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researchers have shifted their focus to 
battery systems based on conversion reac-
tions.[2] Among candidate systems, the one 
having lithium sulfide (Li2S) cathode cou-
pled with silicon (Si) anode represents a 
highly promising battery system.[3] On the 
Si anode side, conspicuous progress has 
been made toward securing high capacity 
and cycle cyclability.[4] In contrast, the pro-
gress of Li2S cathode has fallen behind, 
becoming a bottleneck for the Li2S–Si bat-
tery system.

This stagnating situation arises from 
the processing difficulty of Li2S-based 
composites and its intrinsic drawbacks as 
cathode materials. Specifically, prepara-
tion strategies for S8-based composites are 
inapplicable to Li2S-based composites due 
to Li2S’ high melting point, reactivity with 
humidity, and low solubility in most non-
protonic solvents. Moreover, Li2S cathode 
suffers a high activation potential, poor 
rate capability, and rapid capacity fading. 

First, the high activation potential forces a tradeoff between the 
capacity and cycle life. A high activation potential over 4  V is 
often indispensable to completely extract the Li-ions;[5] however, 
a potential above 3.6 V will lead to decomposition of ether-based 
electrolytes, and consequent capacity fading.[6] Unfortunately, 

Li2S holds a promising role as a high-capacity Li-containing cathode, 
circumventing use of metallic lithium in constructing next-generation 
batteries to replace current Li-ion batteries. However, progress of Li2S 
cathode has been plagued by its intrinsic drawbacks, including high 
activation potentials, poor rate performance, and rapid capacity fading during 
long cycling. Herein, a series of Li2S/transition metal (TM) nanocomposites 
are synthesized via a lithiothermic reduction reaction, and it is realized 
that the presence of TMs in Li2S matrix can transform electrochemical 
behaviors of Li2S. On the one hand, the incorporation of W, Mo, or Ti greatly 
increases electronic and ionic conductivity of Li2S composites and inhibits 
the polysulfide dissolution via the TMS bond, effectively addressing the 
drawbacks of Li2S cathodes. In particular, Li2S/W and Li2S/Mo exhibit the 
highest ionic conductivity of solid-phase Li-ion conductors ever-reported: 
5.44 × 10−2 and 3.62 × 10−2 S m−1, respectively. On the other hand, integrating 
Co, Mn, and Zn turns Li2S into a prelithiation agent, forming metal sulfides 
rather than S8 after the full charge. These interesting findings may shed light 
on the design of Li2S-based cathode materials.

Li-ion batteries (LIBs) that operate on topotactic-intercalation 
reactions dominate the markets of portable electronics and 
electric vehicles (EVs).[1] However, energy density of LIBs, albeit 
nearly reaching its ceiling, still cannot eliminate the driving-
range anxiety of EVs. For pursuing higher energy densities, 
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when the upper cutoff potential is set to be 3.6 V, only less than 
a half of the theoretical capacity can be realized. Second, insu-
lating nature of Li2S causes large overpotentials and low energy 
efficiencies, especially at high current densities. Third, similar 
to the S8 cathodes, the Li2S cathode also suffers from the poly-
sulfide (PS) dissolution and its resulting shuttling effect.[7]

To mitigate the activation potential, redox mediators, such as 
metallocenes, LiI, PS, and P2S5, have been investigated.[8] These 
redox mediators are oxidized first during the anodic process 
and then in turn directly oxidize Li2S on its particle surface, 
allowing the extension of the oxidation paths into the Li2S par-
ticles’ interior. Upon oxidizing Li2S, the reduced redox media-
tors are regenerated. Repeating this process, Li2S is activated 
throughout the remaining charge process of the first cycle. 
However, the redox mediator strategy has its own drawbacks. 
Of note, electrolyte-born redox mediators can oxidize the anode 
as well, forming undesirable solid electrolyte interphase (SEI) 
on the anode surface, which raises the anode’s overpotential.[9] 
With respect to the challenges of low conductivity and the PS 
dissolution, both Li2S and S8 have seen similar solutions.[10] It 
has been suggested that transition metals (TMs) compounds 
can decrease the Li2S activation potential by weakening the 
LiS bonds or increasing the surface conductivity.[11] Regarding 
forming composites with Li2S, TMs are known for the strong 
thiophilicity, which may render them as highly conductive PS 
adsorbents.[12] However, to date, it remains a challenge to form 
finely mixed composite materials of Li2S with transition metals, 
where their distribution is uniform at the nanoscale.

