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ABSTRACT

As a multifunctional cathode additive, TiS; has been used in Li-S batteries to promote sulfur utilization
and improve cell cycle life. The improvement of Li-S cell electrochemical performance in the presence of
TiS, has been attributed to the ability of TiS; in adsorbing polysulfide. To maximize the interaction
between polysulfides and TiS,, the 2-dimensional (2D) TiS; nano-sheets with highly exposed TiS; surface
area has been successfully synthesized by a two-step sonication synthetic procedure. The 2D TiS, par-
ticles are micron size in the basal plane direction and are nano-sized along the c-axis direction. 2D TiS;,
nano-sheets may adsorb polysulfides more effectively than the raw TiS, powder. Li-S cells with 2D TiS;
nano-sheets additive exhibit better discharge rate capability and significantly reduced capacity-fading
after a long term cell cycling. This improvement can be partially attributed to the uniform distribution
of 2D TiS; nano-sheets particles within the sulfur cathode matrix, which induces more uniform sulfur

and lithium sulfide deposition during the cell charge and discharge.

1. Introduction

Establishing a sustainable energy production and consumption
framework is one of the global challenges for this century [1].
Lowering the reliance on the fossil fuels for energy ensues the
development of electric vehicles (EV) capable of utilizing energy
from cleaner and renewable resources, such as solar, wind and
hydropower [2,3]. In the last 10 years, the EV industry has suc-
cessfully commercialized various models of electric automobiles
and many of them are well received by the market. This progress
should be partially owing to the development of Li-ion batteries
with Ni-Rich layered cathode materials (LiNij_x_yCoxMnyO,) and
composite anode that incorporated silicon and tin [4]. Nonetheless,
it is still unrealistic for these EVs to compete with commercial ve-
hicles powered by Internal Combustion (IC) engines without
considerable subsidy. The high cost to mileage range ratio and long

charge time are the two main limitations of the EVs, and these two
parameters are primarily determined by the energy density and
power capability of the Li-ion batteries propelling these EVs. In
light of the theoretical limits of the energy storing capability of the
intercalation compounds such as lithium transition metal oxides, it
is necessary to also explore alternative chemistries that have
intrinsically higher specific energy.

The Li-S battery is an attractive candidate for EV applications
because of its high theoretical energy density ~2500 Wh kg~ ! vs.
420 Wh kg ! of the conventional Li-ion batteries [5]. The low cost
and abundance of sulfur also guarantees it as a low cost system that
can be readily scaled up. However, the lithium sulfur batteries
generally suffer from low effective energy utilization and fast ca-
pacity fade without special treatment of the sulfur cathode. This is
mainly rooted in the special electrochemical reaction mechanism
between lithium and sulfur - sulfur is reduced by lithium stepwise
rather than being directly converted into the end product Li,S. The
reaction intermediates Li-polysulfides (Li;S,, n =3—8) are soluble
in most of the polar solvents and promptly dissolve into the liquid
electrolyte [6]. The dissolved Li-polysulfides help to facilitate the
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power capability of the Li-S cells because of the onset of liquid
redox processes. On the other hand, they can also freely diffuse out
of the cathode network and become no longer accessible for cycling
if trapped permanently or shuttle between the lithium anode and
cathode to induce the self-discharge process. This is commonly
acknowledged as the cause of its low energy efficiency and fast
capacity fade [7].

To resolve the dissolution issue of active materials, evidently
sulfur and its soluble intermediates must be confined in the cath-
ode during the cycling. Currently, most works done on sulfur
cathode architecture fall into one of the two categories: either the
sulfur cathode is based on meso- or micro-porous carbon nano-
structures that can accommodate a large amount of sulfur content
[8—10], or the cathode contains additives that binds polysulfide
anions to its surface [11—13]. These cathode architectures either
physically or chemically confine the Li-polysulfides so as to prevent
their out-diffusion and thus enhance the cycling stability and en-
ergy efficiency. However, they also tend to increase the ratio of
inactive material (~20—40%) in the cathode and lower the overall
energy density [8,10,14,15]. Therefore, it will be desirable to search
for multi-functional cathode components or additives that can also
react with lithium to provide extra capacity and offset the reduction
of overall energy density.

TiS; is one representative of the multi-functional cathode ad-
ditives that has been demonstrated by a number of works to
improve the cycle life and sulfur utilization in the Li-S cells [ 16—20].
Although the exact reaction mechanism is not fully understood yet,
TiS; has been shown to interact with Li-polysulfides by the Li-
polysulfides solution color change in the presence of TiS,. Ti 3s
and 2p XPS peak shift after Li-polysulfide solution treatment also
suggests the ongoing of surface reactions between them [21]. TiS,
also reversibly reacts with lithium at 1.7—2.5V to offer an addi-
tional gravimetric capacity of 239 mAh g~ In one of the earlier
worKks, it has also been demonstrated that the distribution of TiS;
should be as uniform as possible in the cathode network in order to
utilize its polysulfide interacting property more efficiently [21].
Applying an energetic milling process to break the TiS, agglomer-
ates and homogenize the electrode slurry is definitely an effective
way of dispersing TiS; in the cathode network. However, this pro-
cess is also constrained by the starting particle size of TiS,, which
does not evolve much during a conventional ball-mill process.
Therefore, it is of great interest to investigate whether the TiS;
additive can be further dispersed into the cathode network using a
nano TiS; source, and whether this can introduce more improve-
ment to the sulfur cathode.

It has been known that 2D transition metal sulfides (of a few
atomic layers) such as TiS;, MoS, and WS, can be prepared by a
sonication assisted exfoliation process [22—24]. This work tries to
use this method to prepare 2D TiS; that will then be incorporated
into sulfur cathode as multi-functional additives. It is demonstrated
that the 2D TiS, additive brings further improvement in sulfur
utilization and cycle stability when compared with the bulk TiS,
powder.

