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Two types of Resorcinol-Formaldehyde (RF) resin based ordered mesoporous carbon materials were
used as sulfur host in lithium sulfur battery system. The effects of carbon material structure, morphology,
surface area, pore volume, sulfur loading, electrolyte/sulfur ratio and metallic Pt nanoparticle decoration
impact on the adsorption of polysulfides and battery performance are studied. Results show that carbon
material carrying rod-like morphology and hexagonal meso-structure can have high sulfur loading due
to its high specific surface area and large pore volume. While the one with polyhedral particles and
ordered cubic meso-structure exhibits good cyclic stability and good capacity retention due to its good
adsorption of polysulfides upon its cage-like pores. After in-situ decorating of Pt nanoparticles, the
performance of cyclic stability as well as capacity retention significantly improved and better rate
performance is also gained because of the chemisorption of polysulfides and electro-catalytic activity
upon Pt.

Keywords: Ordered mesoporous carbon; lithium sulfur battery; polysulfides chemisorption; shuttle
effect; electrocatalytic activity of Pt

1. INTRODUCTION

With merit of high energy of 2500 Wh kg, the lithium-sulfur battery now becomes a promising
energy storage system over traditional lithium ion batteries and tract a lot of attentions. This device
couples the lithium electrode, carrying 3840 mAh g* capacity, with the element sulfur electrode, which
provides over 1670 mAh g capacity along with its nature abundant, low cost and environment benignity
[1-4]. The Li-S battery can deliver an average cell voltage of 2.2 V based on the reversible redox reaction
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between sulfur and lithium sulfide (Li>S) along with a serials of polysulfides (Li2Sx, 4 < x < 8) as
intermediate products [5, 6]. Those polysulfides are highly soluble in organic electrolyte solvent and
caused the so called “shuttle effect” which resulted in the consuming of the active material, quick
capacity fading, poor cyclic stability and so on. Furthermore, the insolubility of sulfur and Li2S, which
carry insulting nature, may also result in the low utility of active material. Those are the two major
challenges in commercialize the Li-S battery in addition with other hurdles like high volume expansion,
lithium metal degradation, and so on.

To cope with those drawbacks, many studies focus on the using of carbon materials, especially
the micro-mesoporous carbon, as sulfur host [7-9]. Carbon material can not only provide a high
conductivity and buffer medium to improve conductivity of active material and endure the strain caused
by the volume change during the charge/discharge process, but also trap the soluble polysulfides within
the carbon matrix through physic-interaction [10, 11]. Moreover, the meso-porous structure can also
provide the lithium ions diffusion and transfer channels to improve the electrochemical performance
[12-14]. Doping carbon materials with heteroatom, such as N, O, F, transition metals and/or transition
metal oxides, precious metals to supply the chemisorption sites for polysulfide, is another strategy to
enhance the performances of Li-S battery [15-16]. In this study, two RF based carbon materials with
ordered mesoporous structure are synthesized and applied as sulfur host in Li-S battery. The impacts of
morphology, meso-structure, surface area, pore volume, sulfur loading as well as sulfur/electrolyte ratio
upon the electrochemical performance of Li-S battery are evaluated. Furthermore, metallic Pt
nanoparticles are also in-situ decorated onto mesoporous carbon materials to study the chemisorption of
polysulfide and electrochemical catalytic effects on Li-S system.

2. EXPERIMENTAL SECTION

2.1 Chemicals

Triblock poly(ethylene oxide)-b-poly(propylene oxide)-bpoly(ethylene oxide) copolymers
Pluronic F127 (EO106 PO70EO106, Mav = 12600), K2PtCls and sulfur (99.95%) were purchased from
Sigma-Aldrich Corp. Other chemicals were purchased from Sinopharm Chemical Reagent Corp. All
chemicals were used as received without further purification.

2.2 Synthesis of Cubic RF-1 and Hexagonal RF-2

We have followed the same procedures described in our previous paper [17]. (1) Cubic RF-1. In
atypical procedure, 11.0 g of resorcinol (R), 7.0 g of HMT, 20.0 g of Pluronic F127, 500 mL of deionized
water and 20.0 mL of aqueous ammonia (28 wt %) were mixed in randomsequence. After stirring at
room temperature for 1 h, the resultant dark green solution was further stirred in a water-bath under
reflux condenser at 80 °C. Green precipitation was observed after about 20 min. After continuously
stirring for another 24 h, the black solid products were collected by sedimentation separation, filtration,
washed with water and air-dried at room temperature. Finally, the as-made composite was thermally
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treated at 900 °C for 3 h, with a heating rate of 1 °C min™ under a nitrogen atmosphere, to obtain the
RF-1. (2) Hexagonal RF-2. About 11.0 g of resorcinol, 7.0 g of HMT, 20.0 g of Pluronic F127, 4.0 g of
TMB, 520 mL of deionized water and 20.0 mL of aqueous ammonia (28 wt %) were mixed. After stirring
at room temperature for 2 h, the solution was further stirred at 80 °C for 24 h. The products were collected
and calcined as in the above procedure, to obtain RF-2.

2.3 Synthesis of RF-1-A and RF-2-A

The post-synthesis KOH activation was performed by mixing typical sample RF-1 (RF-2) with
a KOH ethanol solution (KOH/carbonmass ratio was 5.0) followed by an evaporation step at 60 °C under
stirring in a nitrogen atmosphere. Then, the dry mixture was heated up to 750 °C min with a ramping
rate of 1.5 °C min! in a highpurity argon atmosphere (>99.999%) and annealed for 3 h. The activated
sample was thoroughly washed with 1 M HCI solution and deionized water, and eventually dried at 120
°C for 12 h. The obtained carbon was denoted as RF-1-A (RF-2-A).

2.4 Synthesis of RF-1-Pt and RF-2-Pt

In a typical experiment, 3.6 g of the as-synthesized polymer product (dried at 120 °C overnight)
was redispersed in 100 mL of 1.2 M HCI solution containing and 0.2 g of K;PtCls, and stirred at room
temperature for 8 h. Then, the product was collected by filtration, washed three times with deionized
water, and dried at 50 °C under vacuum for 8 h. The final RF-1-Pt and RF-2-Pt was obtained after
pyrolysis under Ho/Ar (5%/95%) atmosphere. The pyrolysis procedure was as follows: the sample was
heated to 350 °C and 900 °C for 3 h with a rate of 1 °C min™.

2.5 Synthesis of RF-1-Pt-A and RF-2-Pt-A

The synthesis conditions for RF-1-Pt-A and RF-2-Pt-A were the same as that for RF-1-A and
Hexagonal RF-2-A.

2.6 Preparation of RF-1-A, RF-2-A, RF-1-Pt-A and RF-2-Pt-A composites

The RF-1-A and sulfur (Aladdin, 99.95%) were well mixed in different weight ratio (based on
the volume of sulfur and end product Li>S) and then the mixture was sealed in a Teflon pot and heated
in 155 °C for 24 h. After cooling to room temperature, the S/RF-1-A composite was obtained. The S/RF-
2-A, S/IRF-1-Pt-A and S/RF-2-Pt-A composites were synthesized by the same method.