Herein, we synthesized a suite of Li2S/TM composites by a 
lithiothermic reduction reaction (LRR) and investigated the 
impacts of TMs on the Li2S’ electrochemical behavior. Figure 1 
schematically shows the fabrication of Li2S/TM composites and 
their electrochemical reactivity. By reacting Li powder with a 
metal sulfide precursor, such as Ni2S3, FeS, CuS, CoS2, MnS, 

ZnS, MoS2, WS2, or TiS2, Li2S/TM composites are synthesized. 
Unfortunately, in the efforts to prepare composites of Li2S/Ni, 
Li2S/Fe, and Li2S/Cu, agglomeration of Ni, Fe, and Cu occurs 
due to the crystal lattice mismatch between Li2S and these three 
metals. However, in the cases of Li2S/Co, Li2S/Mn, Li2S/Zn, 
Li2S/Mo, Li2S/W, and Li2S/Ti, TM nanoparticles are distributed 
uniformly within Li2S matrix. In spite of structural similarity, 
electrochemical behaviors of these Li2S/TM nanocomposites 
were significantly different. Activation potentials of Li2S/W, 
Li2S/Mo, and Li2S/Ti are lowered to 2.41, 2.57, and 3.65 V, com-
pared to 3.78 V of the pure Li2S. Moreover, rate capability and 
cyclability were dramatically improved when compared to pure 
Li2S. At a current rate of 5C, capacities of Li2S/W, Li2S/Mo, and 
Li2S/Ti can be maintained at about 440 mAh g−1. As for long 
cycle evaluation, the incorporation of W, Mo, and Ti into the 
Li2S matrix helps retain capacities at 582, 546, and 491 mAh g−1 
after 500 cycles, with very slow capacity fading rate of 0.068%, 
0.077%, and 0.091% per cycle, respectively. Different from the 
Li2S/W, Li2S/Mo, and Li2S/Ti, the introduction of Co, Mn, and 
Zn into Li2S matrix renders the otherwise reversible Li2S elec-
trochemical pathways irreversible. More specifically, Li2S/Co,  
Li2S/Mn, and Li2S/Zn are oxidized into corresponding metal 
sulfides as the final product rather than elemental sulfur after 
the charge process. As a result, Li2S/Co, Li2S/Mn, and Li2S/Zn 
can only serve as prelithiation agents rather than active materials.

We propose the following LRR of transition metal sulfides 
(Ni2S3, FeS, CuS, CoS2, MnS, ZnS, MoS2, WS2, and TiS2) to pre-
pare Li2S/TM nanocomposites.[13] Herein, taking the Li2S/Mo  
as an example

4Li s MoS s 2Li S s Mo s2 2( ) ( ) ( ) ( )+ → + � (1)

A mixture of Li/MoS2 at the stoichiometric ratio is heated in 
a stainless steel tube under 650 °C for 5 h. To predict whether 

Figure 1.  Schematic of Li2S/TMs synthesis and proposed electrochemical reaction mechanism. Among these composites: I) Li2S/Ni, Li2S/Fe, and Li2S/Cu  
show megascopic metal agglomeration; II) Li2S/Co, Li2S/Mn, and Li2S/Zn show the irreversible Li2S electrochemical behavior with an aptitude to be 
used as prelithiation agents; III) Li2S/Mo, Li2S/W, and Li2S/Ti demonstrate the reversible Li2S electrochemical behavior, with the lowered activation 
potential, improved rate capability, and promoted cycling performance.
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the reaction is thermodynamically feasible, Gibbs free energy is 
calculated based on the following equation

G H T S∆ ° = ∆ °− ∆ ° � (2)

where G is the Gibbs free energy (kJ mol−1), H is the enthalpy 
(kJ mol−1), S is the entropy (kJ mol−1 K−1), and T is the tempera-
ture (K). Under isothermal and isobaric conditions, a negative 
ΔG value of −615.03  kJ mol−1 indicates a highly spontaneous 
reaction. Thermodynamic calculations of other reactions show 
similar negative ΔG values, and the detailed calculations and 
results are summarized in Tables S1 and S2 in the Supporting 
Information.

A question is whether LRRs form intermediate LiTMxS2 
phases via lithium intercalation in the layered compounds. 

