPC) with interconnected macro/meso/micropores [32].
Unfortunately, the volume of selenium expands during the discharging process, and the
dissolution of mesophase selenides in electrolyte result in the rapid decay of its capacity.

To effectively alleviate the above problems, based on the advantages of nano-effect in
regulating the electronic energy states and the physical and chemical properties of nanopar-
ticles [48–52], this work takes full advantage of the confinement of selenium nanoparticles
by sodium citrate-derived carbon (SCDC) nanopores to improve the comprehensive per-
formance of Se@C composites for lithium/sodium storage, and through low-temperature,
slow-evaporation of Se at 400 ◦C, Se@SCDC composite was successfully constructed to
realize the loading of selenium element on the surface of sodium citrate derived carbon
(SCDC), the doping in crystal, and embedding in nanopores. When paired with lithium and
sodium metal to assemble lithium- and sodium–selenium button cell, Se@SCDC composite
showed high specific capacity and excellent stability.

2. Results

To make the synthesis of Se@SCDC as simple and feasible as possible, the commercial
selenium powder and SCDC material with various mass ratios of 3/1, 4/1, 5/1, 6/1, and
7/1 were thoroughly ground and mixed, and laid in the porcelain crucible, and then pushed
into the central constant temperature zone of the furnace. After a subsequent pyrolysis
process at 400 ◦C for 3 h with a heating rate of 1 ◦C min−1 in Ar gas at a flow rate of
40 mL min−1, black powder was achieved. The synthesis principal of Se@SCDC composite
was illustrated in Figure 1. Just as in Figure 1, SCDC with hierarchical pore structure
achieves the doping of selenium to carbon rings in selenium vapor while embedding
singlet selenium in the hierarchical pores.
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Figure 1. Synthesis principal of Se@SCDC composites.

2.1. Characteristic of Morphology of Se@SCDC

First of all, the morphologies of Se@SCDC with various Se mass loading were com-
pared. As Figure S1 shows, with the increase of Se loading, the Se nanoparticles gradually
spread over the surface of SCDC and increased in size, which is probably an important
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factor affecting the change of sodium storage properties of materials with different Se
loading. To further clarify the morphologies of SCDC before and after selenium loaded and
doped, FESEM and TEM of SCDC and Se@SCDC-5-1 were also contrasted, as shown in
Figure 2a–c. It was found that Se nanoparticles with the size range from 10–30 nm were
evenly distributed on the surface of Se@SCDC-5-1 composite compared to the bare surface
of SCDC (Figure S2), which indicated that Se nanoparticles were successfully loaded on
the surface and embedded in the nanopores of SCDC. The high-resolution TEM images
of Se@SCDC-5-1 composite (Figure 2c in the upper right corner) shows that the crystal
plane spacing is 0.38 nm, which is favorable for stripping and embedding sodium ions. The
electron diffraction spectrum shows the polycrystalline structure of Se@SCDC-5-1, as the
bottom left corner of Figure 2c displayed, and the diffraction aperture corresponds to the
lattice plane (111) and (302) of Se (JCPDS No.06-0362) from inside to outside, which was
verified by X-ray diffraction of Se and C in Figures 2g and S3a. The distribution map of EDS
survey for C and Se elements in Se@SCDC-5-1 indicates that C and Se elements are evenly
distributed. Furthermore, the EDS spectra of the samples prepared with various mass ratio
of C and Se (mc/mSe) are presented in Figure S2c, the value of mc/mSe showed a generally
increasing trend except for the mass ratio 1/6 of carbon/selenium raw material, which
probably is caused by uneven distribution of holes and defects since the EDS test does not
show a good ground-variation pattern and its test range is narrow. As a supplement to
EDS testing, the proportion of C and Se elements for Se@SCDC-5-1 by thermogravimetric
analysis was also investigated, and the result shows that the mass ratio of C/Se is 59.75%,
which is higher than 19.99% of Se@SCDC-4-1 and lower than 74.18% of Se@SCDC-6-1
and 80.60% of Se@SCDC-7-1 (Figure S3b). This is dominantly due to the surface of SCDC
reached the saturation of selenium loading with the increase of selenium content. Therefore,
after the Se load saturated, the further increase of Se loading will lead to the increase in
size of Se nanoparticles, as exhibited in Figure S1.
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Figure 2. (a) FESEM of SCDC; (b) SEM of Se@SCDC-5-1 composite; (c) the low magnification TEM of
Se@SCDC-5-1 composite (inset, the upper right corner is high-resolution TEM image; the bottom left
corner is electron diffraction spectra); (d) the electron diffraction energy spectrum (EDS) determined
by FESEM; (e,f) element distribution map of C and Se; (g) X-ray diffraction spectrum of Se@SCDC-5-1
composite.