2.7 Electrochemical Measurements

To make the cathode, 75 wt % carbon/sulfur composite material, 15 wt % Super-P conductive
carbon, 10 wt % LA133 were mixed in deionized water to form a homogeneous slurry, and then the
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slurry as spread onto a carbon-coated Al foil and dried at 50 °C for 12 h. Subsequently, the electrode
was cut into round with a diameter of 15 mm with the active material loading of about 2.0 + 0.2 mg cm”
2, The 2032-type coin cells were assembled in a glovebox filled with Ar with Celgard 2400 membrane
as separator and Li metal as anode. The electrolyte was composed of 1 M lithium bis
(trifluoromethanesulfonyl) imide (LiTFSI) in a mixture of 1,3-dioxolane (DOL) and dimethoxymethane
(DME) (v/v = 1:1) added with 0.4 M LiNOs. Galvanostatic tests were performed in the potential range
of 1.5-2.8 V vs Li/Li" at 25 °C using a LAND CT2001A battery-testing instrument. The cyclic
voltammetry (CV) were recorded on electrochemical station (CHI660E) at a scanning rate of 0.2 mV S°
lin the voltage range of 1.5-2.8 V. The electrochemical impedance spectroscopy (EIS) tests were carried
out at open circuit voltage and the fully charged states after 100 cycles in the frequency ranges of 100k
Hz and 100 mHz with a perturbation amplitude of 5 mV.

2.8 Characterization

The small-angle X-ray diffraction (XRD) measurements were performed on a Bruker D8
Advance diffractometer with a Cu Ka radiation (\= 1.5406 A) operating at 40 kV, 40 mA. Transmission
electron microscopy (TEM) images were recorded on a JEM 2100F electron microscope operating at
200 kV. Scanning electron microscopy (SEM) observation was carried out using a Hitachi S-4800
microscope. X-ray photoelectron spectroscopy (XPS) measurements were performed by a Thermo VG
Multilab 2000 spectrometer with a monochromatic Al Ka X-ray source. Nitrogen sorption isotherms
were obtained at 77 K with an ASAP 2400 (Micromeritics, US). The carbon/sulfur composite material
were degassed at 50 °C for 4-8 h under vacuum. The pore size distributions (PSDs) were calculated from
adsorption data of isotherms using the Tarazona’s non-local density functional theory (NLDFT) method
and the density functional theory (DFT) method, respectively.

3. RESULTS AND DISCUSSION
3.1 Results and Discussion of RF-1-A and RF-2-A

3.1.1 Morphology and Structure Characterization

Highly ordered mesoporous carbon materials RF-1, RF-2 as the matrix material are not only
improve the conductivity of the active material, but also have a strong adsorption effect on the
intermediate product long-chain polysulfides during the discharge process [17]. In order to achieve
higher sulfur content and better inhibition effect on the shuttle effect, the RF-1, RF-2, as examples, were
treated by well-established KOH chemical activation to obtain higher surface area and pore volume
carbon materials RF-1-A, RF-2-A. The X-ray diffraction (XRD) pattern of RF-1 (Fig. 1a) shows three
well-resolved diffraction peaks at 26=0.5-2.5° can be indexed as (110), (200), and (211) reflections of
the body-centered cubic Im3m symmetry, indicating that a highly ordered cubic mesoscopic structure.
Fig. 1b presents the XRD patterns of RF-2 with three well-resolved diffraction peaks can be indexed as
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(10), (11), and (20) reflections of 2-D hexagonal mesostructure with long-range order (space group:
p6ém) [18]. Importantly, the XRD pattern of RF-1-A and RF-2-A still exhibit three sharp XRD peaks
assigned to Im3m symmetry and p6m symmetry respectively in spite of the peak intensity significantly

drops, suggesting good framework stability of the material.
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Figure 1. Small-angle XRD patterns of (a) RF-1, RF-1-A and (b) RF-2, RF-2-A.

Although lithium-sulfur battery has a high theoretical capacity, both sulfur and intermediate
products are electrical insulators. In order to improve electronic conductivity of electrode, various
approaches have been assumed to add a large amount of conductive agent or reduce the thickness of
coating, which lead to two lows including low sulfur content and low sulfur loading so that advantage
of energy density is offset [19-25]. Nevertheless, excess sulfur blocks carbon channels, meantime,
aggravating shuttle effect and eventually fast capacity fading. In consequence, it is vital to balance ratio
for C/S composite cathode. Here, we design two different sulfur loading for RF-1-A and RF-2-A based
on the volume of sulfur and the end product Li.S (Table 1).

Table 1. Theoretical calculation of sulfur content

Sulfur Li2S
LA OSF'l'A'SOS’ RF- 58.2% 43.5%
RF-2-A-60S, RF- 67.5% 53.4%
2-A-70S
32
msthXmCprE

ms: quality of sulfur, Vi: pore volume of carbon material, cm® g, p: 1.66 g cm(Li2S), mc: quality
of carbon material.
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In this case, the a-b, e-f of Fig. 2 show SEM images of RF-1, RF-1-A, RF-2, and RF-2-A,
respectively. The RF-1 grains are about 5-10 um in size with irregular polyhedral particles which can be
seen clearly growth patterns on the surface. For RF-2, rod-like domains with the size of 500 nm in length
and 200 nm in diameter aggregating along the long axis can be observed. From the particles of RF-1-A
and RF-2-A, we can see the surface of the particles are only rough without destroying the structure of
the material, which is consistent with the XRD peaks intensity change.
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~

e

Figure 2. SEM images of (a) RF-1, (b) RF-1-A, (c) RF-1-A-50S, (d) RF-1-A-60S, (e) RF-2, (f) RF-2-
A, (g) RF-2-A-60S and (h) RF-2-A-70S.

SEM images of four different C/S composites are displayed in parts of c-d, g-h of Fig. 2. There
are no visible large bulk sulfur particles on the surface of RF-1-A-50S and RF-2-A-60S, which suggests
that sulfur is uniformly distributed throughout the carbon frameworks. Whereas the aggregates of sulfur
particles are clearly observed on the other two C/S composites with higher sulfur loading especially for
RF-2-A-70S. This can be corroborated by the XRD patterns (Fig. 3).
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Figure 3. XRD patterns of pure S, RF-1-A-50S , RF-1-A-60S, RF-2-A-60S, and RF-2-A-70S.

There are only two C/S composites show well-resolved diffraction peaks indexed to Fddd
orthorhombic structure reflections of elemental sulfur, which indicate the formation of nano-crystalline



Int. J. Electrochem. Sci., Vol. 13, 2018

11300

domain after melting and condensification during the process. In contrast, RF-1-A-50S and RF-2-A-60S
composite exhibit reduced peak intensity for sulfur, which match well with expected design results.
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Figure 4. TEM images of (a) RF-1, (b) RF-1-A, (c) RF-1-A-50S, (d) RF-1-A-60S, (e) RF-2, (f) RF-2-
A, (g) RF-2-A-60S and (h) RF-2-A-70S.
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Figure 5. Nitrogen sorption isotherms of different carbon hosts before and after sulfur impregnation: (a)
RF-1, RF-1-A, (b) RF-2, RF-2-A, (c) RF-1-A-50S, RF-1-A-60S, and (d) RF-2-A-60S, RF-2-A-

70S.
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Figure 6. PSD curves of (a) RF-1, RF-1-A, (b) RF-2, RF-2-A, (¢) RF-1-A-50S, RF-1-A-60S, and (d)
RF-2-A-60S, RF-2-A-70S.

