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ABSTRACT:Lithium sulfur (Li S) batteries are attractingmmmmem— 1200 -
N 6.1 mg cm™ S loading with CNP22/PF

substantial attention because of their high-energy densities " -
and potential applications in portable electronics. Howeve 7

intrinsic property of LIS systems, that is, the solubility of; N
lithium polysuldes (LiPSs), hinders the commercialization of _ &
Li S batteries. Herein, a new material, that is, carbon nit . -
phosphorus (CNP), is designed and synthesized as a supg 38 ‘ : e .

LiPS adsorbent to overcome the issues Sflhatteries. Both e 0 20 40 60 80 100 120 140

NP22/PF. Cycle No.

the experimental results and the density functional théfory
(DFT) calculations comm that CNP possesses the highest
binding energy with LiPS at a P concentratio22% (CNP22). The DFT calculations explain the simultaneous existence of
Li N bonding and PS coordination in the sulfur cathode when CNP22 interacts with LiPS. By introducing CNP22 into the
Li S systems, a scient charging capacity at a low cwtatage, that is, 2.45 V, i®etively implemented, to minimize the

side reactions, and therefore, to prolong the cycling lifeSagylstems. After 700 cycles, &ldell with CNP22 gives a high
discharge capacity of 850 mAtemd a cycling stability with a decay rate of 0.041%.cteincorporation of CNP22 can
achieve high performance in%.ibatteries without concerns regarding the LiPS shuttling phenomenon.

KEYWORDS:carbon nitride phosphorus, lithsutfur batteries, adsorbent, lithium pédgsshuttling phenomenddpénd,
DFT calculation

1. INTRODUCTION batteries. The obstacles related to the anode include Li

The rapid development of modern society and the electronﬂ,uc!eat'gn and sharp den_drltlc growth ‘during battery
and automobile industries have led to the need for electrﬁyd'n‘f‘_ On _the cathoc_ie side, the shuttle phenor_nenon,
chemical-energy-storage systems (ESSs) that eliminate %ural insulating propertl_es of S, and volume expansion of the
problem of smog related to internal combustion engine ar cathode (80%) are major problems that cause st

their release of NOSQ, CO,, and other particulates. There is c@Pacity fading in L8 bgttene%‘? Recently, the con-

also a need to develop advanced rechargeable batteries WitHction of an arttial sohdléalectrolyte interphase layer on
excellent properties, for example, a high capacity, a low weidf€ re ned Li metal surfate ~and the use of Ay/graphite

a low cost, and a high level of safety, to satisfy the evé&S an anode surface pasglyatlon layer to maintain a thin and
increasing energy demand for ESSs. Among various rechaf{Ple SEI layer and to mitigate the shutdeténave been

able systems, lithium-ion batteries (LiBs) address the need f§forded” Some research groups have discovered that the
ESSs and have become prominent in portable electronics &®if-healing of the Li surface by a high current density
stationary applications. However, statistics about battefigatment can sigeiantly suppress the Li dendritic growth
technology growth to date show that conventional LiB systeri§ the parasitic reaction of LiPS with the Li affode.

are reaching their theoretical limits, are expensive to produd¥ticeable improvements in the S cathode performance have
and have some safety isGéntil now, Li S batteries have been achieved by various techniques. For example, some
been considered as the potential candidate for next-generatiddies have reported that the electrochemical performance of
ESSs because of their high theoretical capacity and enekgyS batteries is enhanced by a porous C interlayer between
density, that is, up to 1673 mA H gnd 2600 W h kg,
respectively! Despite these advantages, some technicaleceived: December 20, 2018
problems associated with both Li anodes and S cathodescepted: March 7, 2019
remain and hinder the wide commercialization 086 Li Published: March 7, 2019
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the S cathode and a polyole Im (PF)® ! In addition, ~ Scheme 1. Schematic Model Compares thesEint
free-standing carbon naber and carbon paper have also Mechanisms of LiPS Adsorption between CNP22/PF (Left)
been investigated as ogent interlayers that are highly and Pristine PF (Right) in the LiS Batteries

e ective in limiting the shuttling phenomenon and acting a<
the second current collector, thereby greatly increasing the (/ .« "\
performancé&?® However, unfavorable interactions betweer|
nonpolar C and polar soluble LiPS are the main cause of t
inability of the interlayer to maintain battery performance
Other studies have focused on the use of PFaddni metal
compound (TiQ, InN, Sng FeCgS,, Co(OH),, FeO,, and
MoO;@CNT) as cathode frameworks because of their natur |2
polarization properties, which enable good adsorption
LiPS?* 29 Despite good LiPS adsorption, two key factors, th

