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commercial implementation. These draw-
backs are associated with the dissolution 
of lithium polysulfi de (LiPS) species — 
the intermediates in the redox reaction of 
Li-S cells — into the organic electrolyte. [ 4,5 ]  
Migration of the soluble polysulfi des within 
the electrolyte that drives the polysulfi de 
shuttle needs to be overcome to make prac-
tical Li-S batteries with long-cycle life. 

 Much effort has been expended in 
attempts to physically confi ne the soluble 
polysulfi des, using host cathode materials 
that have high surface area and/or well-
designed pore structures. Mesoporous/
microporous carbon, [ 6–8 ]  porous hollow 
carbon spheres, [ 9,10 ]  hollow carbon fi bers, [ 11 ]  
and carbide foams [ 12 ]  have been intensively 
studied. Electrochemical cells made using 
these carbonaceous materials demonstrated 
substantial capacity improvement over the 
fi rst few hundred cycles, but they suffer 
signifi cant decay upon long term cycling 

due to the weak interaction between (poly)sulfi des and carbon. [ 13 ]  
Li-S batteries using TiO 2,  SiO 2  or polyaniline spherical-structures 
with an internal void to confi ne sulfur were reported to exhibit 
prolonged cycling life owing to sulfur confi nement. [ 14–17 ]  How-
ever, nanosized sulfur particles and high carbon contents are 
necessary to realize high utilization of active material in these 
physically confi ned structures. Coatings have been used to better 
effect in carbonaceous materials, [ 18 ]  including those deposited by 
plasma-enhanced atomic layer deposition. [ 19 ]  

 Host materials that bind polysulfi des through chemical 
interactions, on the other hand, are much more promising. 
Functionalized carbon materials such as N-doped carbon/
graphene are effective polysulfi de diffusion inhibitors owing 
to interaction between the nitrogen groups and the LiPS spe-
cies. [ 20–22 ]  Even more potent are N, S doped carbons. [ 23,24 ]  The 
dual dopants (sulfur and nitrogen) strongly interact with the 
Li +  and S 2−  moieties of the polysulfi des respectively, as shown 
by density functional theory (DFT) studies. [ 23 ]  Ni-based metal 
organic frameworks (Ni-MOF) [ 25 ]  and MXene nanosheets [ 26 ]  
show excellent cycling performance because of strong Lewis 
acid-base interactions with LiPSs. Polar metal oxides, such 
as SiO 2 , [ 27 ]  TiO 2 , [ 28 ]  Ti 4 O 7 , [ 29 ]  and indium tin oxide [ 30 ]  adsorb 
polysulfi des on their inherently hydrophilic surfaces. Most of 
these open structure host materials are in the form of either 
2D nanosheets or nanoparticles, and thus cannot physically 
confi ne the polysulfi des. Nevertheless, sulfur cathodes made 

 The lithium-sulfur battery is a compelling energy storage system because 
its high theoretical energy density exceeds Li-ion batteries at much lower 
cost, but applications are thwarted by capacity decay caused by the poly-
sulfi de shuttle. Here, proof of concept and the critical metrics of a strategy 
to entrap polysulfi des within the sulfur cathode by their reaction to form a 
surface-bound active redox mediator are demonstrated. It is shown through a 
combination of surface spectroscopy and cyclic voltammetry studies that only 
materials with redox potentials in a targeted window react with polysulfi des 
to form active surface-bound polythionate species. These species are directly 
correlated to superior Li-S cell performance by electrochemical studies of 
high surface area oxide cathodes with redox potentials below, above, and 
within this window. Optimized Li-S cells yield a very low fade rate of 0.048% 
per cycle. The insight gained into the fundamental surface mechanism and 
its correlation to the stability of the electrochemical cell provides a bridge 
between mechanistic understanding and battery performance essential for 
the design of high performance Li-S cells. 

  1.     Introduction 

 The increasing demand for emerging electric vehicle and renew-
able energy storage markets has triggered a search for the next-
generation of energy storage devices. Rechargeable lithium-sulfur 
(Li-S) batteries have attracted increasing attention, owing to their 
high theoretical energy density, and the natural abundance, 
low cost and environmental friendliness of sulfur. [ 1–3 ]  However, 
incomplete sulfur utilization, fast capacity degradation, and poor 
Coulombic effi ciency of Li-S batteries remain as challenges for 
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using these materials still demonstrate signifi cantly improved 
long term cycling performance, indicating the higher effi ciency 
of chemisorption compared to physisorption in suppressing 
the polysulfi de diffusion and shuttle. Moreover, chemisorption 
enables spatially located Li 2 S precipitation on the host surface, 
further improving cell performance. [ 29,30 ]  