Table 2. Structural parameters of carbon samples

SeeT” Ve Smi¢ Vmi®
Sample (m’g?) (cm* gY) (m?g?) (cm* gY)
RF-1-A 1344 0.667 1031 0.459
RF-2-A 1857 0.991 1325 0.582
RF-1 580 0.32 333 0.16
RF-2 662 0.46 416 0.20
RF-1-A-50S 22.11 0.02 0 0
RF-1-A-60S 0.91 0.002 0 0
RF-2-A-60S 4.6 0.01 0 0
RF-2-A-70S 1.1 0.001 0 0

“Sget: BET specific surface area; PVi: total volume; *Smi: micropore surface area, was calculated
from t-plot method; %Vmi: micropore volume, was calculated from t-plot method.

As seen in Fig. 4, the TEM images of RF-1 exhibit large well-ordered domains, further
demonstrating the ordered cubic Im3m mesostructure. Honeycomb-like TEM images reveal that RF-2
possesses a high-quality hexagonal mesostructure which consist of pure 2-D hexagonal mesophase.
Apart from the increase of pore size, the mesoscopic structure of RF-1-A and RF-2-A have not
undergone obvious change after KOH chemical activation, in good agreement with the XRD data. All
the TEM images (Fig. 4c, 4d, 4g, 4h) become somewhat blurred after the sulfur loading because some
of the sulfur crystallizes poorly during the rapid cooling which prove sulfur change from solid to liquid
into the pores of the carbon material during the heating process.
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The nitrogen sorption isotherms are presented in Fig. 5. Both of the RF-1 and RF-1-A are
representative Type-1V curve with clear capillary condensation steps at P/Py=0.4-0.6 and Type-H2
hysteresis loops, suggesting cage-type pores with small entrances [26], which is conducive to suppress
the dissolution and diffusion of polysulfides. RF-2 and RF-2-A also display Type-IV isotherms with
Type-H1 hysteresis loops, indicating uniform mesopore distributions. These long-range-ordered
channels not only shorten the transmission path of ions and electrons, but also accelerate reaction kinetics
and improve the utilization rate of sulfur. Surface area and pore volume of different carbon and C/S
composites are summarized in Table 2. As observed, surface area and pore volume are dramatically
increased after treating by well-established KOH chemical activation. For instance, RF-2-A has more
than nearly triple in surface area, the pore volume increase from 0.46 cm® g to 0.991 cm3 g*. The
primary mesopore diameter of RF-1-A and RF-2-A from PSD curve (Fig. 6) are about 3.0 nm and 4.4
nm respectively, slightly larger than that for RF-1 (2.8 nm) and RF-2 (3.9 nm). This is owing to the
formation of new micropores in mesopore walls by carbon etching. All the efforts are aimed at reducing
the shuttle effect and volume expansion. As expected, surface area and pore volume of RF-1-A and RF-
2-A decline sharply after sulfur impregnation, demonstrating sulfur is filled with the inner pore space of
carbon. This is also confirmed by the disappearance of mesopores in the PSD curve, which is the same
as the change in surface area and pore volume. However, when C/S ratio is below the theoretical sulfur
loading of 58.2% and 67.5% respectively, it can be ensured that some of the interspaces still exist in the
carbon material, as corroborated by the hysteresis in isotherms of RF-1-A-50S and RF-2-A-60S find
obviously in Fig. 6c¢, 6d. This is conducive to the infiltration of electrolyte into the interior during the
same standing time. These evidences demonstrate surface area and pore volume played a decisive role
in accommodate most sulfur inside the carbon matrix.

Besides the structure of the carbon material, the oxygen-containing functional groups may also
be beneficial to anchoring sulfur and suppressing the diffusion of polysulfides, thereby improving cycle
performance[27]. To determine the extent of the binding between the carbon and sulfur nanocrystals, X-
ray photoelectron spectroscopy (XPS) measurements further investigated. After KOH activation, both
RF-1-A and RF-2-A still retain some oxygen containing functional groups, as shown in Fig. 7a, 7b. The
C 1s spectrum of RF-1-A can be divided into four kinds of peaks, corresponding to C-C bond (284.5
eV), C=N bond (285.3 eV), C-O bond (286.4 eV), and C=0 bond (288.4 eV), respectively. It is worth
noting that the peak of C=0 groups decrease and become narrower, which reveals C=0 groups are
removed and converted to C-O-S bonds during melting-diffusion process (Fig. 7c, 7e, 79, 7i).
Meanwhile, in the S 2p spectra of RF-1-A-50S and RF-1-A-60S, the 2pz. (163.6 and 164.8 eV) and 2p12
(164.3 and 165.5 eV) spin orbit levels are assigned to S-S bond and S-O species [28, 29], respectively.
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Figure 7. High-resolution C 1s and S 2p spectra of (a) RF-1-A, (b) RF-2-A, (c, d) RF-1-A-50S, (e, f)
RF-1-A-60S, (g, h) RF-2-A-60S and (i, j) RF-2-A-70S.

The other small peak at 168.6 eV can be attributed to the sulfate species formed by the oxidation
of sulfur in air. All the results imply the sulfur nanocrystals maintain intimate contact with carbon
through S-O bonding. The results of RF-2-A are also found to be similar with those of RF-1-A. The
presence of S-O species prevents the loss of active materials. In addition, nitrogen atoms are also present
in the carbon material, which has proven to immobilize corresponding polysulfides during the
discharge/charge process [30]. There are a total of four peaks with a binding energy of 398.3 eV, 400.2
eV, 401.1 eV, and 402.9 eV can be detected, which correspond to pyridinic-N (N-6), pyrrolic-N (N-5),
quaternary-N (N-Q) and oxidized pyridine-N (N-X) [31], respectively (Fig. 8a-f). It should be noted that,
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due to the KOH activation at high temperatures, the loss of a large amount of N atoms in the carbon
material is expected.
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Figure 8. High-resolution N 1s spectra of (a) RF-1-A, (b) RF-1-A-50S, (c) RF-1-A-60S, (d) RF-2-A, (e)
RF-2-A-60S and (f) RF-2-A-70S.

3.1.2 Discussion of different E/S ratios

The dissolution and diffusion of polysulfides have a close relationship with the amount of
electrolyte which is one of the important parameters affect the capacity and cycling performance of Li-
S battery [32]. The optimized ratio between electrolyte and solid sulfur change with sulfur content and
carbon matrix materials. Hence, optimizing E/S ratio of two kinds of mesoporous carbon materials in
different sulfur content is first investigated. Fig. 9 compares the galvanostatic charge/discharge profiles
and cyclic performances of RF-2-A-70S cells with three different E/S ratios at current densities of 0.1 C
(1 C= 1675 mA g L) in the voltage range of 1.5-2.8 V (vs. Li*/Li). All the discharge profiles with two
typical plateaus are exhibited at ca. 2.3 V and ca. 2.1 V respectively in accordance with previous
literatures [33-35]. It can be seen that as the E/S ratio was increased from 15 uL. mg™to 30 uL mg?, the
initial discharge capacities of 772.5, 861.1, and 872.3 mAh g (based on sulfur) are synchronously
increased, while the initial Coulombic efficiencies of 93.3%, 89.7% and 85.8% express contrary trend.
When the measurements go on, the cell with E/S ratio of 15 pL mg™® demonstrate highest capacity
retention of 56.25% than other two E/S ratio. The more dissolution and faster diffusion rate of
polysulfides caused by excess amount of electrolyte result in shuttle reactions and lithium anode
corrosion occurring more quickly. The second plateau is a liquid-solid two-phase reaction including a
series of complicated disproportionations and plays a decisive role in discharge capacity. Therefore, the
sufficient contact between polysulfides-containing electrolyte and carbon matrix is particularly
important. It is worth to note a reasonably high sulfur loading density (2.0 + 0.2 mg cm2) was employed
in all cells. From comparison the charge/discharge profiles of the three cells, increasing polarization can
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be observed during the first discharge process due to highly concentrated electrolyte with high viscosity
and poor wetting capability on the electrode. However, the subsequent discharge process returned to
normal because of re-dissolution and re-deposition process of sulfur on the electrode. Obviously, the

optimized E/S ratio is fixed at a value of 15 pL mg™.
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Figure 9. Charge/discharge profiles and cyclic performances of RF-2-A-70S electrodes with three
different E/S ratios at 0.1 C in a voltage range of 1.5-2.8 V: (a) 15 uL mg? ,(b)20 pL mg™and (c)