2.2. Analysis of Physicochemical Properties of Se@SCDC

To further demonstrate the successful loading and doping of Se, the Raman and XPS
spectra of Se@SCDC-5-1 were analyzed, as Figure 3a–d exhibited. In particular, it should
be noted that the obtained spectra were calibrated to be C 1s as 284.6 eV. There was an
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obvious characteristic peak of Se element at the wave number of 250 cm−1 in Raman as
shown in Figure 3a, which proved the loading of Se nanoparticles on the surface of SCDC
and the embedment of Se nanoparticles in nanopores. While two characteristic peaks at
1300 cm−1 and 1590 cm−1 are respectively corresponding to the defects and graphitized
structure of graphene-like SCDC material, ID/IG is 2.9 after fitting through origin software.
Compared with the Raman spectra of SCDC shown in Figure S3c, that of Se@SCDC-5-1
shows one characteristic peak of Se, in which Se element was dopped. This manifests the
existence of defects in favor of lithium/sodium storage. Figure 3b presents the survey XPS
of Se@SCDC-5-1 composite with C/Se mass ratio of 1/5, including characteristic peaks
of O 1s at 580 eV and C 1s at 280 eV. There are also present four characteristic peaks of
Se, which are respectively Se 3s at 225 eV, 3p at 162 eV and 178 eV, and 3d at 50 eV [49].
The high-resolution XPS spectrum of C 1s in Figure 3c indicates that there are C-C, C-H,
and C=C bonds at 284.8 eV and 285.3 eV, C=O bonds at 286.3 eV and O=C-O bonds at
289.0 eV in SCDC. Figure 3d shows the high resolution XPS spectrum of Se, the peak at
58 eV corresponds to elemental selenium, while the hummocky peak at 56.1 eV attributes
to the Se 3d 5/2 and Se 3d 3/2. The peak at 59.0 eV was considered to be the Se 3d peak of
SeOx compound [51,52]. According to reference [46], as compared to the 3d5/2 and 3d3/2
peaks of pure Se, those of Se shift to higher binding energies in Se@SCDC, respectively.
These shifts are due to the variety in the electron cloud density of Se, indicating that Se and
other atoms in the composite (C and O) form bonds. Due to the existing selenium covalent
bonds, the formation and dissolution of poly-selenides were effectively inhibited.
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2.3. Comparison of the Electrochemical Performances of Se@SCDC Anode

In view of the unique physical properties of Se@SCDC-5-1 composites, it is necessary
to further test its electrochemical properties. Figure 4 shows the gradient characteristics
between 0.01 and 3.0 V and cyclic stability of Se@SCDC-5-1/Li or Se@SCDC-5-1/Na.
As shown in the gradient diagram Figures 4a and S5a, Se@SCDC-5-1/Li at 0.1 A g−1