2. Experimental

To synthesize 2D TiS; nano-sheets, commercial TiS; (Sigma
Aldrich) was used as the raw material. TiS; was first pressed into
0.1 g pellet with a hydraulic press. The pellet was then paired with a
lithium foil in a Swagelok electrochemical cell and lithiated
consecutively at 2.0, 1.0 and 0.5 mA cm 2. 1.8 V was used as the cut-
off voltage for all 3 current densities. The electrolyte in the cell was
1.0M LIiTFSI in DME:DOL=1:1 (v/v) (BASF). After this step, the
lithiated TiS, pellet was cleaned with 1,3-Dioxolane (DOL, Sigma
Aldrich) to remove the electrolyte salt. The cleaned pellet was

mixed with 10 mL 1-Methyl-2-pyrrolidone (NMP, Sigma Aldrich) in
a test tube. Then ultrasonication was performed on this mixture at
20 W with Vibra-Cell™ Ultrasonic Liquid Processor Model VCX-750
for 8h (50% duty cycle with 1s on and 1s off). Afterwards, the
sonicated suspension was centrifuged at 8000 rpm to separate the
solid content from the NMP solvent. The collected material was
then mixed with 10 mL deionized water and sonicated again
following the same protocol above. The sonicated material was
collected by centrifuging at 8000rpm for 1h and dried under
vacuum to remove water content to obtain the 2D TiS; nano-sheets.
This material was then characterized using scanning electron mi-
croscope (SEM) (JOEL 7600F) and transmission electron micro-
scope (TEM) (JEOL 2100 F) to examine its morphology and phase. X-
ray powder diffraction (XPD) of this material and the raw TiS; was
done at the NSLS-II using the XPD beamline (28ID-2). The wave
length of the beam was 0.2414 A. The samples were sealed between
two layers of Kapton tape in the form of sheets. The specific surface
area of 2D TiS; nanosheets and commercial raw TiS; was deter-
mined by the Brunauer-Emmett-Teller (BET) measurements carried
out using an AMI-300ip (Altamira) instrument. The sample
(~100 mg) was pretreated with helium (He) at 393 K for 30 min to
desorb gases (e.g., moisture) adsorbed on the samples. N, adsorp-
tion was then performed at 77 K and continuously recorded with a
thermal conductivity detector (TCD).

The Li-polysulfide adsorption test was done by mixing the 2D
TiS; nano-sheets or raw TiS; with 5 mM Li,Sg solution in DME:-
DOL = 1:1 (v/v). First 50 mM Li»Sg solution was prepared by mixing
23 mg Li,S and 112 mg sulfur in 10 mL DME:DOL = 1:1 (v/v) mixed
solvent at 55 °C under magnetic stirring for 48 h under Argon inside
a glovebox (0, H20 < 0.5 ppm). 15 mg of raw TiS; or 2D TiS; nano-
sheets was added to 9 mL DME:DOL = 1:1 (v/v) and dispersed by an
ultrasonic cleaner for 20 min. Then 1 mL 50 mM Li,Sg solution was
added to these two mixtures in the glovebox. For reference sample,
1 mL of 50 mM Li,Sg solution was diluted with 9 mL DME:DOL = 1:1
(v/v) solvent to form 5mM Li,Sg solution. These mixtures were
allowed to settle in the argon filled glovebox for 48 h. The color of
the three solutions after the interaction was recorded by photo-
graphs. The concentration of the solutions after interaction was
approximated by weighing the remaining solid after 1.0 mL of
filtered supernatant from the raw-TiS; and the 2D TiS; nano-sheets
treated solution was dried by vacuum in the load lock of the glo-
vebox with an oil-less pump.

In order to demonstrate 2D TiS, nano-sheets as an additive in
sulfur electrodes, the Li-S cell discharge-charge tests were used to
compare the electrodes of 3 different compositions, including a
sulfur reference, and two S-TiS, hybrid electrodes with the same
materials ratio but different TiS;. For the sulfur reference, the
composition of the electrode was S:activated carbon (A5597,
Asbury):Super C65:PVDF =56:16:20:8, and for the two S-TiS;
electrodes the composition was S:A5597:TiS,:Super
C65:PVDF = 56:16:9:11:8. Before electrode slurry mixing, all sulfur
was first infiltrated into the A5597 activated carbon at 155 °C for
24 h in a sealed Teflon container. This sulfur-carbon composite was
then mixed with the other ingredients in NMP to obtain the elec-
trode slurry, which was then coated with a doctor blade onto an
aluminum foil. The electrodes were dried in a fume hood under
continuous dry air flow (dew point < —40 °C) for 24 h before it was
transferred into a convection oven to be heated at 50 °C for another
24 h to eliminate residual solvent and moisture. The loading of
sulfur in all electrodes was around 1.4 mgcm~2. SEM and energy
dispersive spectroscopy (JOEL 7600 F) were used to observe the
morphology and element distribution in the electrodes before the
electrochemical tests. EDS was collected at 15kV gun bias and
emission current of 110pA. 2032 coin cells were assembled by using
electrodes prepared above as working electrode and a lithium disk



as both counter and reference electrode, with 2 layers of Celgard
(2325) separator in between to prevent shorting. Electrolyte used
for testing of the Li-ion type cells was 1 M LiTFSI in DME:DOL = 1:1
(v/v) (BASF) with 0.4 M LiNOs electrolyte additive. Electrochemical
measurements were conducted at room temperature using an
Arbin battery cycler. Cells were tested galvanostatically between
1.8V and 2.6 V versus lithium. 0.05C, 0.1C, 0.2C, 0.5C, 1.0C and 2.0C
discharge rates were used during the rate test. In the cycle life test,
0.2C was used, with a 0.1C slow discharge for every 50 cycles. In all
tests, the charge rate was 0.2C and followed by a constant voltage
charge at 2.6V till the current drops to 0.1C. Cathode and anode
morphology of the 3 cells with different sulfur electrodes were also
observed with SEM and EDS after the electrodes were cleaned with
DOL.