30 uL mg™.
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Figure 10. The cyclic performances of (a) RF-1-A-50S, (b) RF-1-A-60S and (c) RF-2-A-60S electrodes
with three different E/S ratios at 0.1 C in a voltage range of 1.5-2.8 V (inset : retention).

The cyclic performances of other C/S composites with three different E/S ratios are showed in
Fig. 10. The results are strikingly similar to that of RF-2-A-70S. Interestingly, the cyclic performance as

Coulombic Efficiency (%)
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well as the capacity retention of RF-1-A-60S are found to overlap (Fig. 10b) with E/S ratio of 15 pL mg’
! and 20 pL mg?, as the sulfur loading overtop the theoretical loading value. The reason for this
phenomenon is that excessive sulfur loading counteracts the influence of the loss of active material due
to the polysulfides dissolution into electrolyte and diffusion into the cell’s dead corners. After initial
decreasing, the trend of Coulombic efficiency almost keep constant at 100% up to 100 cycles for four
C/S composites, which is benefited from addition of LiNO3 [25, 36-39] and strong physical adsorption
of mesoporous. The subsequent electrochemical tests are assembled using the E/S ratio of 15 uL mg™.

3.1.3 Electrochemical Performance

To accurately understand the impact of carbon-sulfur ratio and morphology of carbon on
electrochemical performance, the RF-1-A-50S, RF-1-A-60S, RF-2-A-60S, and RF-2-A-70S electrode
were made by the same process and applied in Li-S battery. The cycle voltammograms (CVs) (Fig. 11)
of these four electrodes measured at 0.1 mV s show similar electrochemical features and match well
with previous studies [40-42]. Two peaks appeared at ca. 2.27 and ca. 2.00 V can be assigned to the
reduction from the solid sulfur (Sg) to long-chain polysulfidess (Li>Sx, 4 < x < 8) and then to short-chain
one (such as Li»Sz, Li2S), respectively. A single oxidation peak is observed at ca. 2.50 V, corresponding
to the transformations from lower order lithium sulfides to solid sulfur. There are no obvious variations
in peak positions occur the subsequence cycles after 1st cycle, suggesting good reversibility and stability
of the electrode. Whereas, two problems with the reduction peaks in the CVs of RF-1-A-60S, RF-2-A-
60S, and RF-2-A-70S electrodes are worth mentioning. First, the 1st cycle of the second reduction peak
is flat rather than sharp, which proves that sulfur is gradually reduced during the first discharge. High
sulfur content and high sulfur loading hinder the infiltration of electrolyte, leading to increase the
polarization, and a continuous negative shift in the reduction potential. Therefore, the CV curves show
such a discharge potential hysteresis. Second, the first reduction peak current is larger than the second
one. Unlike other rechargeable lithium batteries, the electrolyte component and viscosity change with
depth of discharge, which affected the nucleation and growth of Li>S2/Li.S. The 2.27 V peak is related
to the chemical process control, so all five cycles tend to coincide. Nevertheless, the 2.00 V peak is
dominated by the diffusion process. There is a competitive electrochemical reactions from S4? to S3*
and from S3? to Li»S2/Li,S[43]. Because of high sulfur loading and physical adsorption within meso-
pores, the concentrations of S3?” near the carbon skeleton increase rapidly but diffuse slowly towards the
electrolyte. Thereby, the reaction from S3> to Li>S2/Li>S occur in advance. The generated insoluble
Li>S2/Li2S not only block the pore, but also result in poor conductivity and serious polarization. Ss*
species are not completely reduced until the end of discharge, giving rise to low peak current.


file:///D:/Users/Joan@xionghaizi/AppData/Local/Youdao/Dict/7.5.2.0/resultui/dict/

Int. J. Electrochem.

Sci., Vol. 13, 2018 11307
35 T
a b
( )307 — st ( )57 1st
——nd 2nd
25+ 3rd 5 3rd
—dth —4th '
204 4
< 5th z 5th
£ 15 £ 3]
é 104 E 2
5 g
© o054 3 1
00 e e — o B
- N
1 Ny N ¢
0.5 -1 —\ ‘\./
A+ 2
te 1618200 22 2428 2830 w16 18 20 22 24 26 26 30
Potential (¥ vs LilLi") Potential (V' jvs LILi")
7 B
c 25
( )5— — st (d) — st
2nd i 20 ——2nd
59 3rd ard f«
4] _g:g \ 154 ——dth i
E 5] / ] z 5th 4
= E 104 .“’
2 ] B I
£ 4 g osq !
3 14 ) 5 /
(5] Y 5] Vi
0- e / e 0.0+ S b
4 o N o8] %‘\t/ ‘
~ = W
T T . . T : . : 4.0 4+— : T : ! ! T T
1.4 16 18 20 2.2 24 28 28 30 1.4 18 18 20 22 2.4 28 28 30

Potential (V ,vs Li/Li")

Potential (V ,vs LifLi")

Figure 11. Cycle voltammetry of (a) RF-1-A-50S, (b) RF-1-A-60S, (c) RF-2-A-60S and (d) RF-2-A-
70S electrodes at scan rate of 0.1 mV s between 1.5t0 3.0 V.

Valtage (V)

Voltage (V)

284(a — 1st 254 b — st
( ) —5th ( ) —5th
26 —— 10th 264 ——10th

—20th —— 20th
—30th ——30th
2 4
* soth |5 OF 50th
—100th| 5 ——100th
22 & 229
3
20 20
18 14
16 16
Q 2EIJO 4[‘)0 660 860 10‘00 o Zau 450 G(Im
Spegcific capacity {(mAh/g) Specific capacity {(mAh/g)
zsf(C) — st 28 (d) 1st
—s5th —5th
26 ——10th 26 —10th
——20th ——20th
—30th —30th
24 50th |5 24 50th
—_ e ——100th
22 00th B 4
&
o
20 > 20
18 18
18 15
t T T T T T T T T T T
] 200 400 600 800 1000 0 200 400 600 800

Specific capacity (mAh/g)