presents separately an initial discharge specific capacity of 1853 mAh g−1, the first and
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second charge specific capacity of 1159 and 1185 mAh g−1. It was worth noting that the
gradient performance test began with discharge, here the second charge process was the
first charge process. When the current density transfers to 0.2, 0.5, 1.0 to 2.0 A g−1, the
specific capacities still keep 959 mAh g−1, 903 mAh g−1, 755 mAh g−1, 687 mAh g−1,
respectively. When the current density turns back to 0.1 A g−1 again, Se@SCDC-5-1 remains
a high specific capacity of 699 mAh g−1, as displayed in Figure 4a, inset Figures 4a and S5b.
Then the specific capacity continuously increases to 1000 mAh g−1 after 150 cycles, this
increase in capacity during cycling is mainly attributed to gradual activation of Se@SCDC
materials [53,54]. And then the specific capacity stabilizes at about 800 mAh g−1. After
450 cycles, the capacity is slightly increased to 891 mAh g−1, which dominantly attributes
to the complete activation of the active material. While Se@SCDC-5-1/Li at 1 A g−1 shown
in Figure 4b presents separately a first discharge specific capacity of 500 mAh g−1, a second
charge specific capacity of 439 mAh g−1 is seen. Even after 720 cycles, the charge specific
capacity of Se@SCDC-5-1/Li remains specific capacity of 398 mAh g−1.
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Figure 4. (a) Cyclic performance for Se@SCDC-5-1/Li after 450 cycles directly tested after
charge/discharge rates from 0.1, 0.2, 0.5, 1.0, 2.0 A g−1 (inset, charge/discharge rates for Se@SCDC-
5-1/Li from 0.1, 0.2, 0.5, 1.0 to 2.0 A g−1); (b) cyclic performance for Se@SCDC-5-1/Li at 1 A g−1

for 720 cycles; (c) cyclic performance for Se@SCDC-5-1/Na after 530 cycles directly tested after
charge/discharge rates from 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 A g−1 (inset, charge/discharge rates of Se@SCDC-
5-1 composite from 0.1, 0.2, 0.5, 1.0, 2.0 to 5.0 A g−1); (d) cyclic performance for Se@SCDC-5-1/Na at
1 A g−1 for 560 cycles.

As well-known, SIBs have similar electrochemical properties to LIBs [1–3]. Therefore,
it is necessary to determine the sodium storage characteristics of Se@SCDC-5-1. Figure S5c
shows the voltage-specific capacity curves for the first charge and discharge of Se@SCDC-5-
1/Na at 0.1 A g−1. The first discharging curve shows an obvious plateau at about 0.80 V,
which is mainly attributed to the reduction peak of CV curve. In addition, by comparing the
charging and discharging curves of lithium, it is found that there is no significant charging
and discharging platform for lithium. This comes dominantly down to the intense volume
respiration causes SEI fracture on Se@SCDC-5-1 electrode, further triggering side reactions
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between the electrolyte and the freshly exposed Se [55]. Figures 4c and S5d exhibit the
charge/discharge rates from 0.1, 0.2, 0.5, 1.0, 2.0 to 5.0 A g−1 (inset Figure 4c) and the cyclic
performance for Se@SCDC-5-1/Na at 0.1 A g−1 after 530 cycles directly collected after the
above rate-performance tested. Compared with other Se@SCDC materials (Figure S6a),
Se@SCDC-5-1 presents the highest sodium storage gradient capacities of 520 mAh g−1

at 0.1 A g−1, 451 mAh g−1 at 0.2 A g−1, 392 mAh g−1 at 0.5 A g−1, 357 mAh g−1 at
1 A g−1, 327 mAh g−1 at 2 A g−1, 277 mAh g−1 at 5 A g−1. When the current density turns
to 0.1 A g−1, Se@SCDC-5-1 remains the specific capacity of 417 mAh g−1, which is the
optimum value compared with 242 mAh g−1 of Se@SCDC-3-1, 191 mAh g−1 of Se@SCDC-
4-1, 387 mAh g−1 of Se@SCDC-6-1 and 264 mAh g−1 of Se@SCDC-7-1 (Figure S6b). The
specific capacity of Se@SCDC tends to increase initially and then decrease with the increase
of carbon to selenium mass ratio. This may be primarily due to the fact that the amount of
Se is just saturated on the surface and inside the hole of SCDC. Reducing the mass ratio of
SCDC and Se feedstock will not achieve optimal Se loading and doping, while increasing
the mass ratio of SCDC and Se materials will lead to the increase of the size of monomeric Se
on the surface of SCDC and the formation of polyselenide, which will be detrimental to the
overall performance of Se@SCDC. In addition, Se@SCDC-5-1/Na presents prominent cyclic
stability (Figure 4d) after 560 cycles at 1 A g−1, and high-capacity retention of 189 mAh g−1.
The exceptional sodium storage properties of Se@SCDC-5-1 objectively ascribe to these
factors that the nano-size Se particles embedded and loaded accelerate the stripping and
embedding of sodium ions, and the formation of Se-C covalent bond effectively inhibits
the dissolution of polyselenides. Including the comparisons above, the lithium and sodium
storage performances of SCDC and Se (Figure S6c,d) were also contrasted. These results
mentioned above indicate that the lithium and sodium storage capacity of Se@SCDC-5-1
is optimum when contrasted to that of SCDC and Se at 0.1 A g−1, which further verifies
that the synergistic effect of nanoconfinement effect and Se-doped effectively improved
the sodium storage properties of Se@SCDC. This can be clarified by the comparison of
BET and the distribution of pore diameters of SCDC and Se@SCDC, as shown in Figure S7.
In addition, the lithium and sodium storage properties of Se@SCDC prepared in this
work were compared with those of other carbon-selenium composites (Figure S8). The
result demonstrates that Se@SCDC exhibits better lithium storage properties (Figure S8a)
compared to sodium storage properties (Figure S8b).