. "\

dpouy wnipry
pouy wniyiy

. LS. N " o] i,S,
is, low conductivities and high densities, of such met b
compound simultaneously decrease the energy density 0 Liss |

Li S battery systems. In other cases, C surfaces have b Chcmiu!lbondsz Li-N, S-P
modi ed by N doping to increase the LIPS adsorption o ol e
capability, while retaining the electrical conductivity. Howeve
the LiPS adsorption of these materialsiite and can be
attributed to the low doping concentratiohi. -
Recently, the conventional carbon nitride (CNPO) has\ - O CRPLBE Y,
generally been applied in &i batteries as a supporting
material to capture LiPS. However, the electrochemical
performanggewhas been achieved at low S loading28.85 yjeld of CNP22 is substantially higher (16.8%) than that of CNPO
mg cm?). Weak LiPS adsorption and the very poor(3.6%) (see analysis in tepporting Informatioand Figure S5).
electrical conductivity of carbon nitride are considered to b&fter pyrolysis, the CNP samples were ground, ultrasonicated, and
the main causes limiting theeetiveness of this material. To then washed three times with deionized water and ethanol before
bypass these issues ind.batteries, a new material needs todrying at 80°C in a vacuum oven for 24 h to obtain tinel
be developed and applied not only for the stability & Li Products. The surface area of CNPO (28 frand CNP22 (16 th
batteries but also for the application of high-S-loaded cathodgs) @nd the pore size distributions were woed by the Brunauer
Herein, carbon nitride phosphorus (CNP) is designed an mmett Teller and BarrettJoyner Halenda methodsFigure

. : . b,
synthesized by the simultaneous pyrolysis of urea angz.zyl. CNP-Coated PF FabricatiorPF modication is one of the
diammonium phosphate for applications in the cathode siggost eective methods to achieve higlsiency and to minimize the
of Li S batteries. CNP exhibits strong LiPS adsorption anshuttle phenomenon in L$ batterie§! Therefore, CNP22 was
possesses a higher electrical conduttivitgn CNPO. coated uniformly on the PF (CNP22/PF) to capture and reutilize
Density functional theory (DFT) calculations show thatLiPS e ciently. The CNP22/PF was fabricated by coating a slurry
there is a critical level of substitution of C by P atomsgomprising CNP22, super P carbon (TIMCAL), vapor-grown carbon
which results in an increase in the electrical conductivity arégfnr }nae?gi;;OFL)'/:V'Fggng:g%“s%% )b'?_ggrd(:nfs?tt)lloo?ftgélééi)egTat;; s
the binding strength between LIPS and the CNP substrate; . L
Two di erent mechanisms of LiPS adsorption on CNP-coatetf" 0.7 mg crh Figure S4shows digital photographs of CNP22/PF

o . s casted and after drying. The thickness of the coated layer was also
PF and pristine PF are proposed, as shofrhieme.IThe investigated by a 3D laser microscope, as séejuin S4bTo

analysis of the projected density of states (PDOSs), charggimize the P concentration in CNP, other samples such as CNPO,
density dierences, and Bader charge further shows that iIONP7.2, CNP14, CNP29, and CNP36 coated-PF were also prepared.
addition to electrostatic interactions between Li and N atoms,

P forms covalent bonds with S 8 coordination), which 3. RESULTS AND DISCUSSION

enhances the binding strength of LiPS molecules with the CNP3 1 stryctural Analysis of CNP.CNPx was simply
substrate. CNP, therefore, gives not only pyridinic N but alsg/nthesized and produced with a high yield as noted in the
generates additional P binding sites for superior LiPSyperimental Secti@nd Figures S1 and SPhe morphol-

adsorption. ogies of CNPO and CNP22 were investigated by scanning
transmission electron microscopy, which show nanoporous
2. EXPERIMENTAL SECTION structures and uniform distributions of C, N, and O for CNPO

2.1. CNP Synthesis.Herein, polar CNP materials were (Figure S3aand C, N, O, and P for CNP2Zi¢ure S3b)cX-
synthesized by simple pyrolysis of urea gNFHD) and ray diraction (XRD) was used to investigate the crystal
diammonium phosphate ((NHHPO,), as shown ifrigure Slin structures of CNPO, CNP7.2, CNP14, and CNP22, which
detail, a mixture of (NJLCO and (NH,),HPO, was placed in a correspond to P concentrations of 0, 7.2, 14, and 22%,
crucible, which was then sealed with an aluminum foil and a cover ggspectivelyHjgure &). The XRD pattern of CNPO shows
top. The pyrolysis was pga:rformeld arssr2 hin ";‘]box fumacef'” two peaks, at 13.and 27.3 corresponding to the (100) and
air at a ramp rate of % min " (Figure Sla The amount o H002) planes, respectively. Interestingly, the peak intensities
(NH,),HPO, was varied to change the P concentration in the CN o . . -

