P L 4

i Wes Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 28(2018) 1819-1827

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

Synthesis and characterization of porous monodisperse carbon spheres/
selenium composite for high-performance rechargeable Li—Se batteries

Jun YAN'?, Wei-fang LIU', Cheng CHEN', Chen-hao ZHAO?, Kai-yu LIU'*?

1. School of Chemistry and Chemical Engineering, Central South University, Changsha 410083, China;
2. Hunan Provincial Key Laboratory of Efficient and Clean Utilization of Manganese Resources,
Central South University, Changsha 410083, China;

3. College of Chemistry and Materials Science, Longyan University, Longyan 364000, China

Received 17 June 2017; accepted 12 December 2017

Abstract: In order to find the appropriate material to load selenium for higher performance of rechargeable Li—Se batteries, the
resorcinol—formaldehyde resins derived monodisperse carbon spheres (RFCS)/Se composites were fabricated by the melting—
diffusion method. The RFCS were obtained from initial carbonization of resorcinol—formaldehyde resins and subsequent KOH
activation. Three kinds of samples of the RFCS/Se composites with different mass ratios were characterized by XRD, Raman
spectroscopy, SEM, BET and EDS tests, which demonstrate that the samples with diverse mass fractions of selenium have distinct
interior structure. The most suitable RFCS/Se composite is found to be the RFCS/Se-50 composite, which delivers a high reversible

capacity of 643.9 mA -h/gafter 100 cycles at current density of 0.2C.
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1 Introduction

There have always been urgent demands for
rechargeable lithium-ion batteries due to the increasing
consumption of various technological applications
including portable electronic devices, energy storage and
electric vehicles. In the last decades, the lithium-ion
batteries with higher energy density were still hindered
by the high-performance cathode materials [1-3]. Sulfur
has been considered as potential cathode material for the
lithium-ion batteries owing to its superior theoretical
specific capacity (1675 mA-h/g), with which a high
energy density (2600 W-h/kg) can be reached [4].
However, lithium—sulfur batteries which consist of sulfur
are plagued with two major problems that sulfur is highly
electric/ionic insulating and polysulfides are soluble in
electrolytes during discharge—charge process [4—6].

Recently, extensive studies have been carried out
on selenium which belongs to the same family as
sulfur [7—-10]. Notably, selenium has a much higher

electrical conductivity of 1x107 S/m than sulfur
(5%x107%® S/m) which is beneficial for faster transport of
Li" ion and higher utilization of the active cathode
material. Though Se owns a lower theoretical gravimetric
capacity (678 mA-h/g) than S (1675 mA-h/g), its higher
density compensates for the defection and offers a high
theoretical ~volumetric capacity (3253 mA-h/cm),
compared to that of S (3467 mA-h /cm) [11,12]. All these
merits mentioned above indicate that Se can be regarded
as a promising cathode material for high-performance
lithium-ion batteries.

Similar to Li—S batteries, Li—Se batteries also suffer
from the intractable issues mainly involving relatively
low electric conductivity and dissolution of polyselenide
intermediates, which low Coulombic
efficiency and poor cycling stability [7,13—15]. To
overcome the intrinsic issues, one of the effective
strategies is to confine selenium and polyselenides into
special carbonaceous materials which have high specific
surface area, appropriate pore size and specific
morphology.

result in
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Herein, we present a strategy to fabricate
resorcinol—formaldehyde resins derived monodisperse
carbon spheres (RFCS), and the C/Se composite can be
obtained using above RFCS as the substrate. The
obtained RFCS possesses a uniform polyporous structure
with numerous surface micropores which can be served
as sites to load Se. Hence, the spherical carbon
framework can provide an effective and stable structure
during cycling. Also, the variation of electrochemical
performances induced by different contents of Se in the
composite are explored. As a result, the RFCS/Se
composites have been fabricated to enhance the
comprehension of design and synthesis in cathode
materials for Li-ion batteries.