2.4. Electrode Dynamic Analysis of Se@SCDC-5-1

Cyclic voltammetry (CV) is often measured to explore the sodium storage kinetics of
materials. Figure 5a displays the CV curves for Se@SCDC versus Na metal under various
scan rate of 2.0 mV s−1, 2.2 mV s−1, 2.4 mV s−1, 2.6 mV s−1, and 3.0 mV s−1. There are a
pair of redox peaks at 2.0 V and 1.2 V for 2.0 mV s−1, which respectively corresponding
to the insertion/extraction of sodium ions of Se@SCDC. While the position of the redox
peaks slightly migrated with the increase of sweep rate. To further reveal the sodium
storage mechanism of Se@SCDC-5-1 composite, the current contributed by stripped and
adsorbed sodium ions are extracted from the total charge by means of the calculation of
pseudo-capacitance separation developed by Bruce group [56]. It is worth mentioning that
in order to avoid the influence of carbon polarization at low voltage (<0.08 V) (Figure 5a,c)
on fitting results, the voltage range of testing and fitting CV was adjusted to 0.08–3.0 V,
and the abnormal data at 2.8 mV s−1 were deleted. First, on account of Equation (1), the
logarithms of peak current (i) measured at different sweep speeds (Figure 5a) are linearly
fitted to the logarithms of these sweep speeds (ν), and the slope of the fitted line is the b
value in Equation (1).

i = aνb (1)
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In this fitting, b value is 0.88 (Figure 5b). Refer to Brezesinski et al. [56], b value close
to 1 indicates that the electrochemical behavior of the electrode is dominantly occupied
by surface adsorption and desorption. When b value is less than or equal to 0.5, the
electrochemical behavior is classified as the stripping and embedding of sodium ions.
Figure 5c,d shows the pseudo-capacitance region diagram of 2.0 mV s−1 and the normalized
capacitance ratio histogram of 2.2 mV s−1, 2.4 mV s−1, 2.6 mV s−1, and 3.0 mV s−1.
In particular, the CV was performed with voltages ranging from 0.08 to 3.0 V at 0.2 V
per sweep interval. Subsequently, to distinguish the proportion of diffusion behavior
and pseudo-capacitor behavior, related calculations according to Wu et al. [57] are carried
out based on Equation (2). Here ν is the scan rate, i(V) was the response current at a
given voltage.

i(V)/ν0.5 = k1ν0.5 + k2 (2)

Finally, the fitting results prove that at 2.0 mV s−1, 2.2 mV s−1, 2.4 mV s−1, 2.6 mV s−1,
and 3.0 mV s−1 scanning speeds, pseudo-capacitance dedicates separately to 62%, 63%,
76%, 74%, and 74% of the total charge due to a great deal of defects and appropriate plane
spacing. This typical pseudo-capacitance behavior relieves the constraint of lithium and
sodium ions diffusion kinetics, which is beneficial to achieving excellent electrochemical
characteristics.