3. Results and discussion

The preparation method of 2D TiS; in this report is based on the
work by Zeng et al. [24] Commercial TiS; powder was lithiated with
an electrochemical process, and this was followed by sonication
assisted exfoliation to finally obtain the 2D TiS, with a small
thickness. However, the original method does not fully suit the
purpose of this work and some modifications were made here. In
the original work, the TiS; lithiation was performed on a composite
TiS, cathode containing acetylene black and PVDF binder. Using
this method, it is difficult to obtain 2D TiS,; with minimal impurity
unless a way can be developed to effectively separate 2D TiS, and
acetylene black. In this work, lithiated TiS, precursor was obtained
by lithiating a TiS; pellet pressed from raw TiS, powder with no
additives. In this case, no purification is needed before the exfoli-
ation process.

Fig. 1a shows the morphology of pristine raw TiS; powder. The
TiS, powder is composed of irregular flakes with a lateral dimen-
sion of 20—40 pm. Its flaky morphology is determined by the
layered atomic arrangement in the lattice of TiS; with TiS, slabs
stacked and held together by van der Waals force along the c axis.
TiSy's X-ray Diffraction (XRD) pattern is shown in Fig. 1h, with all
the peaks indexed to the layered TiS; (space group P3m1). A TiS,
pellet's discharge voltage profile is shown in Fig. 1b. Because the
TiS; pellet has a thickness (>1 mm) considerably larger than what is
generally seen in the composite electrodes, the total resistance
from e~ and Li* transport increases and lower discharge rates had
to be used in order to fully lithiate all of the TiS; content. Therefore,
in Fig. 1b the 2 mA cm 2 discharge curve is followed by another
two curves at 1 mAcm 2 and 0.5 mAcm 2 to ensure the
maximum lithiation in this configuration. The voltage profiles of all
3 current densities are relatively sloped with no distinctive flat
voltage plateaus, which is determined by the lithium intercalation
reaction mechanism that only involves a solid solution process
when x < 1 in LixTiS; [25]. With this method, generally the lithium
content x in the lithiated LisTiS; can reach ~0.8 after the reaction.

In the original and similar works [24,26], lithiated TiS; can be
exfoliated directly in H,O to yield 2D TiS; nano-sheets. The reaction
between H,0 and lithiated TiS; generates Hy gas that pushes the S-
Ti-S slabs away from each other to weaken the cohesion, which
makes it easy for the sonication process to agitate the TiS; slabs into
individual nano-sheets. The SEM of the product from the sonication
of LiggTiS; in H0 is shown in Fig. 1c. Although the presence of
some small TiS, particles can be observed, a major part of the
material is still in the form of relatively thick blocks. It is noticed
that the edge of some of these blocks are already partially exfoliated
into thin layers in Fig. S1a, so the main reason for the low yield of
nano-sheets is that the exfoliation is limited to the surface along
the edge of the Liy gTiS; particles, which does not propagate into the
center of the basal plane to achieve full separation. Because the SEM

images showing a bigger sample size of the prepared exfoliated TiS;
are missing in many of the reports on this topic [24,26], this result
cannot be directly compared with the original results. Certainly,
extent of lithiation, actual agitation power and oxygen content in
the sonication media probably can affect the quality of the process.
Nonetheless, the low yield of small TiS, particles obtained here
cannot satisfy the goal of this work.

Based on the above observation, the main limitation of the
original method is probably the incomplete propagation of the
exfoliation front from the plate-edge surface into the core of each
TiS, particle. On the other hand, if each TiS, plate's starting
dimension along the basal plane direction can be reduced, it might
be easier for the exfoliation to proceed during the sonication.
Following a different route to exfoliate TiS, [27], it was found that a
direct sonication of unlithiated TiS; in NMP solvent can lead to
significant size reduction along the basal plane, although the
change along the z axis of individual planes are not obvious. The
image of TiS; sonicated in NMP for 8 h is shown in Fig. 1d and the
size reduction effect is evident. Therefore, sonication of lithiated
TiS; in NMP might serve as a pre-treatment to reduce the propa-
gation length needed for the exfoliation process by pulverizing the
TiS; platelets into smaller pieces. Fig. 1e presents the SEM images of
Lig gTiS; sonicated in NMP, and Fig. 1f displays the sample in Fig. 1e
further sonicated in H,O for another 8 h. It can be seen in Fig. 1f that
a dramatic change in morphology happened after this combination
of sonication processes, when compared to Fig. 1a and c. The ma-
terial is now composed of much smaller flakes, the thickness of
which are no longer well defined as it was in Fig. 1a and c. The NMP
sonication process probably contributes greatly to this because of
the reduction in particle size along the basal plane direction, as
shown in Fig. 1e. Higher magnification of the platelets in Fig. 1f are
shown in Fig. 1g, which shows the thickness of one wrinkled TiS;
sheet is around 10 nm and also depicts the semi-transparency of
the certain TiS; sheets under the electron beam as a consequence of
the small thickness. To be sure that the observed platelet thickness
reduction is not just sonication time dependent, we also sonicated
the LipgTiS, in water for 16 h with the final sonicated TiS; particle
morphology still similar to Fig. 1c. These observations suggest that
2D TiS; nano-sheets can be prepared from LipgTiS; by going
through step-wise sonication in NMP and H,O.