2 Experimental

2.1 Materials preparation
2.1.1 Synthesis of RFCS

The resorcinol—formaldehyde resins derived mono-
disperse spheres (RFCS) were synthesized through the
sol—gel process which is analogous to the Stober method
[16]. In detail, a solution composed of 0.3 mL ammonia
solution (25%, mass fraction), 60 mL deionized water
and 24 mL absolute ethanol was firstly prepared and
stirred for 30 min. Subsequently, 0.45 g resorcinol and
0.63 mL formaldehyde solution (~37%, mass fraction)
were added. Then, after continuous stirring at room
temperature for 24 h, the solution was held at 100 °C for
24 h in a Teflon-lined stainless steel autoclave. The
RFCS were collected through the centrifugation of the
aforementioned solution and then dried at 80 °C for 6 h.
The carbonization process of RFCS were further
conducted under nitrogen atmosphere at 600 °C for 4 h
and then cooled to room temperature naturally.
2.1.2 KOH chemical activation of RFCS

The obtained RFCS were added into KOH solution
(RFCS:KOH=1:3, in mass ratio), and the mixture was
stirred for 30 min. Then, the wet compound was dried at
100 °C, followed by a heat treatment at 650 °C for
30 min under the protection of argon. The activated
RFCS were then filtered and washed using 1 mol/L
hydrochloric acid and deionized water thoroughly until
the pH reached neutral, and then dried at 100 °C
overnight.
2.1.3 Preparation of RFCS/Se composite

RFCS/Se composite was prepared by a melting
diffusion method. Firstly, selenium powder and the
activated RFCS were mixed and ground in anagate
mortar with different mass ratios of RFCS to Se (5:5, 4:6
and 3:7) to investigate the impact of Se content on their
electrochemical performances. The samples were
distinguished as RFCS/Se-50, RFCS/Se-60 and
RFCS/Se-70. Next, the mixture was moved to corundum

porcelain and heated at 260 °C in argon atmosphere for
6 h.

2.2 Material characterization

The surface structures, morphologies and elements
mapping were analyzed by JEOL JSM—7500F field-
emission scanning electron microscope (FESEM, 5 kV).
TEM and HRTEM images were collected on a
Tecnai-G20 transmission electron microscope operating
at an accelerating voltage of 200 kV. The nitrogen
adsorption/desorption curves were recorded on a
Micromeritics  (USA) gas  adsorption/desorption
instrument at 77 K. XRD characterization was measured
using a powder X-ray diffractormeter (DX-2700,
Dandong) with Cu K, radiation (35 kV, 30 mA) and
0.04 (°)/s in the 26 range between 10° and 80°. Analysis
of surface conducted by X-ray
photoelectron spectroscopy (XPS) using a twin-anode
Al K, (1486.6 eV) X-ray source. Thermogravimetric
analysis (TGA; STA 449 F3 Jupiter, Netzsch, Germany)
was conducted from 20 to 800 °C at a heating rate of
5 °C/min in argon atmosphere to determine the true
selenium content of various RFCS/Se composites. The
Raman spectrum (RenishawinVia 2000) was recorded at
the fixed wavelength of 514.5 nm to study the structure
of the samples.

elements was

2.3 Electrochemical measurements

CR 2016 coin cells were used throughout the
experiments to evaluate the electrochemical performance
of various RFCS/Se composite. The working electrode
was prepared as follows. Firstly, RFCS/Se composite,
super P carbon black and sodium alginate were mixed at
the mass ratio of 7:2:1 in deionized water to form the
slurry. Then, the slurry was coated on aluminum foil and
evaporated completely at 80 °C overnight. At last, the
coated aluminum foil was punched into circular
electrodes with a diameter of 14 mm. Besides the
working electrode, the half cell consists of a Celgarad
2400 film used as the separation and commercial LBC
301 LiPF¢ solution (Shenzhen CAPCHEM) as electrolyte,
which was assembled in an argon filled glove box.
Cyclic voltammetry (CV) measurements were tested
with a Modula XM electrochemical measurement system
(Solartron, UK) at a scan rate of 0.1 mV/s within
1.0-3.0 V (vs Li/Li"). Galvanostatic measurements were
conducted on a battery test system (Neware CT—3008) at
different current densities within a voltage range of
1.0-3.0 V at room temperature.