The impedance of active material is an important index to evaluate the performance of
this material. In this manuscript, Nyquist diagrams before and after 10 cycles for Se@SCDC-
5-1 as work electrode and Na metal as counter and reference electrode were investigated.
The Nyquist diagrams include a flattened semicircle in medium and high frequency areas
and an inclined line in low frequency region, as Figure 6a presented. The former is related
to the charge transfer process (Rct) on the interface between electrode and electrolyte, the
latter is related to the Warburg impedance (Zw) associated with the diffusion of sodium
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ions in Se@SCDC-5-1. Rs represents the dissolution resistance, while the constant phase
element (CPE) refers to the double layer capacitance. The resistance for Se@SCDC-5-1 as
tested electrode and Na metal as counter and reference electrode present low Rct after
560 cycles, which further manifests that the nanoconfinement effect of Se nanoparticles and
formation of Se covalent bond enhance the ionic transportation of Se@SCDC-5-1, as can be
seen from linear fitting withω−1/2 as X-axis and Z’ as Y-axis in Figure 6b.
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As well-known, the diffusion coefficient (DNa) for Se@SCDC-5-1/Na as work electrode
and Na metal as counter and reference electrode before and after 10 cycles is a critical
parameter to evaluate the electrode, DNa and satisfy the following law [57]:

DNa = (R2T2)/(2A2n4F4C2σ2) (3)

In Equation (3), R, T, A, n, F, C, and σ are respectively the gas constant (8.314 J mol−1 K−1),
the absolute temperature (298 K), the surface area of electrode (1.5386 cm2), the number of
electrons transferred per molecule (Na2Se is the product after Se embedded sodium ion,
n is 2), the Faraday constant (96500 C mol−1), the molar concentration of 1 mol L−1 for Na+

ions, and the Warburg factor σ relates to Z’ as Equation (4) shows, and its value refers to
the slope of the linear fitting withω−1/2 X-axis and Z’ Y-axis in the low frequency region.

Z’ = Rs + Rct + σ−0.5 (4)

As can be seen from Figure 6b, the slopes b of Se@SCDC-5-1/Na half-cell before and
after 10 cycles by linear fitting withω−1/2 as X-axis and Z’ as Y-axis are separately 732.56
and 1775.08. And then the two b values are substituted into Equation (3), and the calculated
DNa is 3.49 × 10−20 and 5.96 × 10−21 respectively, which demonstrates that the dissolution
of poly-selenides was limited to some extent due to the confined effect of nano-pores and
the stability of C-Se bond.

To further verify the excellent electrochemical performance of Se@SCDC-5-1, the
optical photographs of membrane infiltrated with initial electrolyte and after 100 cycles
were contrasted, as shown in Figure S8c. The result indicates that there was no significant
difference in color between the two membranes, which demonstrates that the dissolution
of poly-selenide was effectively inhibited. Furthermore, the morphology of Se@SCDC-5-
1/Na before and after 100 cycles were also compared. As Figure S8a,b present, compared
with the morphology of the polar plate without circulation, granular synapses appeared
on the Se@SCDC surface after 100 cycles, which is mainly caused by the expansion of
nano-Se particles and solid electrolyte interface on the surface of Se@SCDC during the
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process of cycling. The electron diffraction energy spectrum (EDS) was also determined, as
Figure S8d–f demonstrates, the element of C and Se is also evenly distributed.

3. Conclusions

In conclusion, by means of a simple cryogenic evaporation process, selenium nanopar-
ticles were successfully embedded in the nanopores of SCDC, and Se elements were doped
in the carbon chain of SCDC, Se@SCDC composites with various loads were achieved.
These composites/Li or Na were assembled to coin cells. Profiting from the optimization
of the physical and chemical properties of Se caused by the nano-confinement effect and
the inhibition of the carbon-selenium bond on the dissolution of poly-selenides, Se@SCDC
presents better the mass specific capacity than SCDC and pure Se materials. Especially,
Se@SCDC-5-1/Li exhibits the optimum initial discharge specific capacity of 1853 mAh g−1

at 0.1 A g−1 and high cycling specific capacity of 398 mAh g−1 after 720 cycles at 1 A g−1,
Se@SCDC-5-1/Na exhibits the optimum mass specific capacity of 520 mAh g−1 at 0.1 A g−1

and stability of 530 cycles, compared with Se@SCDC materials with other mass ratio
of carbon and selenium. The analysis of electrochemical kinetic mechanism shows that
Se@SCDC-5-1 shows excellent pseudo-capacitance characteristic. This work provides a
reference for the exploration of Se and carbon composite with unexpected comprehensive
electrochemical performance.