- _ - decrease with increasing content of P in CNP, and no peak is
samples, that is, CKPx =0, 7.2, 14, 22, 29, and 36) corresponding .. . . .
to P concentrations in CNP of 0 7.2 14. 22 29 and 3go@bserved for CNP22. In addition, high-resolution TEM images
respectively, as shownFigure S2aThe average particle sizes of (I_:lgurg b,c) and their Corresppndlng selected-area electron
CNPO and CNP22 are smaller than 200 nm as seen from scannily raction (SAED) patternsFigure @,e) conrm the
electron microscopy (SEM) imagé&sy(re S1lb)c The obtained crystallographic structures of CNPO and CNP22. The CNPO-
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Figure 1.Structural analysis of CNP. (a) XRD patterns of CNPO, CNP7.2, CNP14, and CNP22; (b,d) high-resolution TEM images and SAEI
patterns for CNPO; (c,e) high-resolution TEM images and SAED patterns for CNP22. The images show that CNPO has a crystalline phase, wh
CNP22 is a mainly amorphous material. (f,g) Lattice constants of CNP0O and CNP22, respectively; the atomic bonding structures in insets in
(f,g) are used for DFT calculation, with black, blue, and pink spheres represent C, N, and P atoms, respectively. (h,i) Corresponding electron
gap structures obtained by using hybrid GGA and the SE06 functional, for CNP0O and CNP22, respectively.

SAED pattern shows two miction rings, that is, inner performed by Zhang et al. coned that P doping in CNPO
(bright) and outer (dim) rings, corresponding to the (100) leads to the replacement only of the C afdiBscond, the

and (002) planes{gure d). No di raction ring is observed energy-dispersive X-ray spectroscopy results of various
in the CNP22-SAED patterhigure &). These results are in - concentrations of P in CNFFiure S13show that the P
agreement with the XRD patterns, which roorthat the  peak intensity clearly increases with decreasing C peak
crystallinity of CNPO dérs from that of CNP22 and that the jhtensity (when compared to the N peak) from CNPO to

CNP structure varies according to the P content. The atoMENP36. This nding sugaests that the P substituent occurs
bonding structure of CNP22 is assumed as shown in the ins . g sugg

in Figure , based on the following proofs. First, 1o o%tly at the edge C atoms. Third, the study of binding energy

incorporate the P atoms in the atomic structure of CNPO(,BE) by the X-ray photoelectron spectroscopy .(XPS)
the DFT calculations were performed for both interstitial angd'€2Surement conducted on CNP22 powder (as discussed
substitutional doping P, which shows the substitutional dopirgf'®%) shows that only bonding between P and N exists.
P in CNPO oering the minimum energy cgarations. In all imilarly, no bonding between P and C is observed in the
cases of substituting P to C or N, only the substitution of théeconvolution of the C 1s XPS spectra of CNPO and CNP22
edge C (G positions in the inset Figure S14ahat creating ~ powdersKigure S9eThese arguments reinforce the accuracy
the bond of two heptazine rings will create a symmetrical aiedl the atomic bonding structure of CNP22 presented in this
stable atomic structure. Further, the experimental studyudy.

C DOI:10.1021/acsami.8h22249
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Figure 2.Analysis of binding energies between CNP22 and LiPS. (a) Plot of binding energies of various LiPSs on CNP22. (b) Schematic diag
of the charge density drence after adsorption ofS;on CNP22. Yellow, green, black, blue, and pink spheres represent S, Li, C, N, and P atoms,
respectively. Charge accumulations and depletion are shown in dark yellow and aqua blue color, respectively. The red cit¢lbasithws the Li
and the blue circle shows theSPhond. (c,d) PDOS forJtS; adsorbed on the CNP22 substrate: (¢) Orbitals around Fermi level for P and S show
the P S covalent bond, and (d) orbitals around Fermi level for Li and N showNhelddtrostatic bond. (e) SEM image and (f) S elemental
mapping for CNP22/PF after 100 cycles. The inset in part 2e shows a digital photograph of CNP22/PF after disaSsethb{mg)LP 2p

scanning XP spectra for CNP22 powder and CNP22/PF, respectively. (i) S 2p scanning XP spectra for CNP23/BFRak{folpion

spectrum of the electrolyte solution (diluted 10 times before measurement) without and with CNP22; the mid-right inset shows photograph
original vials containing the electrolyte solutions without and with CNP22.