3 Results and discussion

The synthesis procedure of RFCS/Se composite is
schematically illustrated in Fig. 1. The resorcinol and



Jun YAN, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1819—-1827

formaldehyde were firstly added into the mixture of
water and alcohol with ammonia as a catalyst. After
stirring for 24 h at room temperature, the solution was
transferred in a Teflon-lined stainless steel autoclave
through hydrothermal treatment. The obtained solid
polymer was then collected for further carbonization and
activation. Finally, the RFCS were mixed with selenium

1821

and heated at 260 °C under argon protection, and then
RFCS/Se composite was obtained.

The XRD patterns of pristine selenium, RFCS and
RFCS/Se composites with different mass ratios of
selenium are shown in Fig. 2(a). As for RFCS, the broad
peak nearby 26=24° indicates an amorphous state of
carbon material. In comparison, the XRD pattern of
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Fig. 1 Detailed synthesis route of RFCS/Se composite
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Fig. 2 XRD patterns (a) and Raman spectra (b) of Se, RFCS and RFCS/Se composites, XPS spectrum of RFCS/Se-50 composite (c),

and high-resolution spectrum of Se 3d for RFCS/Se composite (d)
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RFCS/Se-50 and RFCS/Se-60 composite is similar to
that of RFCS. Obviously, all the sharp diffraction peaks
of selenium disappear entirely after the formation of
RFCS/Se composite, indicating the dispersion of
selenium at an atomic or molecular level in the obtained
RFCS. However, some diffraction peaks of Se can be
observed in RFCS/Se-70 composite, suggesting that the
excessive Se with a crystalline state cannot enter the
porous structure of RFCS. The structural features of
pristine selenium, RFCS and RFCS/Se composites with
different mass ratios are further investigated by Raman
spectroscopy (Fig. 2(b)). The peak at ~1350 cm'
represents disordered carbon (D band), and the peak at
~1580 cm ™' corresponds to the graphitic carbon (G band),
revealing the partially graphitized nature of the obtained
RFCS [17]. For the pristine selenium, there is a single
peak located at 235 cm . Interestingly, this characteristic
peak disappears while Se is infused into the RFCS except
for the RFCS/Se-70 composite with excessive Se in
crystalline state. Raman and XRD measurements both

confirm that Se is encapsulated in RFCS to form an
amorphous structure.

In order to explore the chemical bonding state and
surface chemical composition of the RFCS/Se composite,
the XPS measurements of the RFCS/Se-50 composite are
conducted. Figure 2(c) depicts several peaks in the XPS
survey spectra of RFCS/Se-50 composite. Peaks located
at ~56.1, ~162.1 and ~231.1 eV correspond to Se 3d, Se
3p and Se 3s, respectively. The peaks at ~284.5 and
~533.5 eV correspond to C Is and O 1s, respectively.
These results verify the co-existence of Se, C and O
elements in the RFCS/Se composite. In the Se 3d
spectrum (Fig. 2(d)), two peaks located at 55.4 and
56.2 eV correspond to Se 3ds, and Se 3ds),, respectively,
which are ascribed to spin—orbit coupling [18].

The FESEM images of the RFCS and RFCS/Se
composites with different mass ratios are revealed in
Fig. 3. In Fig. 3(a), the RFCS are self-assembled
from the sol—gel process of resorcinol—formaldehyde
resins and further carbonization, which present regular

Fig. 3 FESEM images of RFCS (a), RFCS/Se-50 (b), RFCS/Se-60 (c¢) and RFCS/Se-70 (d) composites, and EDS mapping of
RFCS/Se-50 composite showing distribution of all elements (e), carbon (f) and selenium (g)
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spherical shape and excellent uniformity with an average
diameter of 500 nm. Figures 3(b) and 3(c) present the
morphologies of the RFCS/Se-50 and RFCS/Se-60
composite, respectively, in which Se is uniformly
distributed after the heat treatment. However, the
morphology of RFCS/Se-70 composite with the highest
content of Se (Fig. 3(d)) shows the difference from that
of RFCS/Se-50 and RFCS/Se-60 composites, and partial
bulk crystalline Se can be observed. The result is in good
agreement with the XRD pattern of the RFCS/Se-70
composite in which the partial crystalline Se exists. The
EDS mapping (Figs. 3(e—g)) of the RFCS/Se-50
composite describes the good distribution of Se. From
Fig. 3(g), it is obvious that the carbon spheres absorb
selenium neatly, confirming that selenium is highly
dispersed in RFCS.

