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Abstract

A carbon composite including €9; (Cr,O;@C) and benefitting of a metal organic framework
(MOF) precursor is herein synthesized, and ori¢yrnainployed in a semi-liquid lithium-sulfur cell
using a catholyte solution formed by,& polysulfide, conducting lithium salt and film fonng
additive dissolved in diethylene glycol dimethyhet (DEGDME). The adopted cell configuration
may actually allow the porous structure of the M@Erivative to efficiently enable the
lithium/sulfur electrochemical process. Thus, dinue, chemical composition, morphology and
porosity of the composite are investigated by X-d#fraction, X-ray photoelectron spectroscopy,
scanning electron microscopy, and Bdsorption/desorption isotherms, respectively. tata
reveal a mesoporous material consisting of aggedgatanometric particles (<100 nm) with
relatively high BET surface area (176 gi’), uniform element distribution, and a carbon contf
about 13 wt.%. Cyclic voltammetry of the Og@C in semi-liquid lithium sulfur cell using the
catholyte solution shows a reversible reaction vast kinetics and Li-diffusion coefficient ranging
from about 3x1§ cn? s* at 2.4 V vs. Li/Ll, to 1x10° cn? s* at 2 V vs. Li/Li". Furthermore,
electrochemical impedance spectroscopy revealsyastable interphase with an impedance below
5 Q after an activation process promoted by cyclinge Bemi-liquid Li/S cell operates with

remarkable stability and efficiency approaching%)@delivers a capacity ranging from 900 mAh g
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1 at C/10 rate to 780 mAh'gat C/3 rate, and performs over 100 charge/diseheygles with very

modest capacity decay.
Keywords. MOF; CrOgs; carbon composite; catholyte; semi-liquid Li/Stbat
Introduction

A proper energy policy can drive the modern socfetyactually improving the life quality. On the
other hand, an energy demand principally basedossilffuels may lead to pollution, excessive
emission of greenhouse gasses, and severe envintadneballenges affecting health and climate
[1,2]. In this view, an efficient and possibly lavest energy storage is expected to allow the large
scale use of environmentally compatible, while didmuous, renewable energies such as wind and
solar, further improve information and communicatiechnologies, and promote the large scale
diffusion of “green” applications such as electréhicles (EVs) [3]. Lithium-ion battery (LIB), one

of the most attracting electrochemical energy sgoraystems, has well promoted during the last
decades the worldwide diffusion of portable elemits, smartphones and laptops [3—6]. In its most
typical configuration, the LIB is based on insemtiar intercalation electrodes such as graphiteeat t
anode and layered transition metal oxide at thieockd, and has energy density ranging from 180 to
250 Wh kg* with remarkable number of charge/discharge cyi@esThe need for increased energy
density to fully match the requirements of emergagpplications (e.g., for extending the driving
range of EVS) and the raise of issues ascribeldeadlevant cost and possible toxicity of transitio
metals such as Co, triggered the research fornalige electrochemical energy storage systems
[7,8]. Lithium sulfur (Li/S) battery presently apgre as one of the most promising systems in terms
of energy content and cycling ability [9], howeweith still intrinsic gap between fundamental
research and practical application [10]. IndeedS laell has a theoretical specific capacity of 1675
mAh g‘l, that is, about one order of magnitude greater that of common intercalation materials
used in LIBs, and a theoretical energy densityigis &s 2500 Wh kg [11]. Furthermore, sulfur is

characterized by a remarkable abundance, releveumoamental compatibility and low cost [12].



These very attracting characteristics may be jebpad by the low electronic conductivity of
sulfur, which has an insulating character, andngydolubility of the Li/S reaction products, that i
the lithium polysulfides, which can shuttle fronethathode to the anode and cause loss of active
material and severe limitation of cell efficienaydacycle life [13]. Several strategies, includihg t
use of various carbons [14,15], conductive polyni#6s17], metal oxides [18,19] and nanometric
metals [20] into the electrode formulation have rh@eoposed to mitigate these shortcomings.
Polypyrrol (PPYy)@Mn@@S with dual core-shell structure exploited theapdMnQ, hollow
spheres to provide inner space for alleviatingubkime expansion for sulfur, and to effectively
moderate the dissolution of polysulfides by syrsigieffect of structural restriction and chemical
adsorption, and generate sufficient electrical catidn. The LiI/PPy@Mne@S cell delivered
capacity ranging from about 1400 at 0.1C rate tw&B00 mAh " at 1C rate and a capacity decay
rate of 0.048% at 0.5C over 500 cycles [21]. Furttege, MNQ/GO/CNTs-S composite with
three-dimensional architecture was synthesized bgieapot chemical method and heat treatment.
The MnGQ/GO nanosheets anchored on the sidewalls of CNTsahaual-efficient absorption
capability for polysulfide intermediates. The eftede delivered in lithium cell capacity from 1500
mAh g at 0.05C rate to above 900 mAR' @t 1C rate [22]. Recently, a bimetalliorganic "
framework hosting sulfur nanoparticles exploitedrqus graphite and cobalbickel oxides
(C/NiCo,04) to physically and chemically entrap polysulfidesnd for enabling electrode
conductivity. The composite sulfur cathode delidene lithium cell an initial specific capacity of
about 970 mAly ™ at 0.5C and final capacity of about 670 ngsh over 500 cycles [23]. Various
alternative methods with very promising resultseventhermore adopted to prepare sulfur—carbon
composites and achieve sulfur anchorage, inclutirgitu deposition at the interspaces between
carbon nanoparticles in aqueous solution at roonpégature [24], template/casting for achieving
flexible and free-standing carbon film using CNTsl@raphene [25], clustering in a pomegranate
like structure [26], iron/nitrogen co-doping of phene [27], and nitrogerdoping of