The XRD pattern of 2D TiS; sheets prepared above is also shown
in Fig. 1h to be compared with raw TiS,. Although all the peaks from
both samples match well with each other in terms of position, some
apparent differences can be observed. The first thing to notice is
that the relative peak intensity ratio between some important re-
flections are modified. More specifically, diffraction peaks having
more character along the c-axis of the TiS, lattice experience sig-
nificant intensity reduction with reference to the peaks having
more character along the a-axis in the basal plane. For example, in
the raw TiS; XRD pattern, the strongest peak is (101), but in the
exfoliated TiS; the strongest peak now becomes (110); the ratio of
the integrated peak intensity (101)/(110) is 3.3 in the raw TiSy,
whereas it drops to only 0.6 in the exfoliated sample. This is
probably due to the difference in preferred orientation of the 2D
TiS; nano-sheets vs. the raw TiS; sample caused by the differences
in their particle size and morphology as indicated in Fig. 1a—e. The
other observation is that the diffraction peaks in exfoliated TiS;
experience significant broadening relative to the pristine state. For
instance, the FWHM of (001) in exfoliated TiS; is 0.139°, while the
corresponding FWHM for raw TiS; is 0.017°. Although this peak
broadening could partially due to the micro-strain, the reduced
crystallite size in c-axis direction is believed to be the major
contributor. Using Debye-Scherrer equation, the thickness of the
TiS, along the c-axis is estimated to be 9 nm in the exfoliated TiS,
and 73 nm in the raw TiS,. The estimated thickness value of 2D TiS,
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Fig. 1. a) SEM image of raw TiS, powder. b) lithiation voltage profile of TiS, to prepare lithiated TiS, for sonication. ¢) SEM image of lithiated TiS; sonicated in H,O for 8 h. d) SEM
image of raw TiS; sonicated in NMP for 8 h. e) SEM of lithiated TiS, sonicated in NMP for 8 h. f) and g) SEM images of lithiated TiS, sonicated in NMP for 8 h and further sonicated for
8 h in H,0 at different magnifications. Scale bar =5 um in a), c), d), e), f). Scale bar = 100 nm in g). h) XRD patterns of raw TiS, and lithiated TiS, exfoliated in the double sonication

processes in NMP and H,0.

nano-sheets from XRD is consistent with the thickness measured
from SEM image (Fig. 1g) and TEM image (Fig. 2). These observa-
tions all support the TiS, platelets prepared above are actually 2D
TiS; nano-sheets.

Fig. 2a—c shows TEM images of 2D TiS; nano-sheets. From
Fig. 2a, it can be seen that the nano-sheets have a lateral dimension
of about 1pum. In Fig. 2b—c, many TiS; nano-sheets also show
wrinkling or curly edge due to their 2D nature and thin thickness.
The thickness of the TiS; nano sheets can be estimated from the
bent edge of the nano-sheet (Fig. 2d), which is less than 20 nm. The
high resolution TEM image and the corresponding fast Fourier
transform (FFT) of a TiS; nano-sheet are shown in Fig. 2e—f
respectively. It can be observed that one nano-sheet is single

crystalline, and the FFT shows the nanosheet orientated along the
[0 1-1] zone axis of TiS; (1T).

The measured BET surface area of 2D TiS; nano-sheets is
48.92 m? g1, which is much higher than the commercial raw TiS;
powder's 9.16 m? g~ This surface area enhancement effect is also
demonstrated in the LiSg adsorption test. The photo-graphs 5 mM
Li,Sg solution in DME:DOL = 1:1 with and without treatment with
2D TiS, nano-sheets are shown in Fig. 3, and the same solution
treated with raw TiS; is also shown for comparison. The color of
Li,Sg solution becomes lighter after its interaction with both 2D TiS;
nano-sheets and raw TiS,; powder. However, the loss of the orange
color is also clearly more obvious in the solution with 2D TiS; nano-
sheets than in the raw TiS; powder. The color reduction of Li-



Fig. 2. a)-c) TEM images of the exfoliated TiS, nano-sheets at different magnifications. d) TEM image of one TiS, nano-sheet with a curly edge. e) high resolution TEM image of

single TiS, nano-sheet. f) the fast Fourier Transform (FFT) pattern of e).

Fig. 3. Photographs of 5 mM Li,Sg reference solution in DME:DOL, after being mixed with raw TiS, powder, and after being mixed with 2D TiS, nano-sheets.

polysulfides solution has been widely used as a criterion for the
ability of a compound to interact with and adsorb Li-polysulfides
[12,13]. The concentration of the Li,Sg solutions after contact with
raw-TiS; and 2D TiS, nano-sheets was also approximated by
checking the weight of remnant after evaporating the solvent in the

supernatant. The concentration is about 3 mM in the raw-TiS; case
and below 1 mM in the 2D TiS; nano-sheets case. The accuracy is
limited by the balance available for weighing, but it clearly shows
that 2D TiS; nano-sheets adsorb more Li,Sg than raw-TiS,. The
advantage of 2D TiS; nano-sheets in adsorbing more Li;Sg per unit



mass than pristine TiS; is therefore clearly demonstrated here. The
main reason behind this should be the more lattice planes close to
the (001) orientation exposed to form new surface after the exfo-
liation process, which becomes available for interaction with LiSs.