The pore size distribution and specific surface area
of the RFCS and RFCS/Se composites were studied by
nitrogen adsorption/desorption isotherms. After the
formation of composite, the specific surface area of
RFCS/Se composite decreases dramatically from
1705.1 m*g for RECS to 28.9 m%g for RFCS/Se-50
composite, revealing that Se fills in the pores of the
RFCS. Moreover, the sharp drop in pore volume from
0.783 to 0.023 cm’/g confirms again that Se is enclosed
in the small pores of the RFCS (Fig. 4(a)). The
RFCS/Se-60 and RFCS/Se-70 composites exhibit a
specific surface area of 7.7 and 5.7 m?g with pore
volume of 0.011 and 0.007 cm’/g, respectively
(Fig. 4(b)), and the further decrease in the pore volume

can be attributed to the loading of more Se comparatively.

The results indicate that all the small pores (with an
average diameter of 3.47 nm) are almost filled with
amorphous selenium. And the unoccupied pores provide
an interspace with the volume variation of Se during the
discharge—charge process, especially for RFCS/Se-50
composite.

TEM and HRTEM are operated to further
investigate  the  structural and  morphological
characteristics of the RFCS and RFCS/Se composites
(Fig. 5). It can be observed that RFCS has lots of
approximately 3 nm mesopores and abundant micropores
(Figs. 5(a, c)). The results are in good accordance with
the pore structure pattern shown in Fig. 4(b). After the
impregnation of Se, the RFCS/Se-50 composite can
retain a smooth surface with a homogeneous distribution
for Se (Fig. 5(c)). In comparison with the RFCS sample
(Fig. 5(a)), the overall uniform spherical morphology can
be maintained after selenium is encapsulated into the
RFCS hosts, indicating that almost all the Se is infused
into the RFCS instead of coating on the surface. The high
resolution TEM image shown in Fig. 5(d) demonstrates
the specific micropores of the RFCS/Se-50 composite.
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Fig. 4 N, adsorption—desorption isotherms (a) and pore size
distribution (b) of RFCS and RFCS/Se composite with different
mass ratios

These small pores of carbon filled with amorphous
selenium can not only immobilize the selenium and
polyselenides but also provide sufficient contact area
with the electrolyte—carbon interface during electro-
chemical reaction. The microstructures of RFCS and
RFCS/Se-50 composite revealed in Fig. 5 are in good
accordance with the results of nitrogen adsorption/
desorption isotherms.

To confirm the true content of selenium in the
RFCS/Se composite, the samples were analyzed by TGA
under an argon atmosphere, and the results are shown in
Fig. 6(a). RFCS/Se composites with different mass ratios
of selenium are determined to have 38.78%, 49.95% and
63.26% Se. The sharp drop curve of RFCS/Se-50
composite occurring at 200 °C is due to the unoccupied
micropores which have absorbed much water naturally.
The mass loss of Se may be caused by slight evaporation
of Se, according to its melting point of 221 °C. The
RFCS/Se composite as a cathode was assembled with Li
anode in the half cell, for the testing of electrochemical
behaviors. Figure 6(b) shows the cyclic voltammograms
(CVs) of the RFCS/Se-50 electrode for the initial three
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Fig. 6 TGA curves of RFCS/Se composites (a) and CV curves of RFCS/Se-50 electrode at 0.01 mV/s (b)

cycles. In the first discharging curve, a reduction peak
located at ~1.73 V can be found to correspond to the
lithiation of Se. Especially, two separated peaks of
reduction at ~1.79 and ~1.88 V are observed from the
third discharging curve. These curves suggest that two
kinds of Se molecules react with Li anode, resulting in
different voltages [18]. The subsequent CV curves

overlap well with each other, revealing the good cycling
stability of the RFCS/Se-50 electrode.