graphene/titanium nitride nanowires [28]. All thesmthesis procedures were devoted to control



the complex reaction of the sulfur in lithium celhich unavoidably involves dissolution and re-
precipitation of polysulfides and sulfur over tHeatrodes with various morphological changes, as
clearly indicated by a recent study of the revéesidonversion of a sulfur—metal nanocomposite
combining X-ray computed tomography at the microd amanoscales and electrochemistry [29].
Metal organic frameworks (MOFs) with micro- and mgmrosity have been suggested to confine
the S particles and efficiently trap polysulfid@9]. Since the first report on the applicationlodge
compounds in Li/S batteries, in particular the MIQO (Cr) [31], new contributions aimed to
improve their performances. In particular, partisiee [32], nature of the metallic element and
ligand [33,34], and coating with polymers [35] hdween considered the most relevant factors for
determining the MOFs characteristics in Li/S battddowever, a partially insulating nature and
H>O molecules connected to their framework by diffiétypes of bonds have led to a significant
drop during cycling and limited the S content ire tctomposite [36,37]. Recently, MOF/S
composites with higher conductivity and improvedfpenances have been achieved by using
conductive additives such as reduced graphene @x&l@) [33,38], graphene nanosheets (GNS)
[39], carbon nanotubes (CNT) [40] and conductivelympers, including poly (3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEER®S) [35] and polypyrrol (ppy) [41].
Another approach for enhancing the electrode candtyc and promoting at the same time the
interaction of the electrode host matrix with tpelysulfides produced by Li/S reaction, consisted

of the use carbon-metal oxide composites obtaired MOFs [30,37,42].

Herein, we extend the latter approach by using raorachromium oxide MOF-derivative in a
semi-liquid lithium-sulfur cell [43,44] exploitinthe catholyte concept [45]. Composites including
Cr,0O3 and carbon, obtained by different procedures, tmeen principally used in Li-ion batteries.
Indeed, C4Os/C electrodes have been efficiently used as Lidfattery anode with enhanced
cycling and rate performance compared with purgdg€due to the important role played by the
carbon in improving the electrical conductivity ©f,Os, inhibiting the aggregation and acting as a

favourable buffer to the volume change during tleeteochemical process [46,47]. Furthermore,
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various cell using the semi-liquid, lithium-sulfaonfiguration have been reported and efficiently
cycled by exploiting polysulfide containing soluit®) indicated so far asatholyte. Three-
dimensional reduced graphene oxide (3D-rGO) spailgsved the efficient cycling of a £$s
catholyte with a capacity of about 1600 mAH gt 0.1C, areal capacity of 3.5 mAh énand 98%
coulombic efficiency over 200 cycles [48]. A celkpdoiting sulfur/meso carbon micro beads
(MCMB) electrode and LBs containing catholyte efficiently operated by dehlwg a specific
capacity approaching 1500 mAR*dor over 80 cycles at a C/5 rate, without sigrifit capacity
decay and with high coulombic efficiency [49]. A% solution has also been used as catholyte in
semi-liquid lithium-sulfur cell by using a porouarbon electrode as the current collector with a
capacity approaching 600 mAR*gfor about 70 cycles [50]. Furthermore, polysulfidas been
included in solid membranes and used in a Li/S we&h capacity of about 1200, 1100, and 1000
mAh g, respectively, at C/10, C/5, and C/3, however witsignificant decay during cycling [51].
Lithium polysulfide has been employed in a flowtbat design with embedded current collector
networks exhibiting an electrochemical activity tdisuted throughout the volume of flow
electrodes rather than being confined to surfadestationary current collectors. The nanoscale
network architecture enabled cycling of a polysldfisolutions deep into precipitation regimes at
C/4 rate, with an initial capacity of 1200 mAR*@nd a capacity retention of 50% over 100 cycles
[52]. These semi-liquid systems based on cathdlgiee mainly employed a carbon material as the
support for the electrochemical process, whileatmbination of GiO; and carbon has never been
exploited in a semi-liquid Li/S cell according teet best of our knowledge. Nevertheless;Ggr
decorating carbon nanofibers were employed asrgpati a multifunctional separator for high-

performance Li-S batteries using @3¢ catholyte solution [53].