The DFT calculations were performed on the atomithe CNP22 from 7.14 to 8.49 Kigure ). Therefore, the
bonding structures (insetshigure 1,g) by the Vienna Ab  amorphous phase of CNP22 can be explained by the loss in the
initio Simulation Packaewhich shows that the lattice periodicity of the CNP22 at smaller lattice constant value of
parameter increases from 7.14 A in CNRfu(e 1) to 8.49 CNPO (7.14 A). For the band structure, the theoretical band
A in CNP22 Figure §). The intervention of a saiently gap of CNPO is calculated to be ca. 2.8Fg\re h), which
high amount of P atoms in the phase formation of CNP resulis consistent with previously reported experimental band gap
into a gradual phase shift from the crystalline phase (of CNPORlue$™*? Contrarily, the band gap of CNP22 narrows
to amorphous phase (of CNP22). The increase in the latticgigni cantly, which indicates that it may have a better
parameter and degree of atomic disorder in CNP22 caronductivity than CNPO={gure i). It is observed that the
enlarge the volume and external pressurégskeS)on the band gap of an amorphous semiconducting material is smaller
optimized unit cell with a gradual increase in the Pthan that of the corresponding crystalline material because of
substitution, which distorts the periodicity of CNP22, whereaie presence of band tailsThis result corrms that the
CNPO maintains the periodicity, as showrigare £ The change in the crystallinity of CNPO to the amorphous state
increase in the volume of the unit cell of CNP22 is due to theaused by substitution with 22% P could decrease the band gap
large atomic radii of P than C, which sources the increaseand increase the electrical conductivity of the CNP22 material.
external pressure on the unit cell. The energetically stabliée transition to the amorphous phase and decrease in the
geometry of the CNP22 at absolutely zero external pressurand gap of CNP22 are very important premises for the
can be retained only with an increase in the lattice constantsdlection of a supporting material ind_systems.

D DOI:10.1021/acsami.8h22249
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3.2. Binding Energies of CNP22 and LiPOnce the Figure S8hows the surface morphologies of the cathodes with
above CNP structures were investigated and optimized, t&NP22 and CNPO after 100 cycles. The surface of the cathode
LiPS adsorption by CNP was studied andeektineoretically  in the L|ICNP22/PHS cell Figure S8aremains more stable
and experimentally. The redox species of Li angBSx(Ei 1, than the surface of the cathode in tHENWPO/PHS cell
2, 3, 4, 6, and 8) and their optimized structures are shown {fFigure S8f which can be explained, based on the DFT
Figure Spwhere the LiS bond lengths are shown to be in calculations, as the deformation and relaxation of CNP22
agreement with previous stufiie¥he eects of various during charge interactions with LiPSgre Sy It is
adsorbed LiPS on CNP22 were examined by performing Bfonceivable that CNP22 stabilized S migration and helped to
calculations, as showrFigure 2. Clearly, all of the soluble maintain the cathode integrity during repeated volume
LiPS molecules present BE values in the approximate range@inges with cycling. SEMigure 2) and S-elemental

2to 6 eV, corresponding to attractive interactions, Whiclapping Figure # were performed on CNP22/PF to
explains the good LiPS adsorption capability of CNP2Zqyestigate the LiPS adsorption capabilities of CNP22. The
Moreover, the interaction of&jon the CNP22 supercell was resylts show that ca. 10.79% of S is captured on CNP22/PF,
proposed by DFT calculation to predict the LIPS adsorptioQhich is higher than ca. 2.84% on CNPOMPEufe S9¢
intensity of the CNP22. Compared to the structure befor,gicating that CNP22 provides far better LiPS adsorption.
relaxation Kigure S7aa buckling of ca. 2.48 A is observed The chemical interactions with LIPS were ethby XPS of
after relaxatiorH(gure S7p which indicates the deformation he gyrface of CNP22/PF after the 100th cycle and on pristine
of the CNP22 substrate by a strong interaction with the LiP&npoo powder. The XPS spectrum of CNP22/PF contains
The BE values for 5 with various substrates were alsoy,, peaks, at 133 and 189 eV, which do not appear in the
calculated using DFT and are listedable 1 The highest CNPO/PF spectrum. These new peaks are assigned to P 2p
. . . . and P 2s bonds, as seefigure S9arhe P 2p spectrum of
Table 1. Binding Energies of i3 with Various Substrates  ho cNP22 powdeF(gure @g)ushows two peaEs,%t 133.3 and
substrate pristne PE CNPO CNP7.2  CNP14  CNP22 134.3 eV, corresponding toN?® and C O PO, bonds™®
BE of LiS (eV) 1.27 4.39 5.15 7.53 9.28 The P 2p spectrum of CNP22/PF after cycling in thg tell
(Figure B) was deconvoluted into four P components, of
binding strength, that is9.28 eV, is achieved with CNP22, which two counterparts belong to the intrinsitl BRnd C
whereas this value with pristine PF is very small, tHatis, @ O PO; bonds, whereas the peaks at 132.7 and 133.7 eV can
eV which corrms that the critical P concentration of 22% isbe ascribed to -C*° and P S bonds, respectively. TheCP
the most suitable candidate for use irsLsystems. bond in this case refers to the bond between the P of CNP22