Specific capacity (mAh/g)
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Fig. 12 shows the charge-discharge measurements of these four C/S cathodes. When tested at a
rate of 0.1 C, all the discharge profiles have two lithiation voltage plateaus which agree with the CV
curves. The RF-1-A-50S and RF-1-A-60S electrodes deliver initial discharge capacities of 817.6 and
638.6 mAh g with initial Coulombic efficiencies of 99.9% and 89%, respectively. After 100 cycles, the
discharge capacities degrade rapidly to 473.5 and 357.8 mAh g*, which are 57.9% and 56% of that in
the first cycle. On the contrary, the initial discharge capacities of RF-2-A-60S and RF-2-A-70S
electrodes are 876.4 and 772.5 mAh g* with initial Coulombic efficiencies of 94.9% and 93.3%,



Int. J. Electrochem. Sci., Vol. 13, 2018 11308

respectively. Meantime, the lithium storage capacity decrease to 427.9 and 416.7 mAh g after 100
cycles with capacity retention of 48.8% and 53.9%, respectively. Apparently RF-1-A-50S and RF-2-A-
60S electrodes exhibit better electrochemical activity and higher sulfur utilization relative to their
respective high sulfur loading in RF-1-A-60S and RF-2-A-70S electrodes, suggesting excess sulfur not
only reduce the conductivity of mesoporous carbon materials but also leads to more severe shuttle effect.
In addition, more polysulfides dissolve and diffuse into dead corners, causing the loss of the active
material. With its larger pore volume and higher specific surface area, RF-2-A achieves higher discharge
capacities. However, the best capacity retention is obtained by RF-1-A, indicating cage-type pores more
suitable for the adsorption of polysulfidess than long-range-ordered channels. What’s more, the
discharge voltage plateau of all electrodes around 2.00 V keep highly constant throughout the cycling,
proving the high reversibility of cathode electrochemical reaction. It is worth reminding that there are
no obvious overcharge of four electrodes during the charge process, demonstrating porous structure of
the two carbon can effectively inhibit the shuttle effect with LiNO3 as an additive in the electrolyte.

The cyclic performances along with the Coulombic efficiencies for the four kinds of C/S cathodes
are compared at 0.1 C and 0.2 C. From Fig. 13a, 13b, the initial discharge capacity of 359.6 and 594
mAh g? are achieved for RF-1-A-50S and RF-1-A-60S electrodes at 0.2 C, which reach maximum
values of 586.6 and 621.7 mAh g* on the ninth and seventh cycles, respectively. Capacity stabilize at
528.3 and 408.5 mAh g with the retention of 90.0% and 65.7% after 100 cycles. Since sulfur need to
undergone a process of redistribution on the electrode surface, the capacity increase gradually after
activation and stabilization. By contrast, RF-2-A-60S and RF-2-A-70S electrodes appear this situation,
which are attributed to the fact that the columnar channel structure is more conducive to electron and ion
transfer. The cells exhibit initial discharge capacity of 765 and 819.7 mAh g* with reversible capacity
of 448.5 and 505.5 mAh g corresponding to the retention of 58.6% and 61.5% after 100 cycles,
respectively. Under the same sulfur loading density, the thickness of the electrode is proportional to the
sulfur content of the carbon material. Hence, the polysulfides formed in the beginning cannot diffuse out
of RF-1-A-50S and RF-2-A-60S electrodes in time and prematurely reduce to short-chain and insoluble
polysulfidess that deposit on the surfaces of carbon, which reducing the utilization of sulfur.
Furthermore, dissolved polysulfides form a concentration gradient at the electrode surface to promote
the reactions of the non-conductive sulfur and polysulfides species and make it occur on the electrolyte-
carbon interface. For RF-1-A-60S and RF-2-A-70S electrodes, the excess surface-deposited sulfur react
more quickly and dissolve into the electrolyte to form polysulfides concentration gradient earlier,
facilitating subsequent reactions. On account of the strong adsorption of mesoporous carbon, and the
common ion effect of polysulfides, less and less polysulfides dissolve into the electrolyte and the specific
capacity attenuation is suppressed during subsequent cycles. Consequently, many researchers promote
the utilization of sulfur and improve the specific capacity by adding small amount of polysulfides
solution into the electrolyte in advance. Meanwhile this part of the polysulfides can passivate the Li
surface to inhibit shuttle effect. The kinetics of Li>S2/Li.S is slow. Under the current density of 0.2 C,
the cell reactions are faster and the final insoluble products Li>S2/Li>S relatively generate less, so the
loss of active material is less. These are the reasons why all four electrodes have better performance at
high current densities. Among the four cells, the Coulombic efficiency are up to 99.5% throughout,
reflecting that polysulfides are successfully captured within the carbon host.



Int. J. Electrochem. Sci., Vol. 13, 2018 11309

e

800 % 100 800 o gm— . - v
I (a) = Discharge at 0.1C ro(b) = Discharge at 0.1C
700 —e— Discharge at 0.2C —+— Discharge at 0.2C -
Efficiency at 0.1C [ Efficiency at 0.1C 80 &
—s— Efficiency at 0.2C —s— Efficiency at 0.2C

s .
E
= 100
gaun-‘I A E
=3 250 [ 40 2 3
Samd &
« 6 200 \—‘U-‘N-
1 . 010 L 2o 0]-m-0.1C L oo
. 02C

v 0.2C

@
=1
=1

Coulombic Efficiency (%)

2
Retention
3 H

B

3

=3
=4

Capacity {mAht
P g( gé
./'-
>
2
Coulombic Efficiency (%)

80 a 20

a0 0 60 B0 100
Cycles Cycles

=)
=3
1
e

o

T 0 T T
40 60 80 100 a 20 40 80 80 100
Cycles Cycles

I 100 = 100
800 -F (© —a— Discharge at 0.1C £ (d) —=— Discharge at 0.1C
1 —s— Discharge at 0.2C —=— Discharge at 0.2C
—=— Efficiency at 0.1C [% 3 Efficiency at 0.1C [-80
—e— Efficiency at 0.2C —— Efficiency at 0.2C

@
=
=1

1
=

%)

=60

Capacity (mAh/g)

Capacity (mAh/g)
g
' i
2

Coulombic Efficiency (%)
1 IS
3 3
Retention

e

o

B &

Coulombic Efficiency (¢

o

i

o
[
=3

s &
2 5]
s =
Retention
s o =
5 2 2
on
s
a
EE;
»
&

0 )

40 &0
Cycles
T

=S
=)

40
Cycles

Figure 13. Comparison of the cyclic performances and Coulombic efficiencies of (a) RF-1-A-50S, (b)
RF-1-A-60S, (c) RF-2-A-60S and (d) RF-2-A-70S electrodes (inset : retention) under the current
density of 0.1 C and 0.2 C.

As we know, the kinetics and cycle stability of the electrode are mainly associated with the
conductivity of the whole electrode. Therefore, electrochemical impedance measurements at open circuit
voltage and the fully charged state after 100 cycles were recorded to further understand the
electrochemical performance of four electrodes at 0.1 C and 0.2 C, as shown in Fig. 14. For all four
electrodes, only one depressed semicircle is detected in the Nyquist plot at open circuit voltage,
corresponding to the charge-transfer resistance (Rct) and interface resistance (Ro) [44]. The numerical
results are illustrated in Table 3. Apparently, due to the porous structure and the high specific surface
area of the RF-1-A and RF-2-A, self-discharge of the cells are suppressed. Besides, Rt and Ro upon the
four electrodes are all quite low, proving that highly ordered mesoporous carbon hosts can significantly
improve the conductivity of sulfur electrodes. A sloping line is observed in the low-frequency region,
which is related to the diffusion and migration of ions. However, it can be found two semicircles existing
in all impedance plots at fully charged state after 100 cycles. They can be assigned to the charge-transfer
process (Rct) and the resistance from SEI film (Rser)). The late one can mainly be attributed to the
formation of insoluble polysulfide species on the electrode surface without being completely reduced
during the charging process. The charge-transfer resistance of RF-1-A-50S and RF-1-A-60S composites
increases sharply after cycling because the pore size, surface area and pore volume of RF-1-A are smaller
than that of RF-2-A, which easily leads to partial aggregations of sulfur and even deposits on the
electrode surface. Moreover, Rs of the RF-1-A-50S and RF-1-A-60S electrodes are less than that of RF-
2-A-60S and RF-2-A-70S electrodes after cycling, implying the small pore size of RF-1-A has a stronger
adsorption capacity for polysulfides. The electrodes show smaller Rt and Rsg) values at 0.2 C compared
to 0.1 C, which is consistent with the cycle performance.