Therefore, the cell formed in our work by combinithg carbon-chromium oxide MOF-derivative
(Cr,0s@C) and the LiSg catholyte is expected to allow a reversible cosieer into lithium and
sulfur of Li,Sg active polysulfide, dissolved together with ailitth salt and a lithium-protecting

additive into diethylene glycol dimethyl ether (DBBIE) [54]. This alternative cell configuration
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IS suggested as suitable approach to efficientlgblen optimized performances of the MOF-

derivative composites in Li/S battery.
Experimental Section
Preparation of MIL-101(Cr) and Cr,Os@C composite

The MIL-101(Cr) MOFs were prepared by a previousiyorted method [55,56]. Specifically, 2.0 g
(5.0 mmol) of chromium (lll) nitrate nonahydrater(8Os)s- 9H,O, Panreac) and 0.55 g (3.3 mmol)
of 1,4-benzene dicarboxylic acid BDC, Sigma Aldrich) were dissolved in 50 mL of daied
water under vigorous stirring for 30 minutes to pbetely dissolve the dicarboxylic acid. The dark
green suspension obtained was transferred to arlOUeflon-lined autoclave. The mixture was
sealed, held at 180 °C for 10 h and naturally abdi@wn to room temperature. Subsequently, MIL-
101 was filtered, dipped into distilled water fareoday, filtered again, washed several times with
ethanol, and dried at 80 °C overnight. Then, ash®gized MIL-101 was calcined in nitrogen
atmosphere at 600 °C for 3 h in a tubular ovensjieed of 10 °C mihusing a constant gas flow
of 50 mL min* (preliminary purge was performed at room tempeeafor 30 min using Nflow of

100 mL minY). The final sample is subsequently indicated lgyabronym GiOs@C.
Electrode preparation

The electrode was prepared by mixing 80 wt.% oDa@C, 10 wt.% of conductive agent (Super P
carbon, Timcal) and 10 wt.% of polyvinylidene flide (PVDF 6020, Solvay) polymer binder in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) to formsdurry. Then, a carbon paper (GDL, ELAT
LT1400W, MTI Corp.) was used as substrate and dowaiith the slurry by doctor blade (MTI
Corp.). The electrodes were dried in air for 3 lsoar 70 °C by using a hot-plate to remove the
solvent, cut into disks of 14-mm diameter, and wacudried overnight at 100 °C to remove
residual traces of water and solvent before insgritn Ar-filled glovebox (MBraun, @and HO

content below 1 ppm).



Catholyte preparation

The catholyte was prepared inside Ar-filled glovelfpiBraun, Q and BO content below 1 ppm)
according to our previous paper [54]. Elementafusybowder (Sigma-Aldrich) and lithium metal
chopped (Rockwood Lithium) were mixed in a moldioraf 4:1 and dissolved in diethylene glycol
dimethyl ether (DEGDME, anhydrous, 99.5%, Sigmarisid) with a final LpSg ratio of 5 wt.%.
Then, the yellow suspension was heated at 80 “@hige by stirring, and it turned dark red. To
ensure the complete reaction between sulfur ahditit, the suspension was stirred for two more
days without heating. The catholyte was obtained dolgling to the latter solution lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigmdekich) and lithium nitrate (LIN@ Sigma-
Aldrich) with a ratio of 1 mole of each salt-# 1kg of DEGDME solvent, and stirring for 12 h at
room temperature. The catholyte used as a dissaletde material for the Li/S cell is subsequently

indicated as DEGDME-LEs-1m LINOs-1m LIiTFSI.
Materials Characterization

X-ray diffraction (XRD) patterns were obtained wahBruker D8 Advance diffractometer using
monochromatic Cu K radiation. The patterns were recorded in theahge between 5° and 90° at
a rate of 1& per step with step size of 0.02°. Thermogravimetnalysis (TGA) was performed
using a Mettler Toledo-TGA/DSC under nitrogen olygan atmosphere by heating the sample
from 30 to 800 °C at 10 °C mih X-ray photoelectron spectroscopy (XPS) measurésnerre
carried out using a SPECS mod. PHOBIOS 150 MCDtepeeter using a Mg & radiation and a
chamber pressure able to reach 4 X Ifbar. The textural properties were determined by a
Micromeritics ASAP 2020 system using nitrogen asogldent. Pore size distribution was calculated
by the Barret-Joyner-Halenda (BJH) method appl@edhe adsorption branch of the isotherms.
Sample morphologies were investigated by transomsslectron microscopy (TEM), employing a
Zeiss EM 910 microscope equipped with a tungstermtbionic electron gun operating at 100 kV,