The di erences in the typical charge densities were analyzadd the C of the conducting agent. For the S peaks, the spectra
to visualize the adsorption interactions between LiPS ard S 2p in CNP22/PHHigure B and CNPO/PF Figure S9b
CNP22, as shown figure B. The charge cloud is shared show coincidence at low-energy bands such as 161.5, 162.7,
equally between P and S because of their similar electd$3.3, and 163.9 eV, which corresponds to the terminal S, C
negativitie$; whereas the accumulation of a charge cloud ne&, bridging S, and central S polysulbonds, respec-

N (yellow region) and change depletion near Li (blue regionjively”’ *° Notably, we observe a peak at 164.6 eV in the S
results in ionic interactions between Li and N atoftse 2p spectrum of only CNP22/PF. Our DFT calculations
PDOSs were also analyzed determine the types of suggest that the peak at 164.6 eV can be attributed td?the S
interactions between®jand CNP22. Sigrdant overlapping bond. Another study has comned that S with this peak
of the orbitals of P atoms with those of S around the Fermgiosition tends to act as an electron dohehich agrees well
level conrms covalent bonding between P and S atomsvith our DFT calculations.
(Figure 2). In contrast, the almost negligible overlapping of In addition to the chemical interactions assessed above, LIPS
the orbitals of Li and N atoms indicates ionic interactiongdsorption on CNPO and CNP22 was also visualized by
(Figure ®). The P atoms in CNP22, therefore, interactconducting adsorption experiments (the color chang&of Li
covalently with the S atoms, whereas the N in CNP22 intera@sd LjS, solutions), as shown liigure S10It can be seen
electrostatically with Li from LiPS. Additionally, a Badethat 0.2 mmol L& in the electrolyte solution is partially and
charge analysis was conducted to quantitatively determine ttmnpletely adsorbed by 50 mg of CNP22 after 15 and 45 min.
ow of charge transfer between the LiPS and CNR®&( In contrast, a negligible color change is observed for the vial
S9). For the adsorption of a,&i molecule on CNP22, the containing CNPO after 45 min. These results show that
Coulombic charges on Li before and after adsorption a@NP22 adsorbs a sigrant amount of k% (Figure S10a
estimated to be ca. 0e8fnd 0.5 respectively, suggesting and LS, (Figure S10kand distinctly changes the color of the
that Li partially transfers its charge to N. Similarly, the&oncentrated LiPS solution. The adsorption capacity of
Coulombic charge on S changes from &a/2 before CNP22 was further investigated by adding additio®gl Li
adsorption to 0.54 after adsorption, indicating charge as seen irFigure SL11After 90 min, 50 mg of CNP22
transfer from LB to CNP22. The charge transfers for othere ectively adsorbs more than 0.3 mm&},Livhich indicates
LiPS are listed ihable S2These results show that the chargethe strong LiPS adsorptivity of CNP22. Furthermore, to
is directly transferred from LiPS species to CNP22 in tBe Li measure the characteristic adsorption spectrus&airid to
systems. obtain a scientt view of LiS; adsorption of CNP22, the