4. Materials and Methods

All the reagents, including KOH (Macklin, Shanghai, China), Se powder (Alpha
chemical reagent), and trisodium citrate (Beijing Chemical Reagent Factory) can be directly
used without further purification. To accelerate the dissolution rate in deionized water, the
reagents involved were manually ground until no particle is felt by hand.

4.1. Preparation of SCDC and Se@SCDC

The synthesis process [58] of sodium citrate derived carbon (SCDC) was as follows:
2 g trisodium citrate dihydrate powder was first spread out in a porcelain crucible, then
was pushed into the central constant temperature zone of the furnace. After a subsequent
pyrolysis process at 800 ◦C for 2 h with a heating rate of 5 ◦C min−1 in Ar at a flow rate of
40 mL min−1, a kind of black powder was obtained. The powder acquired was washed
with 500 mL deionized water of 90 ◦C, and then dried overnight in oven at 70 ◦C. The
powder dried was mixed with 3 mg mL−1 KOH aqueous solution at the mass ratio of 1/4,
and ultrasound for 15 min, and then was stirred and dried under the constant temperature
of 90 ◦C. A homogenous mixture was obtained. Subsequently, the mixture was laid flat
in the porcelain boat, then transferred into the constant temperature zone of vacuum tube
furnace. Then the furnace enclosed with the porcelain boat was heated at 800 ◦C for 1 h
with a heating rate of 5 ◦C min−1 in Ar, and then cooled down to room temperature. Finally,
the products were collected, ground, and washed several times with 2 M HCl, 500 mL
deionized water at 90 ◦C and ethanol. After dried in the oven at 70 ◦C for 12 h, the activated
SCDC was achieved.

The preparation of Se@SCDC: after the commercial selenium powder and SCDC
powder with various mass ratio of 4/1, 5/1, 6/1, and 7/1 are thoroughly ground and
mixed, and laid in the porcelain crucible, and then were pushed into the central constant
temperature zone of the furnace. After a subsequent pyrolysis process at 400 ◦C for
3 h with a heating rate of 1 ◦C min−1 in Ar at a flow rate of 40 mL min−1, some black
powders were achieved. These powders obtained were separately denoted as Se@SCDC-3-1,
Se@SCDC-4-1, Se@SCDC-5-1-1, Se@SCDC-6-1, Se@SCDC-7-1.

4.2. Instrumentation and Sample Analysis

The crystallographic information of these samples prepared was explored by powder
X-ray diffraction (XRD, Bruker D8 ADVANCE) with Cu Ka radiation (λ = 1.54016 Å). Field
emission scanning electronic microscopy (FESEM, JSM-6701F) was employed to test the
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surface morphologies and microstructure of SCDC and Se@SCDC. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) were carried out by using HITACHI-
H7650 and JEM-2100F (JEOL) instruments, operated with an electron kinetic energy of
200 kV. Surface analysis of the samples studied was performed by employing XPS (Perkin-
Elmer PHI-5702 photoelectronic spectrometer with Al target). It needs to be highlighted
that the high-resolutions of Pass Energy was 50 eV. Thermogravimetry was determined on
NETZSCH5 at 5 ◦C per minute between room temperature and 500 ◦C.