Int. J. Electrochem. Sci., Vol. 13, 2018 11310

B0 20

.
] wd (b
10 .
B " .
0 809 @ L e
50 50 4 "y LI vy
g i
e, 2 AN
s404 T =40
N B . o
504 - . 304 . 020 30 s
L] A ry
204 - - 20 4 . .
- uhm fresh . A * = fresh
104 A, » 0.1C 100th 10 * 0.1C 100th
4 0.2C 100th 4 0.2C 100th
o T T T T T T T s} T T T T T T T T T T
[ 10 200 3 40 50 60 70 80 0 10 20 30 40 50 B0 70 80 90 100 110
' zZ'0
20 80
- [ 15
B A
CRIC ol @
..m -. : u 10 -
= B a
6015 LA 607 o ;o .
5 s v R L] Iy e, h : .
50 / A A S 504 SoaT Thor
(/u A " 5 ER - »
€ W @ w0 W@ g 0 fr v._/. +
= 40 0y ? = 404
Ry 2 . N & i s .
. a
i | 0z a0 40
30 - A . 30 Zin U
. a . 5
204 - e . 204 .ﬁ: .'
u e o m fresh 4 ,* = fresh
104 ® 0.1C 100th 104 e 0.1C 100th
A 02C100th /"' 402G 100th
o T T T T T T T 0 T T T T T T
0 10 20 30 40 60 60 O 80 o 1 20 30 40 50 80 70 B0
payie} Z'i0

Figure 14. Electrochemical impedance spectra of (a) RF-1-A-50S, (b) RF-1-A-60S, (¢) RF-2-A-60S and
(d) RF-2-A-70S electrodes recorded from 100 mHz to 100 KHz (before and after 100 cycles the
fully charged states under the current density of 0.1 C and 0.2 C).

Table 3. Comparison of Ro, Ret, and Rsk|

fresh 0.1C 100th 0.2C 100th
Ro Ret Ro Rs Rot Ro Rs Ret
RF-1-A-50S 261 1353 6.20 1343 3297 1086 179 27.64
RF-1-A-60S 261 1354 840 2286 448 822 1092 17.98
RF-2-A-60S 291 1478 16.28 19.88 257 911 149 19.88
RF-2-A-70S 296 26.29 12.09 2229 26.88 10.75 17.33 22.32

Sample

The above results are evidence of highly ordered mesoporous carbon materials RF-1, RF-2 can
effectively anchor polysulfides and improve cycle performance. Nonetheless, polysulfides generation is
unavoidable for lithium-sulfur batteries during the discharge process. The poor physical adsorption
between carbon materials and polysulfides merely delays the mass transfer process of polysulfides, and
the “shuttle effect” will continue to appear with the increase of the number of cycles, eventually leading
to the loss of active material and the continuous attenuation of capacity. From another perspective, the
Li/S battery configuration eventually becomes a liquid electrochemical cell. Hence, chemical adsorption
and controlling their Kinetics is the key to improving properties.

3.2 Results and Discussion of RF-1-Pt-A and RF-2-Pt-A

3.2.1 Morphology and Structure Characterization

It is well known that the hydrophilic nature of electrocatalyst Pt has been widely used to improve
the electrochemical hydrogen insertion into porous carbon materials [29]. Thereby, electrocatalyst Pt
tend to form in situ chemisorption with polar natured polysulfides. Simultaneously, the doping of
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electrocatalyst Pt can increase the defects of the carbon material and generate more active sites, which
is helpful to enhance the conductivity of carbon materials. More notably, use of electrocatalytic Pt
electrodes has been shown to improve reaction kinetics of non-aqueous polysulfides [45]. However, it
is still a challenge to find simple synthesis of metal catalysts Pt along with high dispersion. Previously
reported synthesis methods often required chemical functionalization of carbon materials [46]. In this
way, it is ensured that the precursor H2PtCls is in close contact with the surface of the carbon material
and then is reduced to metal catalysts. Here we directly disperse precursor H2PtClg into the original
powder (as-synthesized polymer product RF-1-as, RF-2-as), and then perform a one-step pyrolysis under
Ho/Ar (5%/95%) atmosphere to obtain product RF-1-Pt and RF-2-Pt, which were treated by well-
established KOH chemical activation to obtain higher surface area and pore volume carbon materials
RF-1-Pt-A, RF-2-Pt-A. Similarly, two different sulfur loading for RF-1-Pt-A, RF-2-Pt-A based on the
volume of sulfur and end product Li>S (Table 4) were designed.

Table 4. Theoretical calculation of sulfur content

Sulfur Li2S
RF-1-A-50S, RF-1-A-60S 58.2% 43.5%
RF-2-A-60S, RF-2-A-70S 67.5% 53.4%
32
mS=Vt><mC><p><E

ms: quality of sulfur, Vi: pore volume of carbon material, cm® g%, p: 1.66 g cm(Li2S), mc: quality
of carbon material.

e N
W

Figure 15. SEM images of (a) RF-1-Pt, (b) RF-1-Pt-A, (c) RF-1-Pt-A-50S, (d) RF-1-Pt-A-60S, () RF-
2-Pt, (f) RF-2-Pt-A, (g) RF-2-Pt-A-60S and (h) RF-2-Pt-A-70S.
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a)CK b) Pt M

Figure 16. Elemental mapping of C and Pt nanoparticles: (a, b) RF-1-Pt-A-50S, (c, d) RF-1-Pt-A-60S,
(e, f) RF-2-Pt-A-60S and (g, h) RF-2-Pt-A-70S.

Figure 17. TEM images of (a, b) RF-1-Pt-A, (c) RF-2-Pt-A.