and through scanning electron microscopy (SEM) bgams of a JEOL JSM-7800F for the



Cr,O;@C and precursor powders, and a Zeiss EVO 40 noopas equipped with a LaB
thermoionic electron gun for the L;@C electrode. The SEM was coupled to a microaralysi
system for obtaining the energy dispersive X-ragcs@m (EDS). SEM images of the ,Op@C
electrode were also obtained at the pristine stakex-situ after a galvanostatic cycling test
performed at a constant current rate of C/5 (1&#5ImA g% in lithium cell (see the next section
for further details on the galvanostatic cyclingndions). Prior to the SEM analyses, the electrode
was washed with dimethoxy ethane (DME) to removesjide traces of lithium salts, and

subsequently dried under vacuum at room temper&ud minutes.
Cell assembly and electrochemical measurements

Electrochemical experiments were performed on CR2af8n-type cells assembled inside an Ar-
filled glove box (M-Braun, KO and Q content below 1 ppm). The cells were prepareddiyguthe
disk with 14 mm (1.4 cm) diameter coated by@@C as the working electrode, a lithium metal
disk as the counter/reference electrode and a tglgme membrane (PE, Celgard) as the separator
soaked by 8QL of the catholyte solution, corresponding to aksulfur loading of 4.4 mg. Taking

into account the electrode geometric area (1.53 time sulfur surface loading was 2.9 mgtm

The electrochemical process was studied by cycbttacnmetry (CV) and electrochemical
impedance spectroscopy (EIS) tests, which werdetaout using a VersaSTAT MC Princeton
Applied Research (PAR, AMETEK) analyzer. CV meamaats were performed at a constant scan
rate of 0.1 mV 3 within the 1.8-2.8 V range over ten cycles, as wsllat scan rates increasing
from 0.05 mV &, to 0.1, 0.15, 0.2 and 0.25 mV & order to determinate the lithium-ion diffusion
coefficients D). EIS measurements were taken at the OCV, afteffitkt, fifth, and tenth CV
cycles in the 500 kHz—100 mHz frequency range uaid® mV amplitude signal and the resulting
Nyquist plots were studied by nonlinear least-sgdaiNLLSQ) fitting through a Boukamp tool
[57]. It is worth mentioning that only fits with ;& of the order of 18 or lower were considered

suitable. Galvanostatic cycling tests were caraatwithin the 1.9-2.8 V range with a MACCOR



series 4000 battery test system using C-rates 18,d2/8, C/5, and C /3 (1C=1675 mA’)g Both
specific capacity and current rate were referrethsulfur mass in the catholyte (4.4 mg in the
coin cell). The narrower voltage range employedhim galvanostatic cycling tests was chosen in
order to limit the formation of short-chain polyldés, such as L5, which occurs at lower voltage
values and can lead to poor performances and syd# life of the lithium-sulfur cell [13]. Instead
voltammetry has explored a more extended poteméiaje in order to fully characterize the

electrochemical process of the semi-liquid sultlf asing the GIO;@C composite.
Results and discussion

The changes upon annealing of MIL-101(Cr) precutsoobtain the GO;@C composite are
detected by XRD and TGA in Figure 1. The XRD pattef MIL-101(Cr) shown in Fig. 1a reveals
the characteristic peaks below 25° 6f{21,58]. Above this value, intense peaks not aegigo the
MIL-101(Cr) compound are also detected and ascribatiea-CrOOH phase, thus suggesting the
presence in the pristine MOF of a Cr oxy-hydroxideurity [58]. After heating at 600 °C undep N
only peaks belonging to theCr,O3 phase are detected, while the typical peak of sigaed to
(002) planes is not detected at 26.5° @ftAus indicating its amorphous nature ascribed toild
calcination temperature [59]. The TGA curves of fhestine MOF recorded under,MNand Q
atmosphere, respectively, as well as the curvé@iGrO;@C recorded under Qatmosphere are
shown in Fig. 1b. The TGA curves of MOF under &hd Q reveal similar weight loss of about
20% below 100 °C, which may be likely ascribed e toss of physically adsorbed water. The
observed weight loss is of about 80H(molecules per formula unit) higher than thatorégd by
literature for MOFs with the same chemical compositthat is, CJO(OH)(H.0),(BDC); [60]. On

the other hand, an amount of adsorbed water as d8gh0 % have been already reported in
literature [61]. At temperatures higher than 100 th& weight loss becomes greater in the O
atmosphere, being very pronounced around 300 °Cemte expected oxidation of the organic
matrix occurs. The total weight loss for the MOEqursor is therefore detected at 600 °C to be of