Both lab X-ray diffraction (XRD) patterns (Figure S1, Supporting 
Information) and synchrotron high energy X-ray diffraction 
(HEXRD) patterns (Figure 2) confirmed the absence of LiTMxS2 
phases. Moreover, the peaks of metals and cubic Li2S with 
a space group Fm-3m are identified as well. The LRR results 
in nanocomposites of Li2S/Co, Li2S/Mn, Li2S/Zn, Li2S/Mo,  
Li2S/W, and Li2S/Ti, whereas Ni, Fe, and Cu agglomerated into 
megascopic metal chunk (Figure S2, Supporting Information).

In this study, we will focus on Li2S/Co, Li2S/Mn, Li2S/Zn, 
Li2S/Mo, Li2S/W, and Li2S/Ti nanocomposites with a molar 
ratio of 2:1, 1:1, 1:1, 2:1, 2:1, and 2:1, respectively. Table S3 in 
the Supporting Information listed domain sizes of Li2S along 
the (111) direction and corresponding metals across specific 
crystal planes based on Scherrer equation. Domain sizes of 
Li2S formed with Mo or W are 16–20 nm, much smaller than 

Figure 2.  Structure and morphology and Li2S/TM nanocomposites. a) HEXRD patterns of the as-synthesized Li2S/Mn, Li2S/Co, and Li2S/Zn nano-
composites. b) HEXRD patterns of the as-synthesized Li2S/Mo, Li2S/W, and Li2S/Ti nanocomposites. c–f) TEM characterizations of the Li2S/Mo 
nanocomposite, where (c) is low-mag TEM image, (d) is corresponding SAED pattern, (e) is dark-field TEM image (by selecting the diffraction of  
Mo (110)), and (f) is HRTEM image.
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those of Li2S with Ti, Zn, Mn, and Co, which are over 28 nm. 
Moreover, the domain sizes of Mo and W are 7–10  nm, also 
much smaller than those of Ti, Zn, Mn, and Co, which are over 
20  nm. The difference of domain sizes may relate to melting 
points of metals, which are 2623, 3422, 1246, 1495, 419, and 
1668 °C for Mo, W, Mn, Co, Zn, and Ti, respectively. Based on 
our previous studies, LRR releases enormous heat, which raises 
reaction temperatures to approach the melting temperatures of 
Ti, Zn, Mn, and Co.[14] Thus, the freshly formed Ti, Zn, Mn, 
and Co particles agglomerate, resulting in enlarged crystallite 
sizes. In contrast, Mo and W crystallites are small due to their 
inherently high melting points.

The Li2S/TM composites were further characterized by 
high resolution transmission electron microscopy (HRTEM). 
Taking the Li2S/Mo as an example, the composite is com-
posed of micrometer-sized particles (Figure  2c). Rings found 
in the selected area electron diffraction (SAED) pattern con-
firm the existence of Li2S and Mo in the form of polycrystalline  
(Figure 2d). The rings with d-spacings of 0.22 and 0.32 nm are 
attributed to Mo (110) planes and Li2S (111) planes, respectively. 
Dark-field TEM imaging further reveals the uniform distribu-
tion of Mo particles (the bright dots) embedded in the Li2S 
matrix (Figure  2e). This uniform heterogeneous structure is 
further confirmed by HRTEM (Figure  2f), where the darker 
lattice fringes on a particle sized of ≈7 nm are indexed to Mo 
(110) planes, while those with a 0.32 nm d-spacing of the lighter 
areas are ascribed to Li2S (111) planes. Above results attest that 
Mo nanoparticles are uniformly distributed in the Li2S matrix. 
Compared with the Li2S/Mo, the analogical composite struc-
tures of Li2S/W and Li2S/Ti are shown in Figures S3 and S4 in 
the Supporting Information.

We investigated the electrochemical behaviors of Li2S/TM 
composites. Galvanostatic charge/discharge (GCD) tests were 
performed at a current rate of 0.1C (1C = 1165 mAh g−1). Li2S/W, 
Li2S/Mo, and Li2S/Ti exhibit typical reversible Li2S potential 
profiles (Figure 3a) whereas Li2S/Mn, Li2S/Co, and Li2S/Zn pre-
sent distinct irreversible electrochemical behaviors, which will 
be discussed later on (Figure  7a–c). Under a closer inspection 
of Figure  3a, the activation potential of Li2S in GCD profiles 
has dropped from 3.78 V for pure Li2S to 3.65, 2.57, and 2.41 V 
for Li2S/W, Li2S/Mo, and Li2S/Ti, respectively, which is further 
confirmed by the lowered anodic onset potential in the cyclic 
voltammetry (CV) curves (Figure 3b) and decreased semicircle 
radius in the Nyquist plots (Figure S5, Supporting Informa-
tion). Li2S/W, Li2S/Mo, and Li2S/Ti deliver capacities of over 
1500 mAh g−1 at the end of the initial charge, while pure Li2S 
can only provide a charge capacity of 640 mAh g−1. As shown 
in Figure 3b, CV peaks attributed to Li2S oxidation are located 
at 2.59 V for Li2S/W, 2.68 V for Li2S/Mo, 3.41 V for Li2S/Ti, and 
3.99 V for pure Li2S.