To con rm our theoreticalndings and to assess theacy solvents in the color change test (showtignre SI0were
of CNP22, the following cell cgurations were used to measured with UWis spectroscopy. The blue lin€igure
clearly compare the utility of CNP22 and the electrochemicadj depicts a very low intensity of spectrum, which means that
performances of L6 cells, that is, [CNP22/PHS and L no LiLS remains in the electrolyte solution, implying that
CNPO/PHS, with Li as the anode, maatl PF, and S cathode. CNP22 adsorbed all,&j.
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Figure 3.Electrochemical properties of tHENP22/PHS cell. (a,b) CV data for L$ cells with pristine PF and CNP22/PF, respectively. (c)
Comparison of the 8th cycles in CV curves (scanning rate 0.09 amd €d) rate performance ofRHS and LUCNP22/PHS cells. (e) Self-
discharge of |JBHS and UCNP22/PHS cells after one cycle. The inset shows the charge/discharge curvestfoydheeat 0.2 C. (f) Charge/
discharge curves at 0.2 C after 14 days of the self-discharge monitoring of tBecells.Li

3.3. Electrochemical Properties of the LICNP22/PiS the stable and complete electrochemical conversion from the
Cell Con guration. A deeper analysis of the electrochemicakhort-chain polysules to S. In detail, the peak at 2.3 V
behavior of LiS cells was performed to theoretically andcorresponds to the oxidation of short-chain padesu(L}S/
experimentally verify the good LiPS adsorption of CNP2Ri,S) to Li,S, and the peak at 2.39 V corresponds to the
(Figure 3. Cyclic voltammograms of S cells with pristine  oxidation to the long-chain polysiels and $°° The
PF or L|PHS and UCNP22/PHS are shown and compared complete conversion shown in the charging process means
over eight cycles at 0.05 m\* §Figure 8). The peak that CNP22 acts as a strong electrochemical catalyst, which

intensities in the cyclic voltammograms of tfRHSi cell helps to maintain the high performance of the discharge
(Figure @) are relatively weak because of the low S utilizatioprocess.
Whereas more intense peaks are observed witlciie22/ Furthermore, the rate capabilityFigure &8 reveals the

PHS cell Figure B), indicating high S utilization. Addition- signi cantly high performance of thgCNP22/PRS cell

ally, the dierence between the positions of the cathodic peakompared to that of the|RHS cell, tolerating 0.2.0 C.

at 2.32 and 2.04 VFigure 8), which correspond to the Percentage capacity changes of 8.6% (to 0.5 C), 8.2% (to 1 C),
conversion or reduction of, $espectively, is insigrant* 11.5% (to 1.5 C), and 11.4% (to 2 C) are observed, and 78.4%
This nding suggests that CNP22 imparts no adversts & of the capacity is retained at 1 C after cycling at various C
the electrochemical performance of theéSLcell. In the  rates. The enhanced rate capability can only be explained by
anodic sweep, the drence between the peak positions of thethe good LiPS adsorption to and desorption from CNP22,
LIICNP22/PHS cell is more pronounced and with a shiftwhich contributes greatly to the alleviation of LiPS shuttling
toward lower voltages that represents a reduction in thend the retention of the electrochemical reversibility. In
electrode polarization, which could stgmitly prolong the another aspect, experimenting wittSLbatteries shows that

cell cycling lifé In addition, two separated peaks are observethey seriously ser from self-discharge, which is mainly
at 2.3 and 2.39 V for the|CNP22/PHS cell, which are caused by the shuttling of LPShis phenomenon leads to a
indistinguishable for the case of tiiegHS cell, and indicate low shelf-life, which impedes the commercialization f Li
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Figure 4.Electrochemical performance of th@eNP22/PHS cell. Comparison on electrochemical properties oftA8 bind LICNP22/PHS

cells, with a sulfur loading of 3.2 mg®cifa) electrospray-ionization spectroscopy results and (b) electrochemical performances in long-term

cycling. The inset shows digital photographs of pristine PF (left) and CNP22/PF (right) before cell assembly. (c) Galvanostatic charge/discha
voltage prdes at the 288th cycles.