about 70% [61]. Considering the theoretical MOF position, including absorbed water, the
9



theoretical weight loss should be 68.3 % [60]: difeerence with respect to our results (70 %) may
be reasonably attributed to the presence of theeabwentionedu-CrOOH impurity. The TGA
curve recorded under,Neveals different kinetics and a lower overall gi¢iloss, that is, of about
57 %, as expected by the missing oxidation of ttgamic matrix. On the other hand, the TGA
curve recorded under,f the CpO;@C is characterized by weight loss only ascribecC@
evolution, thus indicating a carbon content of abl®i % into the composite. The carbon content
observed for the composite is lower than that etqueby annealing the MIL-101(Cr) MOF [61],
most likely due to a partial volatilization of theganic component during the thermal treatment and

to the presence ofCrOOH impurity in the pristine MOF.
Figurel

The surface composition of the Og@C composite is analyzed by XPS (Figure 2). Theesur
spectrum (Fig. 2a) clearly indicates the presefficéroC and O elements, along with Al used as the
support for measurement. The spectrum of Cr 2p @by may be resolved into peaks with binding
energy values around 576.7 and 686.3 eV assigné&l @y, and Cr 2p,,, respectively, which
suggests Gf bound to O [62]. Furthermore, the C 1s spectruim. (&) can be fitted according to
three components located at 284.55 (70.7 %), 284.5 %) and 288.9 (17.8 %) eV, assigned to C-
C/C=C, C-0O epoxy and C-O carboxyl environmentspeesvely [63]. Finally, the O 1s signal is
fitted according to two components at 529.8 and%8Y (Fig. 2d), where the first one is assigned
to O ions, while the second peak is more complex sincan be assigned to Otibns or to O
ions, which can compensate deficiencies in thessuface of the transition metal oxide [64], and
even to adsorbed @ [65]. The atomic concentrations calculated by X4#&23.0, 62.4 and 15.6%
for C, O and Cr, respectively. The XPS data indicatevantly higher amount of O compared to the
value estimated by the TGA curves ob,G4@C, thus suggesting a different surface composition

for the sample with respect to the bulk as the XRly focuses at the material surface.
Figure2
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Figure 3 reports the morphology of the compositeletected by SEM, EDS and TEM, as well as
its textural properties determined by Bldsorption/desorption isotherms. The SEM imagéhef
MOF precursor reported for comparison in Fig. 3eeads particles having the typical pseudo-
octahedral morphology of MIL-101(Cr) with size ramgbetween 100 nm and 200 nm, in addition
to other particles characterized by a more irragmarphology most likely ascribed to the
CrOOH [58]. In spite, the SEM of the £;@C composite (Fig. 3b) shows a morphology changes
after calcination: the pseudo-octahedral morpholalyyost vanishes by pyrolysis of the organic
ligand, being replaced by nanometric particles fagragglomerates (> 100 nm) with remarkably
higher surface roughness, and very regular shappa®d to the pristine MOF. In addition, the
EDS elemental mapping reveals homogeneous C, O, Gmneélements distribution over the
Cr,Os@C sample (Fig. 3c, d and e, respectively). The TiEMges of the GOs@C composite
(Fig. 3f, g) well support the SEM data (comparehviitg. 3a, b), and show a wide size distribution
of agglomerated particles ranging from few nanomnse{€ig. 3f) to values approaching 100 nm
(Fig. 39g). It is worth mentioning that particle entonnection may be actually promoted by the
carbon, which is detected by TGA in Fig. 1b to re&a8% in weight and most likely represented by
light grey particles with an irregular shape, stict circled in the TEM image of fig. 3f. The
surface area and pore volume of the@@C composite are determined by Edsorption
measurements (Fig 3h, i). The adsorption/desorpsi@tmerm reported in Fig. 3h shows a hysteresis
loop at high relative pressure indicating a narqmave size distribution into the composite, and
allows to calculate a BET surface area of 170gmand a pore volume of 0.5 émg™*. The pore
size distribution (Fig. 3i) mainly indicates a mpsmus structure and an average pore size of 12
nm. It is worth noting that the shape of the isatieeand the specific surface values are in liné wit
those reported for @Ds@C composites derived from MIL-101(Cr) MOF [66,6These values are
expected to support an efficient reaction of thesadlived polysulfide in the semi-liquid Li/S cell
[54]. Polysulfide-trapping ability of transition ra oxides included in the composition of the

cathode support has been indicated in various pdpeatepend on the anchoring ability of the polar
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sites of the oxide, which attract the sulfur aradl¢o the absorption of dissolved polysulfides [68—
71]. In particular, the absorption ability of Og has been recently demonstrated using nanoparticle
decorating carbon fibers derived from solid leathastes adopted as coating for separator and
aimed to achieve high performance lithium-sulfurttéry [53]. The absorbent properties of
acetylene black (AB) and €D; were measured in the above work using #5d.ipolysulfide
solution. Accordingly, polysulfide solutions expdst AB upgraded by GOs; powders turned
nearly colorless and transparent, while the barepABders had a negligible impact on the color of

the solution, thus qualitatively suggesting theypulfide-trapping ability of the GOs.