Furthermore, the difference in the polarization patterns is 
also confirmed by ex situ electrochemical impedance spectro
scopy (EIS) characterization at different state of charge (SOC) 
of GCD in the first cycle. Based on an equivalent circuit in 
Figure S6 in the Supporting Information, as-obtained Nyquist 
plots of Li2S/W, Li2S/Mo, Li2S/Ti, and Li2S in Figure S7 in the 
Supporting Information were fitted with two deconvoluted sem-
icircles in the middle frequency range representing the charge 
transfer resistance (Rct) and interface contact resistance (Ric). 

As summarized in Figure  3c, the sum of Rct and Ric between 
stages 1 and 5 (Figure S8, Supporting Information) clearly con-
firms that the introduction of W, Mo, and Ti into the Li2S matrix 
lowers the reaction resistance by almost one order of mag-
nitude in the initial activation process. According to the prior 
GCD profiles, CV scans, and Nyquist plots, we can conclude 
that introduction of W, Mo, and Ti into the Li2S matrix not only 
lowers the activation potential, but also improves subsequent 
electrochemical reaction kinetics in the initial charge process.

It is likely that different extent of activation energy relates 
to conductivity of charge carriers. We measured the electronic 
conductivity and ionic conductivity of Li2S/W, Li2S/Mo, Li2S/Ti, 
and pure Li2S. Based on the direct current polarization (DCP) 
test and EIS measurement in Figure S9 in the Supporting 
Information, the total conductivity, electronic conductivity, and 
ionic conductivity of Li2S/W, Li2S/Mo, Li2S/Ti, and Li2S were 
calculated and summarized in Tables S4–S6 in the Supporting 
Information, respectively. To be specific, Li2S/W, Li2S/Mo, 
Li2S/Ti, and pure Li2S show electronic conductivities of 0.548, 
0.343, 1.97 × 10−5, and 1.17 × 10−7 S m−1, respectively. Moreover, 
the ionic conductivity is calculated to be 5.44 × 10−2 S m−1 for 
Li2S/W and 3.62 × 10−2 S m−1 for Li2S/Mo. Such high ionic con-
ductivities of Li2S-based composites have never been reported 
before. It should be noted that ionic conductivity values for 
Li2S/Ti and Li2S were calculated to be nearly nil due to the 
range limit of equipment, but otherwise close to 1 × 10−8 S m−1,  
as reported elsewhere. Based on above results, Li2S/W pos-
sesses the largest electronic conductivity and ionic conductivity, 
followed by Li2S/Mo and Li2S/Ti, while Li2S has the smallest 
conductivities. The electronic conductivity and ionic conduc-
tivity trends coincide with that of activation potentials. Notably, 
ionic conductivities of the four are at least one order smaller 
than their corresponding electronic counterparts. Thus, it can 
be concluded that ionic conductivity is the determining factor 
for the activation potential if considering simultaneous transfer 
of electrons and Li+.

To attain an in-depth understanding of how the presence of 
W, Mo, and Ti in the Li2S matrix lowers the activation potential 
from chemical views, beyond the physical parameters of ionic 
conductivity, spectra of X-ray photoelectron spectroscopy (XPS) 
were collected to characterize the Li+ bonding. As shown in 
Figure 3d, all Li 1s peaks of Li2S/W, Li2S/Mo, and Li2S/Ti red-
shift from the Li–S binding energy in Li2S of 56.38 eV, which 
reflects the weakened LiS bonding in these composites. 
Hence, the extraction of Li+ in these composites may be more 
viable than that of pure Li2S. To further understand how LiS 
bond is weakened, X-ray absorption spectroscopy (XAS) was 
conducted. Taking Li2S/Mo as an example, Mo edge position 
blue-shifts in X-ray absorption near edge structure (XANES) 
spectrum compared with Mo foil, which indicates a certain 
extent of charge transfer to sulfide (Figure  3e). In addition to  
the contracted Mo–Mo distance of R-space from Fourier-trans-
formed extended X-ray absorption fine structure spectrum in 
Figure  3f, the existence of MoS bond is confirmed. There-
fore, introduction of Mo weakens the LiS bond due to induc-
tion effect from TMS bond, which subsequently facilitates 
Li+ extraction.