In case of RF-1-Pt and RF-2-Pt, irregularly polyhedral particles with growth patterns and rod-
like domains aggregating along the long axis were observed to be similar to RF-1 and RF-2 (Fig. 2a, 2e
), as shown in Fig.15. This suggests that the deposited Pt didn't destroy the carbon meso-structure. The
bright spots on surface of RF-1-Pt and RF-2-Pt can be attributed to the metallic Pt nanoparticles. Apart
from the rough morphology of RF-1-Pt-A and RF-2-Pt-A, the structure did not change. Further, EDS
images of four C/S composites illustrated in Fig. 16a-h are evident that Pt nanoparticles maintained a
high degree of dispersion in the carbon matrix. Both TEM images (Fig. 17) of RF-1-Pt-A and RF-2-Pt-
A show large-area ordered regions, demonstrating the ordered cubic Im3m mesostructure and a high-
quality hexagonal mesostructure, respectively, which is similar to the RF-1-A and RF-2-A.There are no
aggregations of sulfur powder on the surface of RF-1-Pt-A-50S and RF-1-Pt-A-60S, while bright spots
are attributed to metallic Pt can still be seen, which indicates that the elemental sulfur penetrated into the
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pore structure of the RF-1-Pt-A. The surface of RF-2-Pt-A-60S and RF-2-Pt-A-70S form a clear contrast.
In particular, the surface of RF-2-Pt-A-70S is covered with a large amount of sulfur. The diffraction
peaks ascribed to Fddd orthorhombic structure reflections of pure sulfur are exist in XRD patterns of
RF-2-Pt-A-60S and RF-2-Pt-A-70S, as shown in Fig. 18. As for the XRD patterns of RF-1-Pt-A-50S
and RF-1-Pt-A-60S, except the intrinsic peaks of RF-1-Pt-A, no crystal diffraction peaks indexed to
sulfur were found.

— RF-2-Pt-A-708

—— RF-2-Pt-A-608

—— RF-1-Pt-A-608

—— RF-1-Pt-A-508
S

t

b
N

10 20 30 40 50 80 70 80 90
2 Theta (dearee)

Intensity (a. u.)

Figure 18. XRD patterns of pure S, RF-1-Pt-A-50S, RF-1-Pt-A-60S, RF-2-Pt-A-60S and RF-2-Pt-A-
70S.

Intensity (a. u.)
Intensity (a. u.)
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Figure 19. XP spectra of Pt 4f regions of (a) RF-1-Pt-A and (b) RF-2-Pt-A.

Table 5. Structural parameters of carbon samples

SBETa th Smic Vmid
Sample (m?g?) (cm* gY) (M’ g?) (cm* gY)
RF-1-A-Pt 1758 1.13 1163 0.52
RF-2-A-Pt 1532 1.03 986 0.445
RF-1-Pt 660 0.50 359 0.16
RF-2-Pt 666 0.52 355 0.16

“Sget: BET specific surface area; PVi: total volume; *Smi: micropore surface area, was calculated
from t-plot method; %Vmi: micropore volume, was calculated from t-plot method.
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Figure 20. Nitrogen sorption isotherms and PSD curves of different carbon hosts: (a) RF-1-Pt, (b) RF-
1-Pt-A, (c) RF-2-Pt and (b) RF-2-Pt-A.

This result is in line with the theoretical calculation of the sulfur content. Moreover, there are
determined that the diffraction peaks at 20=40.2°, 46.8°, and 68.3° are assigned to metal Pt among the
four XRD patterns. Fig. 19 shows that the Pt 4f doublet with binding energy of Pt 47> and Pt 4fs/, peaks
at about 71.3 eV and 74.7 eV after the reduction, respectively, which further proves the formation of
metallic Pt from Pt ions.

Surface area and pore volume of Pt decorated mesoporous carbon materials calculated from
nitrogen sorption isotherms depicted in Fig. 20 are presented Table 5. As observed, RF-1-Pt and RF-2-
Pt also exhibit Type-1V curve with clear capillary condensation steps at P/Po=0.4-0.6 providing evidence
of uniformed meso-pore distributions [47]. After KOH chemical activation, surface area of RF-1-Pt and
RF-2-Pt increase from 660 m? g and 666 m? g to 1758 m? g and 1532 m? g%, respectively. In the
meantime, pore volume has found to be almost doubled. Compared with Table 2, surface area and pore
volume of RF-1-Pt-A significantly larger than that of RF-1-A, while pore volume of RF-1-Pt-A is almost
unchanged, and surface area is smaller. The PSD curves (Fig. 20c-d) of four samples are relatively
narrow. The mesopore diameter of RF-2-Pt and RF-2-Pt-A are about 3.09 nm and 3.1 nm, respectively,
which is obviously decline than that of RF-2-A. Based on the previous analysis, we know that changes
in the pore volume and surface area have a great influence on the performance of the battery.

Furthermore, the extent of the binding between the carbon and sulfur nanocrystals was identified
by XPS spectra in Fig. 21a-k. The C 1s spectrum of RF-1-Pt-A and RF-2-Pt-A are composed of C-C
bond (284.5 eV), C=N bond (285.3 eV), C-O bond (286.4 eV), and C=0 bond (288.4 eV), respectively.
The reduction of the peak intensity of C=0 groups demonstrate C=0 groups are removed and converted
to C-O-S bonds. From Fig. 21d, 21f, 21i, 21k, XPS spectra of deconvoluted S 2p peaks at 163.6 and
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164.8 eV (S 2pzp), and 164.3 and 165.5 eV (S 2p1r2), respectively, corresponding to S-S bond and S-O
species. This proves that the sulfur nanocrystals are uniformly encapsulated within carbon through S-O
bonds [48]. Likewise, there are four different peaks with a binding energy of 398.3 eV, 400.2 eV, 401.1
eV, and 402.9 eV corresponding to pyridinic-N (N-6), pyrrolic-N (N-5), quaternary-N (N-Q) and
oxidized pyridine-N (N-X) [49,50] were illustrated in Fig. 22a-f.
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Figure 21. High-resolution C 1s and S 2p spectra of (a) RF-1-Pt-A, (b) RF-2-Pt-A, (c, d) RF-1-Pt-A-
50S, (e, f) RF-1-Pt-A-60S, (g, h) RF-2-Pt-A-60S and (i, j) RF-2-Pt-A-70S.
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Figure 22. High-resolution N 1s spectra of (a) RF-1-Pt-A, (b) RF-1-Pt-A-50S, (c) RF-1-Pt-A-60S, (d)
RF-2-Pt-A, (eh) RF-2-Pt-A-60S and (f) RF-2-Pt-A-70S.