In order to demonstrate that the 2D TiS, nano-sheets can help
improve the efficiency and stability of sulfur electrode, it was added
to a sulfur electrode as a replacement of part of the carbon additive,
which was then studied in comparison with the original sulfur
electrode and the sulfur electrode with the bulkier raw TiS, addi-
tive. The SEM images of the sulfur electrode, the S-2D TiS; electrode
and the S-raw TiS; electrode are shown in Fig. 4, with the corre-
sponding S and Ti EDS mappings. The sulfur distribution in the
sulfur electrode is highly localized, this is because the sulfur was
already absorbed by the activated carbon particle, which has an
average size of about 10—20 pum. This is reflected by the corre-
spondence between the sulfur signal and the large particulate ag-
glomerates in the original SEM. The sulfur distribution in the S-raw
TiS; electrode and S-2D TiS; electrode also show similar in-
homogeneity as the sulfur electrode, because the activated carbon
is the main sulfur carrier in all 3 cases. The difference between the
S-raw TiS; electrode and the S-2D TiS; electrode mainly lies in the
Ti distribution. From Fig. 4e—i, it is evident that Ti distribution is
much more homogeneous in the S-2D TiS, electrode than its
counterpart. This clearly demonstrates the huge impact of TiS;
morphology on its final distribution in the sulfur electrode as an
additive. The comparison of the higher magnification images pro-
vides a better illustration of the morphology-distribution effect. In
Fig. 4j, it can be seen that the small 2D TiS, nano-sheets are inti-
mately mixed with the carbon black particles, and the level of ho-
mogeneity is in the sub-micron domain. On the contrary, in the
same size of view randomly chosen in Fig. 4f only a single TiS;
particle can be found in the S-raw TiS; case.

The electrochemical performance of the 3 different electrodes
under Galvanostatic discharge and charge is compared in Fig. 5.
Fig. 5a—f shows the voltage profiles of the electrodes at different
rates 0.05C-2C. It is found that at lower rates 0.05C—0.5C, the order
of the delivered capacity is always S-2D TiS; > S > S-raw TiS,. Under
these rates, the main advantage of S-2D TiS;, seems to mainly lie at
the extension of the sloped discharge region of sulfur electrode
from 2.4V to about the turning point at ~2.1 V, which corresponds
to the generation of soluble Li-polysulfides Li»S, (n = 8 to 3) by the
lithiation of sulfur. The S-2D TiS; electrode generally delivers about
50 mAh g~! more than the other two electrodes in this region.
Based on the fact that the theoretical capacity of TiS, is only
239 mAh g~ ! and the ratio between sulfur and TiS; in the electrode,
the total contribution of TiS; additive to the capacity should be less
than 20 mAh g~! normalized to the weight of sulfur in the elec-
trode. As a result, the extension of the sloped region by 2D TiS;
nano-sheets addition is more than just the additional capacity
source, and the 2D TiS; nano-sheets also helps to enhance the
sulfur utilization during the Li-polysulfide generation and reduc-
tion process. Based on the observation of the Li-polysulfide
adsorption experiment in Fig. 3, the 2D TiS, nano-sheets probably
help to combat the out-diffusion of Li-polysulfides from the cath-
ode by capturing them with its adsorption capability. The advan-
tage of the S-2D TiS; electrode is also exhibited in the comparison
of the cycling stability of them in Fig. 5g. The capacity fading rate of
the S-2D TiS; electrode is much slower than the sulfur and S-raw
TiS; electrodes, especially during the first 50 cycles. The voltage
profiles of the 3 electrodes at the 150 cycle are shown in Fig. 5h, it
clearly shows that the S-2D TiS, electrode has a more extended
sloped discharge region than the sulfur and S-raw TiS; electrode
after a long cycling time, and this should be also related with the
ability of 2D TiS, nano-sheets to adsorb polysulfide species. The
relatively inferior additive effect from raw TiS, should be partly

determined by its lower specific surface area exposed for interac-
tion with polysulfides. Besides, the highly localized and inhomo-
geneous distribution of TiS; in the electrode also makes a poor use
of the space available in the electrode for the TiS,-polysulfide
interaction, which is in contrast with the 2D-TiS, nano-sheets case,
as it has been demonstrated by Fig. 4e—i. This kind of improvement
in overall cycling stability is also quite common when special
cathode architecture and additive are utilized [28—30].

There is still a disadvantage of introducing 2D-TiS; nano-sheets
into the sulfur electrode at high discharge rate. In Fig. 5e, it is shown
that the S-2D TiS; electrode actually lost its plateau discharge re-
gion, which is generally ascribed to the stepwise conversion of
soluble Li,S,, (n = 3 to 4) to insoluble Li,S; and finally to Li,S. At the
same rate, the sulfur electrode still maintains the plateau discharge
region, and it thus shows an advantage of ~300 mAh g~ discharge
capacity relative to the S-2D TiS; electrode. The main reason behind
this crossover behavior seems to be the more serious voltage po-
larization for the plateau discharge region seen in the S-2D TiS;
electrode, at almost all rates in Fig. 5. Because the plateau discharge
region is from the generation of insulating solid Li,S, and Li,S de-
posit on the cathode, it is likely that the electronic conduction in
the electrode is affected more severely in the S-2D TiS; nano-sheet
case. From literature, the electronic conductivity of TiS; is only
28Scm~! [31], which is much lower than the amorphous carbon's
value in the range of 1000—2000 Scm~! [32]. In addition,
morphology probably plays a more important role. Although the 2D
TiS; nano-sheet has a small thickness, its lateral dimension is still in
the micron domain. This kind of morphology still has some disad-
vantage when the formation of an electronic percolation network is
the target, in which case an ensemble of spherical conductive
nanoparticles such as carbon black is still the most favorable
candidate.