4.3. Electrochemical Preparation and Electrochemical Measurements

The electrochemical tests were collected at room temperature of 25 ◦C using two-
electrode coin cells (type: 2032) with lithium or sodium disc serving as the contrary
electrodes and the reference electrodes. For fabrication of Se@SCDC anode, 80 wt% active
material, 10 wt% carbon black (Super-P) and 10 wt% polyvinylidenefluoride (PVDF) in
methyl-2-pyrrolidone (NMP) were well dispersed and then coated on the surface of cur-
rent collector Al foil pressed and punched to 14 mm diameter. After vacuum heating at
90 ◦C for 14 h, the electrodes with an area loading of 0.65 mg cm−2 were obtained. The
electrolyte used in LIBs or SIBs was separate, 1 M LiPF6 or 1 M NaClO4 in a 1:1:1 (v/v/v)
mixture of ethylene carbonate (EC), diethyl carbonate (DMC), and ethyl methyl carbonate
(EMC), added with 2% (mass ratio) fluoroethylene carbonate (FEC). The cell assemble
was performed in an argon-filled glove box with both H2O and O2 less than 0.1 ppm.
The cyclic voltammograms (CV) tests were conducted with scan rates for 1.4 mV s−1,
1.6 mV s−1, 1.8 mV s−1 and 2.0 mV s−1. Electrochemical impedance spectroscopy (EIS)
was determined by using PGSTAT302N (Metrohm Co., Ltd., Herisau, Switzerland) in
the frequency range from 0.1 MHz to 0.05 Hz with an amplitude of 5 mV. Galvanostatic
charge/discharge and cyclic stability measurements were performed in the potential win-
dow of 0.1 V to 3.0 V on a Neware BTS-5V10mA battery test system (Shenzhen Electronics
Co., Ltd., Shenzhen, China).

No animals or humans, and other studies that require ethical approval were included
in this research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9030143/s1, References [59–67] are cited in the sup-
plementary materials. Figure S1: Low-resolution images of FESEM for Se@SCDC with various
mass ratios of Se/C: (a) mSe/mC = 4/1; (b) mSe/mC = 5/1; (c) mSe/mC = 6/1; (d) mSe/mC = 7/1.
Figure S2: low-resolution and (b) high-resolution TEM of SCDC. Figure S3: (a) the XPS survey; (b) Se
3d spectrum, and (c) the ratio of atomic% for SCDC/Se of Se@SCDC materials with mSe/mC = 3/1;
mSe/mC = 4/1; mSe/mC = 5/1 and mSe/mC = 6/1. Figure S4: (a) X-ray diffraction of Se and
Se@SCDC materials with different mass ratios of Se/C; (b) thermogravimetric analysis of Se@SCDC
materials with different mass ratios of Se/C; (c) the Raman spectra of SCDC; (d) the high-resolution
XPS spectrum of Se 3p. Figure S5: The voltage-specific capacity curves of Se@SCDC-5-1/Li (a) initial
cycles; (b) from 50th to 150th at 0.1 A g−1; (c) first charge and discharge curves and (d) the voltage-
specific capacity curves of Se@SCDC-5-1/Na corresponds to gradient charge/discharge rates of
Se@SCDC-5-1 composite from 0.1, 0.2, 0.5, 1.0, 2.0 to 5.0 A g−1 inset Figure 4c. Figure S6: (a) Gradient
charge-discharge characteristic of Se@SCDC with various mass ratios of Se/C; (b) cyclic stability at
0.1 A g−1 of Se@SCDC with various mass ratios of Se/C; (c) cyclic stability at 0.1 A g−1 of Se@SCDC,
C or Se /Li; (d) cyclic stability at 0.1 A g−1 of Se@SCDC, C or Se/Na. Figure S7: (a) The adsorption
and desorption iso-thermal curves and (b) pore size distribution of SCDC and Se@SCDC materials.
Figure S8: Cyclic voltammetry curves Se@SCDC-5-1/Na for 1.0 mV s−1, 1.2 mV s−1, 1.4 mV s−1,
1.6 mV s−1, and 1.8 mV s−1 between 0.1 and 3.0 V. Figure S9: (a) The optical photograph of electrolyte
and (b) ex-situ SEM and (c) the electron diffraction energy spectrum (EDS) determined by FESEM;
element distribution map of (d) C and (e) Se of Se@SCDC-5-1/Na after 100 cycles.
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