Figure3
Figure 4 reveals the electrochemical features ef @pO;@C in a lithium cell employing the
DEGDME-Li,Sg-1m LINOs-1m LiTFSI catholyte [54]. The CV profiles recordedthin 1.8-2.8 V
at a constant scan rate of 0.1 mV (§ig. 4a) show during the first cathodic scan ooie peak
below 2 V ascribed to the reduction ob&d to short chain polysulfides (e.g.,»8i, Li»S;), while
the subsequent anodic scan reveals two definecs@adve 2.4 V ascribed to the oxidation of the
short chain polysulfides back to,B; and finally to S [54]. The subsequent cycles evide
voltammetry profiles characterized by two reductpeaks around 2 V and 2.4 V during cathodic
scan, and two corresponding oxidation peaks abo#%eV2during anodic scan, ascribed to the
reversible redox process of S and Li with formatafnlong- and short-chain polysulfides [72].
Furthermore, the voltage profiles well overlap dhd polarization decreases, thus suggesting an
optimized electrochemical process, the reversyboit which improves by the ongoing of cycles
[54,72]. The electrode/electrolyte interphase etvoituof the LI/IDEGDME-LpSg-1m LINOs-1m
LITFSI/Cr,Os@C cell upon voltammetry is detected by EIS upoclioy (Fig. 4b), and the
recorded spectra are analysed by NLLSQ fitting &egeerimental section) [57]. The Nyquist plot
of the cell in its pristine condition at the opeircait (OCV) can be represented by the
Re(R1Q1)(R2Q2) equivalent circuit consisting of an electrolyiesistance (B at high frequency

values, a well-defined semicircle in the mediumhbhiiggquency region accounting for both the solid

12



electrolyte interphase (SEI) film formed at thectiedes surface and for the faradic charge-transfer
(R1Q1), and a low-frequency depressed profile accourfonghe lithium ion finite-length Warburg
diffusion at the electrode/electrolyte interphaBeQy) [73,74]. After subsequent CV cycles the
Nyquist plot shrinks, the impedance remarkably éases while the profile modifies, particularly in
the low-frequency region, being now representedhaynew equivalent circuit fR;Q1)Q2 [75].
Hence, the depressed profile observed at the OQw@wafrequency modifies after CV cycles to
form a tilted line associated with a semi-infinikéarburg element (€ [75,76]. These changes are
likely ascribed to the electrochemical activatidrihee electrode/electrolyte interphase upon thsd fir
cycle, and by the ongoing of the redox process lwhpoogressively promotes the reversible
formation of sulfur and the various polysulfidedla CtOs@C surface, as indeed observed for this
kind of catholyte using a different electrode stowe [54]. Accordingly, the electrode/electrolyte
interphase resistance obtained from the semicialéh drops from about 6@ at OCV to values
as low as 4.Q) after 10 cycles (see Table 1), which is in linghwthe CV profiles that suggest
progressive improvement of the reactions kineticsyzling.
Table 1

A further important characteristic of the electrt@iectrolyte interphase is represented by the
lithium-ion diffusion coefficientD,; which may be obtained from CV measurements peddrat
various scan rates (Fig. 4c, top) and calculatedeatlifferent state of charge (Fig. 4c bottomhgsi
the Randles-Sevcik equation [77-79]:

I, = 2.69 x16 n*”AD;%*v*° Cy (1)
wherel, is the peak currenty is the number of electrons transferred duringrésetion,A is the
electrode geometric area,the scanning rate, and,; the concentration of lithium ions in the
catholyte. According to Eq. (1R may be determined by the slope of the linear pfdt, vs v°°
both during cathodic and during anodic scans (BEd). Two peaks, at about 2.4 and 2 V, are
considered foDy; calculation during the cathodic scan, while oriilg thajor peak above 2.4 V is

taken into account during anodic scan since theesyuent minor peak can generally merge into the
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latter making problematic the evaluation [72]. Téfere, the values dD; determined taking into
account the above mentioned peaks are of 2;7x1Ax10, and 2.6x18 cn? s?, respectively.
These values exceed the ones previously observethdoLi/S cell [72], most likely due to the
nature of the cell involving an enhanced carbordinexide substrate and a catholyte instead of a
solid electrode.