The morphology of the cathode and the anode recovered from
the different cells in fully charged state after being cycled for 250
times are compared by SEM in Fig. 6 and Fig. S2, respectively. In
Fig. 6, it is observed that the cathode surface of the sulfur electrode
cell and the S-raw TiS; cell seems to be more porous than that of S-
2D TiS; electrode and the sulfur control cell. The SEM images are
recorded at the fully charged state, at which point the sulfur should
be deposited on the cathode. Higher porosity is an indicator of more
sulfur loss. This means there might be more severe out-diffusion of
sulfur content from the cathode in the case of sulfur reference and
S-raw TiS; compared to S-2D TiS, nanosheets during the cycling
test, which is also consistent with the cycling test result in Fig. 5g.
Another interesting difference lies in the sulfur distribution based
on the EDS sulfur mapping. The sulfur distribution is inhomoge-
neous in the cycled sulfur cathode and the cycled S-raw TiS;
cathode, whereas it is relatively uniform in the S-2D TiS; case. This
is actually different to the as-coated state in Fig. 4, in which all 3
different electrodes exhibit a similarly non-uniform sulfur distri-
bution. The observation here suggests that 2D TiS, nano-sheets
effectively enhances the uniform re-deposition of sulfur during
the charging, even after 250 cycles. This probably improves the
efficiency of sulfur utilization and mediates the capacity fading
during long term cycling. The uniform deposition of sulfur and Li,S
has also been mentioned to be critical for performance improve-
ment by earlier works on sulfur cathode additives [33—35].
Meanwhile, in Fig. S2 there seems to be no significant difference
among the lithium anodes from the 3 different cells. No difference
in the growth of mossy lithium can be clearly seen in all conditions
[36]. The reason that we do not see the development of mossy
lithium might be due to the thick lithium sulfide deposition on the
lithium anode that smooths the surface morphology. The sulfur
content on the lithium surface due to the polysulfide ion reduction
is also quantitatively indistinguishable among them. The presence



Fig. 4. a) SEM image of the sulfur electrode. b) sulfur mapping of the sulfur electrode. c) SEM image of the S-raw TiS; electrode. d) and e) sulfur and titanium mapping of the S-raw
TiS; electrode. f) SEM image of the S-raw TiS; electrode at higher magnification. g) SEM image of the S-2D TiS, nano-sheets electrode. h) and i) sulfur and titanium mapping of the S-
2D TiS, nano-sheets electrode. j) SEM image of the S-2D TiS, nano-sheets electrode at higher magnification. Scale bar =5 um in a)-e) and g)-i). Scale bar =1 pm in f) an j).



Voltage (V)

A

—_—S
—S-raw TiS2
= S-2D TiS2 nano-sheets

400 600 800 1000

Capacity (mAh g)

0 200 1200

c 27

26 1
25 4
24 4
23 1
22 4
21

2.0
1.9
1.8

Voltage (V)

400 600 800

Capacity (mAh g-)

0 200

Voltage (V)

1.8 T T T
0 200 400 600

Capacity (mAh g)

800 1000

|

r 90

- 80

r 70

- 60

T T T 50
100 150 200
Cycle Number

0 50 250

Mn—-g-—p-p‘— 100

Coulombic Efficiency (%)

Voltage (
- - ) N
® © N = w
L L

bz

26
25
=24
I%2.3
=22
21
20
1.9
1.8

400 600 800

Capacity (mAh g-')

26 -
25 -
< 24 -
223
]
322 -
>
21 -
20 -
1.9
18

T T T
200 400 600
Capacity (mAh g')

200

o

1000

800

o

1000

Voltage (V)
SN NN NN NN
0 © O = N W & 0 D

200 300

Capacity (mAh g')

100

o

400

o
&2 2.2
°

T

T T
0 10 200 300

Capacity (mAh g')

400 500 600

Fig. 5. a)-f) voltage profiles of the cells with the 3 different electrodes at various discharge rates: 0.05C, 0.1C, 0.2C, 0.5C, 1.0C, 2.0C, the charge rate is maintained at 0.2C. g) cycling
behavior of the 3 electrodes for another 250 cycles at 0.2C after the rate test in a)-f). h) the discharge voltage profiles of the 3 cells after 150 cycles at 0.2C.

of 0.4M LiNOs in the electrolyte probably plays a major role in
passivating the anode surface for all 3 conditions, and the different
concentration levels of the polysulfide ions escaping from the
cathode probably become secondary in determining the final sulfur
content in the anode top surface layer.

4. Conclusions
This work investigates TiS; as an additive for the sulfur electrode

in the Li-S battery by using TiS, in the 2D nano-sheets form. A
reliable method to synthesize 2D TiS; nano-sheets is developed,

which is based on a 2-step ultrasonication of lithiated TiS; in NMP
and H;0. The 2D TiS; nano-sheets are more effective in adsorbing
Li-polysulfides, compared with the microsized TiS; powder. When
used as the additive, the 2D TiS; nano-sheets can be dispersed
uniformly into the sulfur electrode, which is not achievable with
the grainy TiS, powder. These advantages enable the 2D TiS; nano-
sheets to guide the redox reactions of the Li-S cell to proceed more
uniformly, and it also helps to slow down the loss of active mate-
rials due to the polysulfides’ out-diffusion. The comparison of the
sulfur electrodes with the 2 different forms of TiS, additives and the
unmodified sulfur electrode demonstrates that the electrode with



Fig. 6. a) SEM image of the sulfur electrode after 250 cycles. b) sulfur mapping of the sulfur electrode after 250 cycles. c) SEM image of the S-raw TiS; electrode after 250 cycles. d)
and e) sulfur and titanium mapping of the S-raw TiS; electrode after 250 cycles. f) SEM image of the S-2D TiS; electrode after 250 cycles. g) and h) sulfur and titanium mapping of

the S-2D TiS; electrode after 250 cycles. Scale bar =5 pm.

2D TiS; nano-sheets indeed shows a much stronger positive impact
on both the rate capability and the cycling stability of the sulfur
electrode. The result indicates that nano-sized polysulfide-
adsorbing agents can be the promising route towards cathode ad-
ditives for practical Li-S batteries.