To provide molecular insights into catalytic properties 
of metal species in Li2S/metal composites, we carried out 
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density functional theory (DFT) calculations. Based on the 
XRD (Figure  2b) and TEM results (Figures S2f, S3, and S4, 
Supporting Information), Mo (110), W (110), and Ti (101) sur-
faces were selected to represent the metal Mo, W, and Ti, 
respectively. As shown in Figure  4, we calculate Li2S decom-
position energy to evaluate delithiation reaction kinetics on 
the surface of these metals. Here, we consider that the initial 
charge process of Li2S begins from an intact Li2S molecule into 
a LiS cluster and a single Li+ (Li2S→LiS + Li+ + e−). The process 
involves Li+ moving away from Li2S “molecules,” accompanied 
by breaking of the LiS bonds. As a result, reaction barriers 
on the Mo (110), W (110), and Ti (101) surfaces were calculated 
to be 0.91, 0.37, and 1.33  eV, respectively, agreeing well with 
the trend of activation potentials. Above DFT calculations cor-
roborate how the TMS bonds influence the Li+ extraction and 
resulted activation potentials.

Compared to the initial charge process, activation polariza-
tion disappears in subsequent cycles. As shown in Figure  3a, 
Li2S/W, Li2S/Mo, and Li2S/Ti deliver discharge capacities 
around 1080 mAh g−1 with two plateaus located at 2.31 and 
2.10  V, which is very similar to that when employing S8 as 
the cathode material. However, pure Li2S only delivers a dis-
charge capacity of 400 mAh g−1 and a much larger hysteresis of 
GCD profiles. As shown in Figure 3g, potential profiles of the 
second cycle show similar contrast of electrochemical proper-
ties between pure Li2S, Li2S/W, Li2S/Mo, and Li2S/Ti as those 
in the initial cycle. CV scans of Li2S/W, Li2S/Mo, and Li2S/Ti in 
Figure 3b,h follow the same trend. Specifically, typical cathodic 
peaks located at 2.33 and 2.05 V shift upward while the anodic 
peaks at 2.36 V shift downward, as compared to pure Li2S. The 
aforementioned difference of postactivation electrochemical 
behaviors between Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S 

Figure 3.  Electrochemical performance of Li2S after the W, Mo, and Ti introduction. a) First GCD profiles of Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S at a 
current density of 0.1C. b) First-cycle CV curves of Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S at a scan rate of 0.05 mV s−1. c) Sum of Rct and Ric for Li2S/W, 
Li2S/Mo, Li2S/Ti, and pure Li2S at different test stages of first cycle. d) XPS Li 1s spectra of Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S. e) Mo K-edge XANES 
spectrum and f) Fourier-transformed Mo K-edge EXAFS spectrum of Li2S/Mo and Mo foil. g) Second-cycle GCD profiles for Li2S/W, Li2S/Mo, Li2S/Ti,  
and pure Li2S at a current density of 0.1C. h) Second-cycle CV curves for Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S at a scanning rate of 0.05 mV s−1.  
i) Rate performance of Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S at various current densities.
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indicates distinct electrochemical reaction kinetics, the reason 
of which results from two sources.

On the one hand, a fully activated Li2S, equipped with 
metal–sulfur bonds and weakened LiS bonds, delivers much 
faster Li+ diffusion when compared with semiactivated and 
pure Li2S. On the other hand, the introduction of W, Mo, and 
Ti into the Li2S matrix also greatly facilitates electron transfer. 
The improved kinetics in the postactivation is further con-
firmed by ex situ EIS characterization. As shown in Figure 3c 
between stages 5 and 8, Li2S/W, Li2S/Mo, and Li2S/Ti maintain 
an average reaction resistance of below 100 Ω, while the resist-
ance of pure Li2S greatly varies, even greater than two orders of 
magnitude. Moreover, this difference is further amplified when 
subjected to higher rate tests. Take Li2S/Mo as an example; 
Li2S/Mo delivers capacities of 914, 778, 689, 660, 585, and  
440 mAh g−1 under 0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respec-
tively. In contrast, the capacities of pure Li2S are only 178, 161, 
143, 119, 113, and 65 mAh g−1, under the same test conditions.