Figure4
Galvanostatic discharge—charge experiments wergedapout to evaluate the performance of the
Cr,Os@C composite in the semi-liquid Li/S cell using DEGDME-Li,Sg-1m LINOz-1m LIiTFSI
catholyte at a current density of C/5 (1C = 1675 giA and at various C-rates (Figure 5). The
voltage profiles of the cell at C/5 rate (Fig. Sapw upon the first activation cycle (see discussio
of CV in Fig 4a) the two discharge plateaus at &tfoé and 2 V, corresponding to the reversible
reaction of sulfur to form long and short chainysallfides, respectively, which are reversed during
charge into two plateaus at about 2.3 and 2.5 Whewith the CV curves. Furthermore, Fig. 5a
indicates that the cell at the steady state cametakeversibly and with relatively low polarizatia
specific capacity exceeding 800 mAH.dnsights on the cell performances at various esus is
given by the cycling profiles of Fig 5b which diags a steady state capacity approaching 900 mAh
g' at C/10 and C/8, exceeding 800 mAhag C/5, and slightly below 800 mAR* @it C/3 rate. The
decrease of the capacity by increasing the C-redg be ascribed to the increase of the cell
polarization by raising currents. Therefore, we easume that the €;@C composite enables
efficient reaction of the semi-liquid lithium suificell and a suitable polysulfides reversible
conversion from C/10 to C/3 rate, with capacitygiag from 800 to 900 mAhY that is, a
moderate range of operation in line with similall cenfiguration [54,80]. Remarkably, the cell
cycled at C/5 holds almost its steady state capatiabout 800 mAh g with only limited signs of
decay for 100 charge/discharge cycles, and retal@sulombic efficiency approaching 100% over
the whole cycling test (Fig. 5c¢).

Figure5
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The structural and morphological retention of theGg@C electrode is investigated in Figure 6 by
ex-situ SEM/EDS and XRD analyses performed before and eftding at C/5 rate (1C = 1675 mA
gl). The SEM of the pristine electrode (Fig. 6a) shdhat the heterogeneous morphology of the
material remains almost unchanged upon cycling.(Bly), while the brightness of the image
intensifies as most likely due to the insulatinqarettter of traces of sulfur crystallized on the
surface during the electrochemical process. Thiscdption is fully supported by the EDS
elemental map reported in inset in Fig. 6b, whikbves sulfur atoms uniformly distributed on the
electrode surface after cycling. Furthermore, tinectural stability of the material upon cycling is
highlighted by the XRD analyses of Fig. 6¢ whicldewnce the retention of theCr,O3; phase upon
operating in Li/S cell, and the absence of undddime products formation, thus suggesting the inert
nature of the GO;@C composite. Therefore, these remarkable featasesell as the promising
electrochemical performances, suggest th®©{@C composite as a suitable electrode material for
application in alternative Li/S cell configurati@uch as the semi-liquid one investigated in this
work.

Figure 6

Conclusions

In summary, a composite £;@C has been synthesized from MIL-101(Cr) MOF, ctiarized

by various chemical-physical techniques and sutagsemployed as the electrode support for the
Li/S reaction in a semi-liquid cell employing a DBGIE-Li,Sg-1m LINOz-1m LiTFSI catholyte.
The composite revealed a morphology consistingggfaamerated mesoporous particles with a size
below 100 nm, homogeneous C, O, and Cr elemerttsbdion, a BET surface area as high as 170
m® g+ and a pore volume of 0.5 éng’. Furthermore, the test revealed that the compdsite
predominantly formed by @03 with a carbon weight ratio of about 13% due to pineparation
technique which involved calcination in a nitrogatmosphere at 600 °C and avoided oxidizing
condition. On the other hand, bare,@y samples without carbon, not considered herein, may

partially have semiconductor character, with a bapd of 3.3 eV [81], which is achieved both by
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oxidizing and reducing conditions as well as byidgpwith other oxides such as Ti@o create
defects and increase the mobility of carriers [82%je CpO;@C material enabled the reversible
Li,Sg conversion to short chain polysulfides and backuibur with efficient kinetics and potentials
ranging from about 2 V to above 2.4 V vs!/Li. This performance was attributed to an enhanced
electrode/electrolyte interphase characterized bgistance values below % upon an
electrochemical activation process, and a diffusioefficient exceeding 10cnf s* at the various
states of the charge. The Li/S semi-liquid cell bpsrated between C/10 and C/3 current rate with
a specific capacity ranging from about 900 mAh @ values slightly below 800 mAh’g
Furthermore, the battery revealed remarkable #igbdnd a Coulombic efficiency approaching
100% at the steady state, whalesitu SEM and XRD analyses evidenced the retention tf tiee
electrode morphology and structure upon cyclingeseh findings well suggest the ;,Op@C
composite as suitable electrode for applicatiorthie alternative, semi-liquid lithium sulfur cell