Acknowledgements

This work is supported by the U.S. Department of Energy (DOE)
Office of Energy Efficiency and Renewable Energy under the
Advanced Battery Materials Research (BMR) program, Contract DE-
SC0012704. Part of the electron microscopy work has been carried
out at the Center for Functional Nanomaterials, Brookhaven Na-
tional Laboratory, and the National Synchrotron Light Source II,
Brookhaven National Laboratory, both are supported by the DOE,
Office of Basic Energy Sciences, under contract DE-SC0012704.

References

[1] S. Chu, A. Majumdar, Opportunities and challenges for a sustainable energy

future, Nature 488 (2012) 294—303.

B. Nykvist, M. Nilsson, Rapidly falling costs of battery packs for electric ve-

hicles, Nat. Clim. Change 5 (2015) 329—-332.

M. Armand, ].M. Tarascon, Building better batteries, Nature 451 (2008)

652—657.

[4] M.M. Thackeray, C. Wolverton, E.D. Isaacs, Electrical energy storage for
transportation-approaching the limits of, and going beyond, lithium-ion
batteries, Energy Environ. Sci. 5 (2012) 7854—7863.

[5] P.G. Bruce, S.A. Freunberger, LJ. Hardwick, J.M. Tarascon, Li-O-2 and Li-S
batteries with high energy storage, Nat. Mater. 11 (2012) 19—29.

[6] A.Manthiram, Y.Z. Fu, S.H. Chung, C.X. Zu, Y.S. Su, Rechargeable lithium-sulfur

2

3

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

batteries, Chem. Rev. 114 (2014) 11751-11787.

S.S. Zhang, Liquid electrolyte lithium/sulfur battery: fundamental chemistry,
problems, and solutions, ]. Power Sources 231 (2013) 153—162.

N. Jayaprakash, J. Shen, S.S. Moganty, A. Corona, L.A. Archer, Porous hollow
Carbon@Sulfur composites for high-power lithium-sulfur batteries, Angew.
Chem. Int. Ed. 50 (2011) 5904—5908.

C.F. Zhang, H.B. Wu, C.Z. Yuan, Z.P. Guo, X.W. Lou, Confining sulfur in double-
shelled hollow carbon spheres for lithium-sulfur batteries, Angew. Chem. Int.
Ed. 51 (2012) 9592—9595.

X.L. Ji, KT. Lee, LF. Nazar, A highly ordered nanostructured carbon-sulphur
cathode for lithium-sulphur batteries, Nat. Mater. 8 (2009) 500—506.

Z. Li, ].T. Zhang, X.W. Lou, Hollow carbon nanofibers filled with MnO2 nano-
sheets as efficient sulfur hosts for lithium-sulfur batteries, Angew. Chem. Int.
Ed. 54 (2015) 12886—12890.

Q. Pang, D. Kundu, M. Cuisinier, L.F. Nazar, Surface-enhanced redox chemistry
of polysulphides on a metallic and polar host for lithium-sulphur batteries,
Nat. Commun. 5 (2014) 4759.

X. Liang, C. Hart, Q. Pang, A. Garsuch, T. Weiss, L.F. Nazar, A highly efficient
polysulfide mediator for lithium-sulfur batteries, Nat. Commun. 6 (2015)
5682.

G.Y. Zheng, Y. Yang, JJ. Cha, S.S. Hong, Y. Cui, Hollow carbon nanofiber-
encapsulated sulfur cathodes for high specific capacity rechargeable lithium
batteries, Nano Lett. 11 (2011) 4462—4467.

H.L. Wang, Y. Yang, Y.Y. Liang, ].T. Robinson, Y.G. Li, A. Jackson, Y. Cui, H.J. Dai,
Graphene-wrapped sulfur particles as a rechargeable lithium-sulfur battery
cathode material with high capacity and cycling stability, Nano Lett. 11 (2011)
2644—-2647.

Y.S. Su, A. Manthiram, Sulfur/lithium-insertion compound composite cathodes
for Li-S batteries, ]. Power Sources 270 (2014) 101-105.

K. Sun, Q. Zhang, D.C. Bock, X. Tong, D. Su, A.C. Marschilok, KJ. Takeuchi,
E.S. Takeuchi, H. Gan, Interaction of TiS2 and sulfur in Li-S battery system,
J. Electrochem. Soc. 164 (2017) A1291—-A1297.

S.H. Chung, L. Luo, A. Manthiram, TiS2-Polysulfide hybrid cathode with high
sulfur loading and low electrolyte consumption for lithium-sulfur batteries,
Acs Energy Lett 3 (2018) 568—573.

A. Garsuch, S. Herzog, L. Montag, A. Krebs, K. Leitner, Performance of blended
TiS2/sulfur/carbon cathodes in lithium-sulfur cells, Ecs Electrochem Lett 1
(2012) A24—A26.

L. Ma, S.Y. Wei, H.LL. Zhuang, K.E. Hendrickson, R.G. Hennig, L.A. Archer,
Hybrid cathode architectures for lithium batteries based on TiS2 and sulfur,
J. Mater. Chem. 3 (2015) 19857—19866.

K. Sun, D. Su, Q. Zhang, D.C. Bock, A.C. Marschilok, K.J. Takeuchi, E.S. Takeuchi,
H. Gan, Interaction of CuS and sulfur in Li-S battery system, J. Electrochem.
Soc. 162 (2015) A2834—A2839.


https://doi.org/10.1016/j.electacta.2018.09.191
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref1
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref1
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref1
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref2
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref2
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref2
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref3
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref3
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref3
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref4
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref4
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref4
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref4
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref5
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref5
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref5
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref6
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref6
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref6
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref7
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref7
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref7
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref8
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref8
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref8
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref8
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref9
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref9
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref9
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref9
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref10
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref10
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref10
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref11
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref11
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref11
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref11
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref12
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref12
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref12
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref13
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref13
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref13
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref14
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref14
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref14
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref14
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref15
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref15
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref15
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref15
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref15
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref16
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref16
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref16
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref17
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref17
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref17
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref17
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref18
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref18
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref18
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref18
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref19
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref19
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref19
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref19
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref20
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref20
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref20
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref20
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref21
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref21
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref21
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref21

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Al]J. Che, LF. Drummy, J. Bultman, A. Waite, M.S. Hsiao, R.A. Vaia, Redox
exfoliation of layered transition metal dichalcogenides, ACS Nano 11 (2017)
635—646.