Galvanostatic discharge—charge measurements are
conducted in the operating potential range of 1.5-3.0 V
(Li/Li"), and all of the specific capacities are calculated
based on true mass of Se in different RFCS/Se
composites. Figure 7(a) depicts the discharge—charge
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RFCS/Se-50 electrode (¢)

profiles for the first cycle of the RFCS/Se-50,
RFCS/Se-60 and RFCS/Se-70 composites. As shown,
only a single plateau is observed upon the initial
discharge process of the RFCS/Se-50, RFCS/Se-60 and
RFCS/Se-70 composites with discharge capacity of
1135.1, 957.2 and 883.7 mA-h/g. The discharge plateau
of the RFCS/Se-50 and RFCS/Se-60 composite starts at
~1.8 V, while the RFCS/Se-70 composite possesses a
higher discharge plateau of ~1.9 V which can be
attributed to the crystalline Se [19]. The results are in
correspondence with the XRD and FESEM analysis

which shows the existence of crystalline Se in the
RFCS/Se-70 composite. During the initial charge process,
the electrodes show a reversible capacity of 621.9, 602.4
and 646.2 mA-h/g for RFCS/Se-50, RFCS/Se-60 and
RFCS/Se-70 composites, corresponding to the initial
Coulombic efficiency of 54.8%, 62.9% and 73.1%,
respectively. Compared to the theoretical capacity of Se,
the exceeding portion of initial discharge capacity of
RFCS/Se composite might be ascribed to the formation
of solid—electrolyte interphase (SEI) film [20,21].
Meanwhile, the formation of SEI film is related to the
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specific surface area. The material with higher surface
area leads to more amount of SEI film. Thus, this
outcome is consistent with the results of BET
measurements that the RFCS/Se-70 composite with the
highest initial Coulombic efficiency possesses the lowest
specific area. The discharge—charge profiles of the
RFCS/Se-50 electrode at different rates (0.2C, 0.5C, 1C,
2C and 5C) are shown in Fig. 7(b). With the variation of
rates from 0.2C to 5C, the charge capacity decreases
mildly and the curves of charge plateaus change
gradually, illustrating that there is little electrochemical
resistance during the discharge—charge process and a
high rate capability of RFCS/Se-50 electrode.

Figure 7(c) demonstrates the cycling performance
of the RFCS/Se electrodes with different mass ratios.
The reversible capacities of RFCS/Se-60 and
RFCS/Se-70  electrodes decline to 5389 and
413.4 mA-h/g, respectively. However, the RFCS/Se-50
electrode has the most stable cycling performance with a
reversible capacity of 643.9 mA-h/g after 100 cycles,
even higher than the values of initial few cycles, which is
due to the continuous activation of Se. The extraordinary
cycling performance of the RFCS/Se-50 electrode can be
ascribed to the sufficient impregnation of Se and
unoccupied small pores which offer a volume for the
expansion of Se upon lithiation process. The rate
capability of RFCS/Se-50 electrode is depicted in
Fig. 7(d). With increasing the rates from 0.2C to 5C, the
discharge capacity of RFCS/Se-50 electrode decreases
from 592.1to 358.2 mA h/g gradually. Importantly, when
the rate is reset back to 0.2C, the reversible capacity can
remain a high value of 592.1 mA-h/g without obvious
capacity loss. The excellent rate performance of the
RFCS/Se-50 electrode may be attributed not only to the
appropriate distribution of Se, but to the proper
framework of RFCS which can facilitate the transport of
electrons and ions upon cycling. To further verify the
cycling stability of RFCS/Se-50 electrode, the cell was
tested at a high current density of 2C for Li—Se batteries
(Fig. 7(e)). After 1000 cycles, the RFCS/Se-50 electrode
can even maintain a high reversible capacity of
411.4 mA-h/g. Hence, the polyporous structured
monodispere carbon sphere as a cathode material
guarantees the stable cycling performance of RFCS/Se
electrode for Li—Se batteries.

4 Conclusions

1) The novel resorcinol-formaldehyde resins
derived monodisperse spheres (RFCS) were prepared
through an economical template-free process and
chemical activation. With a further melting diffusion
method, the RFCS/Se composite was obtained.

2) The abundant small pores inside the RFCS

provide a strong adsorption capacity with the attachment
of selenium effectively. Without any heteroatom
(nitrogen) doped, the RFCS/Se electrode still
demonstrates a relatively high electrical conductivity of
selenium and facilitates the transport of electrons and
ions.

3) Owing to the stable structure of spherical carbon
framework and the molecular conversion upon
electrochemical cycling, the RFCS/Se-50 -electrode
exhibits good rate capability and excellent cycling
stability.
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