Aside from the activation potential and reaction kinetics, 
the long cycle tests were also conducted to evaluate the influ-
ence of introduction of Mo, W, and Ti at a current density of 
0.5C. As shown in Figure 5a, the capacity of pure Li2S drops 
from 332 to 150 mAh g−1 after 140 cycles, at a capacity decay of 
3.6% per cycle. In contrast, the capacity of Li2S/W, Li2S/Mo, and 
Li2S/Ti was maintained at 582, 546, and 491 mAh g−1 even after 

500 cycles, respectively. The corresponding capacity fading rate 
is only 0.068%, 0.077%, and 0.091% per cycle, respectively. Evi-
dently, the introduction of Mo, W, and Ti greatly improved the 
long-term cycle performance of Li2S.

Here, one possible reason for the improved cycle perfor-
mance is that introduction of Mo, W, and Ti may alter the elec-
trochemical pathway of Li2S. More specifically, the formation of 
soluble Li-PS may be replaced by another intermediate, such as 
insoluble TM–PS. Thus, PS dissolution is circumvented and its 
resulting capacity fade is mitigated. However, this proposition 
is challenged by the GCD profiles and CV scans that exhibit 
the typical symptom of PS formation. To verify whether TM–PS 
forms, in situ time-lapse HEXRD is conducted to unravel the 
structural evolution. Taking Li2S/Mo as an example, contour 
plots in Figure 5b for the initial cycle is collected and denoted 
by a red color for high intensity and a blue color for low inten-
sity. During the charge process, the (111), (200), and (220) peaks 
indexed to be Li2S, gradually weaken and eventually vanish. 
Concurrently, sulfur peaks begin to slowly emerge. In the sub-
sequent discharge process, a reversible phase transformation 
between S and Li2S occurs. Moreover, no other intermediate 
phase related to Mo is detected, which is also corroborated by 
the Mo (111) peak.

After discarding the possibility of TM–PS formation, the 
only rationale for the improved cycle performance is the 

Figure 4.  DFT calculation of Li2S decomposition energy barrier (Ed) on the surfaces of Mo (110), W (110), and Ti (101).
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Figure 5.  Improved long cycling performance of Li2S after the W, Mo, and Ti introduction and related mechanism investigation. a) Long-term cycling 
performance of Li2S/W, Li2S/Mo, Li2S/Ti, and pure Li2S at a current density of 0.5C. b) In situ time-lapse HEXRD patterns of Li2S/Mo electrode during 
the first charge–discharge process. c) Mo K-edge ex situ XANES spectrum and d) Fourier-transformed Mo K-edge EXAFS spectrum of Li2S/Mo during 
the first charge–discharge process in contrast with metallic Mo.
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controlled PS dissolution either via the physical confinement  
or chemical adsorption. According to HRTEM images, Li2S/W, 
Li2S/Mo, and Li2S/Ti nanocomposites have TM nanoparticles 
embedded in the Li2S matrix. Strictly speaking, there are no 
common physical boundaries for confinement of PS, as there are 
no porous structures or an outer shell to restrict PS dissolution. 
The rationale is the chemical bonding between TM and poly-
sulfide, which has been demonstrated by Mo edge position blue-
shift from ex situ Mo K-edge XANES spectrum and contracted 
R-space Mo–Mo distance from Fourier-transformed EXAFS spec-
trum of Li2S/Mo during the initial cycles (Figure  5c,d). There-
fore, we considered that the MoS bond between Mo and PS 
during cycling aids to depress PS dissolution, and thus improve 
cyclability. Furthermore, DFT calculations were carried out to 
elucidate the binding strength between Li-PS (Li2Sn, n  = 3–6) 
species and TMs’ surfaces. Taking the Li2S/Mo as an example, 
Figure  6 depicts the molecular structures of Li-PS species and 
their binding structures onto the Mo (110) surface, with an 
average binding energy of 5.8 eV. This strong binding strength is 
well matched with the above XAS results, and it was considered 
to be attributed to the formation of MoS bond after SS bond 
breaking of Li-PS. Intuitively, the side view of binding structures 
shows that two bottom S atoms are anchored to the Mo sur-
face, providing a scaffold to support Li and other S atoms. More 

binding structures of Li-PS species onto the W (110) and Ti (101) 
surfaces are shown in Figures S10 and S11 in the Supporting 
Information, respectively. The calculated binding energies 
(Table S1, Supporting Information) indicate the strong binding 
between Li-PS species and three metal surfaces, suggesting their 
high capability in capturing Li-PS species to maintain good cycla-
bility during charge/discharge processes.