3.2.2 Electrochemical Performance

To evaluate the electrochemical performance of four kinds of C/S cathodes, galvanostatic
charge/discharge studies were carried out at a constant current rate of 0.2 C, and obtained results for 100
cycles were illustrated in Fig. 23a-d. Considering the activation of the surface electrochemical activity
by the charge—discharge process, all cells are first cycled at 0.1 C for three cycles. It was observed that
electrodes display two distinguishable discharge plateaus similar to Fig. 12. The RF-1-Pt-A-50S and RF-
1-P-A-60S electrodes exhibit a high initial specific capacity of 1105 and 811 mAh g, respectively,
which is increased capacity by 26% and 21% over RF-1-A-50S and RF-1-A-60S. Apparently, the
increase in surface area and pore volume results in better infiltration of the electrolyte and higher
utilization of the active material at the same time. To our surprise, the RF-2-Pt-A-60S and RF-2-A-Pt-
70S electrodes still deliver about 855.2 and 794 mAh g of initial discharge capacities without affecting
by reduction of surface area. When tested at a rate of 0.2 C, the RF-1-Pt-A-50S and RF-1-A-Pt-60S
electrodes carry initial discharge capacities of 834.5 and 715.2 mAh g, and achieve 59.7% and 74.3%
of the discharge capacity retention after 100 cycles, respectively. The initial discharge capacities of RF-
2-Pt-A-60S and RF-2-A-Pt-70S electrodes are 650.4 and 732.5 mAh g2, and stabilized at 399.5 and 495
mAh g with the retention of 61.4% and 67.9% after 100 cycles. It is apparent that the sulfur utilization
and cyclic stability of RF-1-Pt-A and RF-2-Pt-A are higher than that of RF-1-A and RF-2-A. Fig. 24
compare the cycling performances and Coulombic efficiencies of four samples. As we know, the surface
area of carbon has two functions. On one hand, the larger the surface area, the more dilute the dispersion
of sulfur will be with the same sulfur content in the composite. On the other hand, during the
electrochemical process, higher surface area translates to decreased real current density on carbon
substrates [51-53]. As a result, the RF-1-Pt-A-50S and RF-1-A-Pt-60S electrodes are more conducive to
electrolyte infiltration, and obtain higher initial discharge capacity. However, in the case of a decreased
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surface area, RF-2-Pt-A-60S and RF-2-A-Pt-70S electrodes achieve better performance, which reflect
Pt nanoparticle affords the adsorption of polysulfides through strong chemical interaction during the
discharge process and promote their conversion to soluble long-chain polysulfides and elemental sulfur
during the charging process.
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Figure 23. Charge/discharge profiles of (a) RF-1-Pt-A-50S, (b) RF-1-Pt-A-60S, (c) RF-2-Pt-A-60S and
(d) RF-2-Pt-A-70S electrodes under the current density of 0.2 C in a voltage of 1.5-2.8 V.
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Figure 24. The cyclic performances and Coulombic efficiencies of (a) RF-1-Pt-A-50S, (b) RF-1-Pt-A-
60S, (c) RF-2-Pt-A-60S and (d) RF-2-Pt-A-70S electrodes.
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Figure 25. Cycle voltammetry of (a) RF-1-Pt-A-50S, (b) RF-1-Pt-A-60S, (c) RF-2-Pt-A-60S and (d)
RF-2-Pt-A-70S electrodes.

Table 6. electrocatalytic parameters for different electrodes are derived from cyclic voltammograms and
potentionstatic polarization

Sample Reduction peak potential Oxide peak Peak
(V) potential (V) separation(V)

RF-1-A-50S 2.31 1.987 2.504 0.517
RF-1-A-60S 2.274 2.009 2.492 0.483
RF-2-A-60S 2.277 2.01 2.515 0.505
RF-2-A-70S 2.276 1.999 2.535 0.536
RF-1-A-Pt-50S 2.291 1.981 2.498 0.517
RF-1-A-Pt-60S 2.287 2.003 2.510 0.507
RF-2-A-Pt-60S 2.292 2.016 2.477 0.461
RF-2-A-Pt-70S 2.256 1.980 2.474 0.494

Additionally, Pt as an electrocatalyst can help to convert polysulfide deposits back to soluble
long-chain polysulfide and hence enhance reaction kinetics and retain high Coulombic efficiency [54-
57]. The deposition of insulating Li»S, and Li>S on the surface of the cathode not only block the pores,
but also results in an increase of internal resistance. It is well known that Pt has a particularly high
conductivity , which may help to decrease the resistance of electron conduction and transfer [58,59].
Thus, electrocatalyst Pt is promising to enhance reaction kinetics and decrease cell polarization. Among
the four cells, the Coulombic efficiencies are all above 99.5% throughout, indicating Pt is beneficial for
the restriction of the shuttle effect and the overall stability and activity of electrocatalyst towards long
cycling performance.

To further understanding electrocatalytic behavior of Pt, cyclic voltammograms were recorded
on all four electrodes and resulting curves were depicted in Fig. 25. Similar to Fig. 11, two characteristic
reduction peaks and an oxidation peak were observed. On careful observation, peak potential along with
potentiostatic polarization are quantified and summarized in Table 6. As anticipated, the distinguishable
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negative shift in oxidation peak and decrease in potentiostatic polarization are evidence of the superior
catalytic activity of Pt toward the polysulfides conversion process. The distinguishable positive shift in
the reduction peaks and negative shift in the oxidation peaks of the cathode indicate the improved
polysulfide redox kinetics by Pt. It is apparent that these peaks shifting indicate an increase in cell
reaction kinetics and a decrease in cell polarization, which is helpful to obtain high capacity utilization

of sulfur and long cycling performance [60,61].
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Figure 26. Electrochemical impedance spectra of (a) RF-1-Pt-A-50S, (b) RF-1-Pt-A-60S, (c) RF-2-Pt-
A-60S and (d) RF-2-Pt-A-70S electrodes recorded from 100 mHz to 100 KHz (before and after
100 cycles the fully charged states under the current density of 0.2 C).

Further evidence of effect of catalyst was excavated by the impedance measurements. From Fig.
26, the Nyquist plots for all four fresh cells are composed of a depressed semicircle in the high-to-
medium frequency region and a sloping line in the low-frequency region. Insoluble Li>S2/Li2S on the
electrode surface without being completely reduced during the charging process give rise to a decrease
in charge-transfer resistance. However, all impedance plots at fully charged states show only one
depressed semicircle instead of two semicircles in the high-to-medium frequency region after 100 cycles
contrast with Fig. 14. Hence, the presence of catalyst of Pt plays a crucial role in converting Li>S2/Li2S
into dissolvable polysulfides and elemental sulfur during the charging process. Besides, the Rt
immensely decrease after cycles, which is attributed to Pt facilitates relocation of the migrated active
materials to the electrochemically favorable position. In summary, a higher affinity between Pt and
soluble polysulfidess and converting them into long-chain species is important for high capacity
utilization of Sulfur and long cycle life.
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4. CONCLUSION

In summary, highly ordered Resorcinol-Formaldehyde (RF) resin based mesoporous carbon
materials were applied in the cathode material of lithium sulfur battery. The micro-mesoporous
hierarchial carbon with large pore volume and high specific surface with hexagonal and cubic structures
were obtained through KOH activation process. When the sulfur content was 2 mg cm?, the
sulfur/carbon composite electrode exhibited the best cycling performance when the electrolyte/sulfur
ratio E/S was 15 puL mg™. Due to the advantages of pore volume and specific surface area, the sulfur
loading within RF-2-A carbon with hexagonal mesostructure is up to 70%. The first discharge capacity
at 0.2 C current density is 819.7 mAh g*. After 100 cycles, the reversible capacity is 504.5 mAh g, the
capacity retention rate is 61.5%, and the Coulombic efficiency is close to 100%. In addition, the cage-
type pores with the small pore entrance in RF-1-A are more beneficial to the adsorption of polysulfide
than the long range column holes in RF-2-A, which can inhibit the shuttle effect, achieve better cyclic
stability, and improve the battery performance. However, the weak physical adsorption of polysulfide
with mesoporous carbon can only delay the mass transfer process of polysulfide, and the capacity decay
is still constant. In this study, the electrocatalytic properties of metal Pt were taken into account, and
metal Pt nanoparticles were obtained by the reduction of metal directly in the process of carbonization
of the raw powder. The capacity retention of RF-1-Pt-A-60S and RF-2-A-Pt-70S composites is 74.3%
and 67.9% respectively after 100 cycles of 0.2 C current density. With the doping of metallic Pt onto
carbon host, the composited carbon material can in situ adsorb long chain polysulfide, prevent the free
diffusion and migration of polysulfides, inhibit the shuttle effect, and catalyze the conversion of short
chain polysulfide to long chain polysulfide, reduce the deposition of Li»S; and Li.S, decrease the battery
impedance, improve the utilization of active substances, and maintain the cyclic stability.
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