X.B. Fan, P.T. Xu, D.K. Zhou, Y.F. Sun, Y.G.C. Li, M.A.T. Nguyen, M. Terrones,
T.E. Mallouk, Fast and efficient preparation of exfoliated 2H MoS2 nanosheets
by sonication-assisted lithium intercalation and infrared laser-induced 1T to
2H phase reversion, Nano Lett. 15 (2015) 5956—5960.

ZY. Zeng, Z.Y. Yin, X. Huang, H. Li, Q.Y. He, G. Lu, F. Boey, H. Zhang, Single-
layer semiconducting nanosheets: high-yield preparation and device fabri-
cation, Angew. Chem. Int. Ed. 50 (2011) 11093—11097.

R.R. Chianelli, ].C. Scanlon, B.M.L. Rao, Insitu studies of electrode-reactions -
the mechanism of lithium intercalation in Tis2, ]. Solid State Chem. 29 (1979)
323-327.

D.Y. Oh, Y.E. Choi, D.H. Kim, Y.G. Lee, B.S. Kim, ]J. Park, H. Sohn, Y.S. Jung, All-
solid-state lithium-ion batteries with TiS2 nanosheets and sulphide solid
electrolytes, J. Mater. Chem. 4 (2016) 10329—10335.

J.N. Coleman, M. Lotya, A. O'Neill, S.D. Bergin, P.J. King, U. Khan, K. Young,
A. Gaucher, S. De, RJ. Smith, LV. Shvets, S.K. Arora, G. Stanton, H.Y. Kim, K. Lee,
G.T. Kim, G.S. Duesberg, T. Hallam, ]J. Boland, ]JJ. Wang, ].F. Donegan,
J.C. Grunlan, G. Moriarty, A. Shmeliov, RJ. Nicholls, ]J.M. Perkins,
E.M. Grieveson, K. Theuwissen, D.W. McComb, P.D. Nellist, V. Nicolosi, Two-
dimensional nanosheets produced by liquid exfoliation of layered materials,
Science 331 (2011) 568—571.

Z. Gao, Y.Y. Zhang, N.N. Song, X.D. Li, Towards flexible lithium-sulfur battery

[29]

[30]

[31]

[32]

from natural cotton textile, Electrochim. Acta 246 (2017) 507—516.

Z. Gao, Y. Schwab, Y.Y. Zhang, N.N. Song, X.D. Li, Ferromagnetic nanoparticle-
assisted polysulfide trapping for enhanced lithium-sulfur batteries, Adv.
Funct. Mater. 28 (2018), 1800563.

Y.Y. Zhang, Z. Gao, X.D. Li, Capillarity composited recycled paper/graphene
scaffold for lithium-sulfur batteries with enhanced capacity and extended
lifespan, Small 13 (2017), 1701927.

S.D. Jones, J.R. Akridge, F.K. Shokoohi, Thin-film rechargeable Li batteries, Solid
State Ionics 69 (1994) 357—368.

R.A. Serway, Principles of Physics, second ed., Saunders College Pub., Fort
Worth, 1998.

[33] J.C. Guo, Z.C. Yang, Y.C. Yu, H.D. Abruna, LA. Archer, Lithium-sulfur battery

(34]

[35]

[36]

cathode enabled by lithium-nitrile interaction, J. Am. Chem. Soc. 135 (2013)
763-767.

L. Kong, X. Chen, B.Q. Li, H.J. Peng, J.Q. Huang, J. Xie, Q. Zhang, A bifunctional
perovskite promoter for polysulfide regulation toward stable lithium-sulfur
batteries, Adv. Mater. 30 (2018), 1705219.

X. Li, X.F. Li, M.N. Banis, B.Q. Wang, A. Lushington, X.Y. Cui, R.Y. Li, T.K. Sham,
X.L. Sun, Tailoring interactions of carbon and sulfur in Li-S battery cathodes:
significant effects of carbon-heteroatom bonds, J. Mater. Chem. 2 (2014)
12866—12872.

Y.Y. Zhang, F.M. Heim, N.N. Song, J.L. Bartlett, X.D. Li, New insights into mossy
Li induced anode degradation and its formation mechanism in Li-S batteries,
Acs Energy Lett 2 (2017) 2696—2705.


http://refhub.elsevier.com/S0013-4686(18)32201-1/sref22
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref22
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref22
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref22
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref23
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref23
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref23
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref23
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref23
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref24
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref24
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref24
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref24
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref25
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref25
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref25
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref25
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref26
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref26
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref26
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref26
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref27
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref28
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref28
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref28
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref29
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref29
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref29
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref30
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref30
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref30
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref31
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref31
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref31
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref32
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref32
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref33
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref33
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref33
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref33
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref34
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref34
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref34
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref35
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref35
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref35
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref35
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref35
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref36
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref36
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref36
http://refhub.elsevier.com/S0013-4686(18)32201-1/sref36