In contrast with W/Li2S, Mo/Li2S, and Ti/Li2S in Figure 3a, 
Co/Li2S, Mn/Li2S, and Zn/Li2S showed irreversible electro-
chemical behaviors. As shown in Figure 7a–c, Co/Li2S, Mn/Li2S,  
and Zn/Li2S deliver charge capacities of over 1000 mAh g−1  
up to their respective cut-off potentials. Similar to Ti/Li2S and 
pure Li2S, the charge potentials were all above 3  V. However, 
the discharge capacities of Co/Li2S, Mn/Li2S, and Zn/Li2S in 
the following processes are negligible, where Co/Li2S, Mn/
Li2S, and Zn/Li2S do not undergo typical S/Li2S conversion 
reactions. To investigate the actual electrochemical process, 
electrode materials after the first charge process were collected 
and characterized by HEXRD. Based on the HEXRD patterns 
in Figure  7d–f, the final charge products are indexed to tran-
sition metal sulfides and unreacted Li2S/metals. Here, we 
speculate that Co, Mn, and Zn are electrochemically active in 
the charge process, which is quite different from the inertness 
found with W, Mo, and Ti. Subsequently, metal sulfides formed 

Figure 6.  DFT calculations showing the binding structures of lithium polysulfide (Li2Sn, n = 2–6) species onto the Mo (110) surface.
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by combining Co2+, Mn2+, and Zn2+ with S2−. Beside the Co, 
Mn, and Zn, partial S2− is also oxidized, forming PS shown in 
Figure 7g–i. Unfortunately, introducing Co, Mn, or Zn does not 
generate any benefits to the electrochemical performance of 
Li2S as electrode materials. However, this result does not mean 
Co/Li2S, Mn/Li2S, or Zn/Li2S is absolutely without merit. On 
the contrary, Co/Li2S, Mn/Li2S, or Zn/Li2S can be used as a 
desirable cathode-prelithiation agent to compensate any loss of 
Li in a full cell.[15]

In summary, it is the first time that Li2S/TM nanocomposites 
were synthesized by the lithiothermic reduction reaction, and 
the influence of TM on Li2S electrochemical behavior was sys-
tematically studied. Li powder reacts with various metal sulfide 
precursors, where Ni, Fe, and Cu agglomerate into megascopic 
metal chunks in Li2S/Ni, Li2S/Fe, and Li2S/Cu, while TMs were 
uniformly distributed into the Li2S matrix of Li2S/Co, Li2S/Mn,  
Li2S/Zn, Li2S/Mo, Li2S/W, and Li2S/Ti. In spite of structural 
similarities, the electrochemical behaviors of these Li2S/TM 
nanocomposites were different. The activation potentials of 
Li2S/W, Li2S/Mo, and Li2S/Ti were dramatically lowered in con-
trast to pristine Li2S due to the formed TMS bond. Moreover,  

the rate capability and cyclability have been dramatically 
improved also when compared with pure Li2S. These improve-
ments should be ascribed to the increased electronic/ionic con-
ductivities and strong chemical adsorption between TMs and 
PS. Different from Li2S/W, Li2S/Mo, and Li2S/Ti, introducing 
Co, Mn, and Zn into a Li2S matrix renders the reversible Li2S 
electrochemical pathway irreversible; that is, Li2S will only oxi-
dize into PS, rather than S, and the corresponding metal sulfide 
is found in the final product. As a result, Li2S/Co, Li2S/Mn,  
and Li2S/Zn can act as the prelithiation agents rather than 
active electrode materials. Our findings are not only funda-
mentally distinguished, but also have a guiding significance in 
fabricating novel Li2S-based cathode materials.

Experimental Section
Materials Synthesis: A mixture of Li and transition metal sulfides at 

the stoichiometric ratio was heated in a sealed stainless-steel tube with 
argon gas filled under 650 °C for 5 h via a one-step solid-state reaction. 
As-prepared samples were directly transferred to glovebox for future 
characterization and electrochemical test.