configuration.
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Table 1. NLLSQ analyses performed on the Nyquist plots regubin Fig. 4b. The impedance
spectra were recorded by EIS upon CV, carried outaoLi/DEGDME-LLSg-1m LINOs-1m
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Figure 1. (a) X-ray diffraction (XRD) patterns of MIL-101 (Cr) MB(cyan) and GO;@C (black)
composites; reference data of CrOOH (black stdds$; # 25-1437) and QD3 (red stars, PDF # 38-
1479) are also reported for comparis(). Thermogravimetric analyses (TGA) curves of MIL-101
(Cr) MOF in N, and Q atmosphere (cyan) and Os@C in Q atmosphere (black). See

experimental section for samples’ acronym.

Figure 2. (a) X-ray photoelectron spectroscopy (XPS) survey speaft MIL-101 (Cr) MOF (cyan)
and CpO3;@C (black) composites, arfd) Cr 2p,(c) C 1s andd) O 1s deconvoluted XPS spectra

of CrO;@C composite. See experimental section for samptesnym.

Figure 3. (a,b) Scanning electron microscof$EM) images of MIL-101 (Cr) MOF (a) before and
(b) after heating treatment, arid-e) energy dispersion spectroscopy (EDS) elemental no&ps
Cr,Os@C composite(f,g) Transmission electron microscopy (TEM) images i CrOs@C

powder; red circle in panel (f) highlights a carlqmarticle.(h) N, adsorption/desorption isotherms
and (i) pore size distribution obtained through BJH methaid Cr,Os@C composite. See

experimental section for samples’ acronym.

Figure 4. (a) Cyclic voltammetry (CV) measurement performed orilDEGDME-Li,Sg-1m
LiINOs-1m LiTFSI/CrOs@C cell at the constant scan rate of 0.1 mVasd (b) Nyquist plots
recorded by electrochemical impedance spectros(®i8) at the open circuit voltage (OCV) of the
cell and after 1, 5 and 10 cycles (inset shows iifiagtion). CV potential range: 1.8 — 2.8 V; EIS
frequency range: 500 kHz — 100 mHz; EIS signal @ombt: 10 mV.(c) CV measurement
performed on a LI/DEGDME-LEs-1m LINOs-1m LITFSI/CrO;@C cell at various scan rates, that
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is, 0.05, 0.1, 0.15, 0.2 and 0.25 mV(op panel) and corresponding lithium diffusion ffiogents
(Dyj) calculated through Randles-Sevcik equation (Z)}-}B] (bottom panel)d) Linear fitting of
the peak currents obtained from the voltammograperted in panel (c). CV potential range: 1.8 —

2.8 V. See experimental section for samples’ aarony

Figure 5. (a,b) Selected voltage profiles of the galvanostatic iogcleasurement performed on a
Li/DEGDME-Li,Sg-1m LINOs-1m LiTFSI/CrOs@C cell (a) at the constant C-rate of C/5 (panel
(c) shows the corresponding cycling trend and coulorefficiency) and (b) at increasing C-rates,
that is, C/10, C/8, C/5 and C/3 (1C = 1675 mA.¢voltage range: 1.9 — 2.8 V. See experimental

section for samples’ acronym.

Figure 6. (a,b) Scanning electron microscog$EM) images of the @QD;@C electrode (a) at the
pristine state and (b) after 7 cycles at C/5 (18625 mA @) in a cell exploiting the Li/DEGDME-
Li»Sg-1m LINOs-1m LITFSI/CrO3;@C configuration. Voltage range: 1.9 — 2.8 V. Insgpbanel (b)
displays the corresponding energy dispersion spemipy (EDS) elemental map for sulf(r) X-
ray diffraction (XRD) patterns of the &);@C electrode at the pristine state (dark green)adied
the galvanostatic cycling test (black); referenatadf CsOs (light green, PDF # 38-1479) are also

reported for comparison.

28



Cell condition Circuit R [Q] X

OoCV Re(R1Q1)(R2Qy) |60 + 2 2.7x1¢
1 CV cycle R(R1Q1) 10 +0.2 | 4.0x10
5CVcycles | RR1Q1)Q: 3.5+0.1| 1.5x10
10 CV cycles | RR:1Q1)Q: 4.7 +0.1| 5.9x18

Tablel
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Highlights

» Composite GiOs (Cr,Os@C) derived from metal organic framework (MOF)tiscsed

* The material is employed in semiliquid Li/S battesing LbSg-based catholyte

«  CrO;@C has mesopores, BET surface area of 17§ and a carbon content 13 wt.%.
« The cell has Li-diffusion coefficient higher thar10® cn? s*, and very stable interphase

 The cell delivers 900 mAhgat C/10 rate and 780 mAR gt C/3 for 100 cycles
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