batteries. The self-discharge processe{CPRR/PHS and that the actual increase in the electrochemical performance
Li|lPAS cells were gathered by recording the open-circuétchieved by adding CNP22 more than that compensates for
voltages over 14 days after both cells had undergone one th# energy reduction caused by the inert CNP22. This
cycle at 0.2 CHigure 8). The voltage of the |PHS cell improvement is possible because S use does not usually reach
decreases rapidly to 2.11 V (a declind df7%) over 10 days, 100% (1673 mA h §, for all S cathodes.
whereas the [ANP22/PHS cell retained a voltage of 2.38 V  On the basis of the electrochemical impedance spectroscopy
(a decrease 0f1.65%) after 14 days. Then, both cells wereobtained before cycling, the charge-transfer resistances are
tested for their electrochemical performance to assess mestimated to be 22 and 110cn¥ for the L|PAS and Li
detail about their capacity maintenance (as shokiguire CNP22/PHS cells, respectiveliqure 4). The impact of the
3f). The second cycle shows that tHEAS cell maintains CNP22/PF layer may be considered as the key for the
67% (556 mA h @) capacity after the self-discharge decrease in impedance, and it is a starting point to explaining
monitoring process, which is a siamt loss of capacity the high-cycling performance of tHENP22/PHS cell over
when compared to that of thgQNP22/PHS cell (loss 700 cycles, as showrrigure #. In detail, the IRPAS cell (at
2.4%). This dierence in self-discharge is a clear evidence 6f5 C) shows a rapid decay in discharge capacity from 704
the good LiPS adsorption properties of CNP22 that help t¢42% use of S) to 589 mA h¢84% capacity retention) after
suppress spontaneous reactions between Li and S. Th&0 cycles that indicates a siamt loss of active material.
property plays an important role in stabilizing the electrodnder equivalent cycling conditions, the discharge capacity of
chemical processes in &i systems, which are crucial for the LICNP22/PHS cell decreases from 1204 mA™{(72%
constructing reliable and practicalS_batteries. use of S) to 1079 mA h'g90% capacity retention), that is, a
3.4. Electrochemical Performance of UCNP22/PIS signi cant improvement in the electrochemical performance is
Cells. The above analysis focuses on the electrochemicathieved. A comparison of the energy densities of t&o Li
properties of the JGNP22/PHS cell, which partially cams cell congurations shows that the volumetric and gravimetric
the overall electrochemical performance & t&ll; however, energy densities increased by approximately 49.1%hb(see
the electrochemical stability of a full cell goration for a  S3 and 49.6% (se€able S} respectively, with an apparent
long period needs to be further investigated. It should be notéatrease in the cycling life (from 159 to 288 cycles, based on
that in the design of cell components with added inactivihe cycles that gave 80% of the initial capacity). Over 700
materials, the ects of the inactive materials on the volumetriccycles, a capacity retention of 1.8% (capacity of 12.6 A h g
and gravimetric energy densities should be carefully assesisedbtained for the |EHS cell; this value is sigrantly lower
The appropriate thickness and areal loading of the carboiran 71% (capacity of 850 mA R)@f the LICNP22/PHS
mixed CNP22 were designed to be @1(Figure S4pband cell. Furthermore, the decay rate calculation of@¢H22/
0.7 mg cn?, respectively; these values correspond to 9.3% BHS cell is only 0.041% cyé&levhich is signcantly lower
the overall thickness and 2.74% of the mass, as based on athah 0.14% of the |PHS cell. After 288 cycles, a Coulombic
the cell components. Although introducing inactive materiaés ciency (CE) of 99% is achieved for tH@NLP22/PHS cell,
into cell systems may lower the energy density, we later sheubstantially higher than 77% of tfeHS cell, indicating that
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Figure 5.Reliable ICNP22/PHS batteries. (a) LiS cells at a high-S-loading of 6.1 mg and CNP22/PF (at 0.5 C), with two charging cuto
voltages, i.e., 2.8 and 2.45 V. (b,c) Corresponding galvanostatic charge/distdmofeh@di S cells operated in the range 2.8 and 1.7

2.45 V. (d) Discharge capacity and areal capacity of high-S-loaded (82t Irhg@ell with CNP22/PF (at 0.5 C) and the voltage range 1.7

2.45 V. (e) Electrochemical performance of a 4-ste®lpaiuch cell (at 0.2 C) with the high-S-loading cathode of 6.1 i@lueninset in (e)

shows a digital photograph of the 4-stac& piouch cell (3 5 cnf). (f) Powering a minihelicopter by two Bi pouch cells (8-stack in each

pouch cell), which have estimated the capacity of 1400 mA h. The left inset shows a LiB provided by a manufacturer for a minihelicopter, and
inset shows two 8-stack pouch cells before packaging.