Figure 7.  Irreversible electrochemical performance of Li2S after introducing Co, Mn, or Zn. Galvanostatic charge/discharge profiles of a) Li2S/Co,  
b) Li2S/Mn, and c) Li2S/Zn at a current rate of 0.1C in the first cycle. Ex situ HEXRD results of electrode materials of d) Li2S/Co, e) Li2S/Mn, and  
f) Li2S/Zn after the first charge process. Digital photos of electrolytes from dissembled g) Li2S/Co, h) Li2S/Mn, and i) Li2S/Zn cells.
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Materials Characterization: All the test samples were stored and 
fabricated in an argon-filled glovebox, and special precautions were 
taken during the material characterizations to prevent contamination 
from air. TEM and SAED measurements were carried out using a 
JEOL-3010 operated at 300  kV. Lab’s XRD patterns were recorded 
using a MiniFlex 600 Rigaku Diffractometer with Cu Kα irradiation 
(λ = 1.5406 Å). HEXRD and XAS measurements were carried out at 
the 11-ID-C and 9-BM beamlines, respectively, Advanced Photon 
Source, Argonne National Laboratory. The samples were tightly 
sealed using the Kapton tape. HEXRD patterns were recorded in the 
transmission mode, and XANES and EXAFS spectra were recorded in 
the fluorescence mode.

Conductivity Test: The pressed pellets (10 mm in diameter) sandwiched 
between two gold foils were placed into the Swagelok for the EIS tests 
on Biologic VMP3 with a frequency range between 1 MHz and 1 Hz. For 
the DCP tests, the pellets were measured in the stainless-steel cell under 
2 tons pressure.

Electronic partial conductivity and total conductivity were calculated 
based on the following equation

L
R S

ρ = × � (3)

Here, ρ is the conductivity, R is the resistance, S is the pellet area, 
and L is the pellet thickness.

It should be noted that the electronic resistance was calculated from 
the DCP tests followed by the equation

R V
I

= � (4)

Here, V is the applied voltage and I is the measured current.
As for the ionic resistance, R was derived from the x-axis intercept 

from EIS tests as shown in Figure S9 in the Supporting Information. 
Ionic partial conductivity was calculated based on following equation

1 1 1
i eρ ρ ρ= − � (5)

Here, ρi is the partial ionic conductivity, ρ is the total conductivity, 
and ρe is the partial electronic conductivity.

Electrochemical Test: Via a doctor-blade method, the slurry, consisting 
of 80 wt% Li2S/TM or pure Li2S, 10 wt% carbon black (Super-P), and 
10 wt% poly(vinylpyrrolidone) (PVP), was coated on aluminum foil and 
dried at 80 °C in argon-filled glovebox. Coin cells were assembled with 
the as-prepared electrode as the working electrode, lithium metal as the 
counter/reference electrode, Celgard 2500 membrane as a separator, and 
1 m lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)/0.2 m LiNO3 
dissolved in 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL) (1:1 by 
volume) as the electrolyte. The active mass loading was ≈2.0 mg cm−2  
with an electrolyte addition of 13  mL gsulfur

−1. The electrochemical 
measurements were performed on LAND battery cycler for galvanostatic 
charge–discharge test and Gamry 5000E workstation for CV test, where 
the voltage range was from 0.01 to 2.0  V versus Li+/Li. The specific 
capacities were normalized based on the sulfur mass. EIS results were 
obtained by Gamry 5000E workstation with the frequency range of 0.1 Hz 
to 100 kHz.

In Situ Synchrotron Measurements: In situ synchrotron HEXRD 
measurements during the cycling were carried out at the 11-ID-C 
beamline of the Advanced Photon Source, Argonne National 
Laboratory. A high-energy X-ray with beam size of 0.2 mm × 0.2 mm and 
wavelength of 0.1174 Å was used to obtain 2D diffraction patterns in the 
transmission geometry. Homemade coin cells were charged/discharged 
at a constant current between 1.5 and 3.5  V using a MACCOR cycler. 
During the cell cycling, the XRD patterns were recorded using a Perkin-
Elmer 2D X-ray detector placed at 1800  mm from the measured cells. 
The obtained 2D diffraction patterns were calibrated using a standard 
CeO2 sample and converted to 1D patterns of 2θ versus intensity using 
the Fit2D software.

Theoretical Calculations: All the DFT calculations were carried out 
using the GGA_PBE method with a plane wave basis set implemented 
in the Vienna Ab initio Simulation Package (VASP). The energy cutoff 
of 400 eV was used, and the Γ-point and a 2 × 2 × 1 k-point mesh were 
used to sample the Brillouin zones for the surface systems. 5 × 5 × 4 and  
4 × 4 × 4 supercells were used for Mo (110), W (110), and Ti (101) 
surfaces, respectively. All the atoms in the supercells were allowed 
to relax. The reaction barriers were calculated using climbing image 
nudged elastic band (CI-NEB) method.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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