CNP22 eectively mitigates the migration of LiPS from the Scycling performance deteriorates, with a discharge capacity of
cathode to the Li anode. It is known that the charge-transf@76.2 mA h ¢ after 132 cycles. Interestingly, the cuto
capability in a LiS cell is directly proportional to the reaction voltage of 2.45 V delivers a higher discharge capacity, that is,
kinetics, as rected in the polarization of the voltage 759 mA h g'. The voltage prdes at the 5th, 25th, 80th, and
pro les>® The averaged polarizations obtained from thel32nd cycles of the cell operated in the range®.8. %
voltage prdes of the 288th cycle are calculated to be 328howed a sigriant decrease in capacity (retention of 48%)
and 265 mV for the BHS and UCNP22/PHS cells, after 132 cycles-(gure 6). However, in the case of the cell
respectively Higure 4), which are in agreement with the operated in the range 12745 V, the capacity retention is
CV analysis shown igure 8. The lower polarization in Li  86%, as seen Iigure 8. This result implies that shuttling
CNP22/PES cell means that there exists a greater number phenomenon may possibly be promoted by the faster oxidation
active sites created by the presence of C, N, and P, whichLiPS at high voltage. There is no sigmit eect on the
improves the anity of CNP22 toward S and the conducting charging capacity from 2.45 to 2.8 V, but this high-voltage
agents. This property enhances S utilization and maintairenge damages the electrodes because side reactions between
stable redox reactions between S and Li over long cycling.the Li anode and the electrolyte, LIPS or salt may consume
3.5. Constructing Reliable LICNP22/PF5 Batteries. active materials and passivate the Li anode interface, as well as
After conrmation of the high electrochemical performanceinduce the formation and proliferation of Li dendfitahen
the construction of reliable|@NP22/PHS batteries was CNP22 is applied, the L$ cell can be fully charged at a low
performed for comparison with LiBs, especially in terms @ito voltage, that is, 2.45 V, which helps to alleviate shuttling
volumetric and gravimetric energy densities. In practice, mastd preserve the Li anode. We assume that the electrochemical
cathodes designed for LiBs have an areal capacity greater tinéeractions occur directly on the CNP22 substrate, as
4 mA h cm? The S cathode was designed to contain morelescribed above, and can allow the recharging process to be
than 6 mg cnt of pure S to meet this minimum requirement fully charged at 2.45 V. Lowering the charging voltage is
and to ensure the superiority of theS.icell over the LiBs. therefore crucial for improving the cycling ability of the Li
However, the capacity of a &i cell with a high-S-loaded CNP22/PHS cell at a high-S-load. We reassert the above
cathode drops sharply because of the physicochemicainclusion by testing the electrochemical performance of the
instability of the electrodeThe presence of concentrated Li|CNP22/PHS cell at a higher S loading of 8.4 md.cas
LiPS in the electrolyte greatly decreases the stability of thedhown inFigure 8. The result shows that the cell capacity
anode’” More importantly, we assume that a high chargingeaches 590 mA h'gat 0.5 C) after 63 cycles, with an areal
voltage may increase parasitic reactions on the Li anodapacity of 4.95 mA h ctthis capacity exceeds that of the
surface. Therefore, the charging cutidtage for pragmatic LiBs. However, the above results are based on a coin-cell
cycling conditions needs to be carefully chosen and evaluateoh guration, which might not directly translate to the
The cycling performances of tHENP22/PHS cell at high-S-  performance of actual IS batteries, especially when the
load (6.1 mg cnf) with various charging cutwoltages are  batteries are constructed with larger dimensions and multi-
shown inFigure a. The CE values over 132 cycles are 77.4tacked comurations. We, therefore, fabricated multistacked
and 95%, corresponding to cuoltages of 2.8 and 2.45 V pouch Li S batteries and investigated their electrochemical
(Figure @), respectively. For the cutmltage of 2.8 V, the performances for practical applicatibiggire 8 shows the
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capacity of a 4-stack (sizex % cnf) pouch cell with a S analysis; volumetric energy density; gravimetric energy
loading of 6.1 mg crf which ran steadily over 74 cycles at 0.2 density; percentage of pure S in the S/C composite; and
C. A digital photograph of the 4-stackS_pouch cell after SEM and corresponding EDX measurements; optimiza-
assembly is shown in the inseftigure 8. The results show tion of P concentration in CNPDP

that a capacity of 699 mA it @gnd CE of 93% are obtained

after 74 cycles. To the best of our knowledge, such a high-S- AUTHOR INFORMATION
Ioad_ed multistack pouch cell has not been shown in preViot‘,’%rresponding Authors

studies. The excellent performance of such a pouch cell W"i‘:s-mail'krlee@kist re KK.R.L.)
further established by replacing the power supply of @E-mail:wonic@kis't ré KWIC)
minihelicopter, which was designed by the manufacturer for ’ R
use with a 1000 mA h (LiB) batterfyidure §. Two Li S
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connected in series with a minihelicopter (total estimateduthor Contributions
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