 Recently, we reported that δ-MnO 2  nanosheets are remark-
ably effective as Li-S hosts, although they do not operate by 
chemisorption. [ 31 ]  In optically accessible cells, virtually no 

thiosulfate species (S 2 O 3  2− ) are generated in situ on the sur-
face of MnO 2  by reaction with lithium polysulfi des (LiPSs). [ 31 ]  
We postulated that these species were vital to the retention of 
LiPSs within the positive electrode upon cycling. We invoked 
a mechanism whereby the thiosulfate anchor “higher-order” 
S  x   2−  polysulfi des ( x  ≥ 4) by further catenating them into the 
S–S bond in [O 3 S-S] 2−  (thiosulfate) to create intermediate 
surface-bound polythionate complexes [O 3 S 2 – (S)  x   –  2   –S 2 O 3 ], 
vis, [ 31 ] 
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coloration of the electrolyte is evident on cycling, showing that 
soluble polysulfi des do not form in signifi cant concentrations. 
We proposed that the soluble LiPSs are chemically trapped by 
a different mechanism, driven by conversion to polythionate, 
which has its foundation in the “Wackenroder reaction” 
reported for aqueous sulfur species over a century ago. [ 32 ]  The 
high polysulfi de adsorption effi ciency accruing from this pro-
cess motivated our quest to better understand it. 

 Here, we report surface science and electrochemical studies 
on bulk and high surface area transition metal oxides that deter-
mine the metrics necessary to activate thiosulfate formation, 
and provide new insights of the surface reactivity. We show that 
thiosulfate formation is selectively triggered by metal oxides 
such as VO 2  and CuO with redox potentials between 2.4 V <  E ° 
≤ 3.05 V, a window which lies just above the redox voltage of 
soluble polysulfi des and thus promote polythionate formation. 
Other oxides either give rise to over-oxidization to sulfate sur-
face groups which are inactive; or do not react and serve only to 
bind polysulfi des via polar interactions. We directly correlate this 
fi nding to Li-S cell performance by utilizing selected high-sur-
face area metal oxides as sulfur cathodes. Only VO 2 –graphene 
(exhibiting good polythionate surface coverage) displayed very 
good cycling performance in a typical voltage window, whereas 
oxides that fall outside the targeted redox range show inferior 
Li-S cell performance. Nonetheless, materials such as V 2 O 5 , 
whose redox potentials are too high, can be utilized by tuning 
down the voltage window of the Li-S cell. Sulfur infi ltrated V 2 O 5  
hollow sphere cathodes, which additionally benefi t from phys-
ical entrapment of LiPSs, cycled between 1.8 – 2.5 V to avoid the 
build-up of inactive sulfate species, leading to a practical high 
sulfur loading Li/S cell with excellent performance.  

  2.     Results and Discussion 

  2.1.     Redox Reaction of Lithium (Poly)sulfi des and Metal Oxides: 
Determining the Optimal Potential 

 In our previous report on the high effi cacy of MnO 2 /
graphene nanosheets for Li-S batteries, we showed that 

 Disproportionation drives the formation of insoluble “lower-
order” polysulfi des in electrical contact with the MnO 2  host, 
providing an interface for Li 2 S deposition on discharge. X-ray 
photoelectron spectroscopy (XPS) further revealed that the sur-
face polythionate complex was reversibly recovered on oxida-
tion, and thus was also active in the charge cycle. The resulting 
suppression of the polysulfi de shuttle yields a high performance 
Li-S battery that extends more than 2000 cycles. We showed this 
mechanism may also account for the excellent properties of 
graphene oxide (GO) as a Li-S cathode. 

 Further reasoning leads to the principle that thiosulfate for-
mation (and generation of a polythionate complex) might be 
dictated by the redox potential of the transition metal oxide 
hosts compared to that of the LiPSs. The latter lie in the range: 
2.1 V ≤  E ° ≤ 2.4 V versus Li/Li + . [ 33,34 ]  Transition metal oxides 
or materials such as graphene oxide that have a redox poten-
tial above this range (i.e., ≥ 2.4 V) should oxidize polysulfi des 
to thiosulfate (or sulfate); and those with a potential lower than 
2.1 V would not. To prove this concept here, and establish the 
ideal or “Goldilocks” voltage window, Li 2 S 4  — a probe species 
that represents a polysulfi de of average depth of discharge — 
is reacted with a wide variety of metal oxides of varying redox 
potential, as measured by cyclic voltammetry (CV). XPS studies 
determined whether redox occurred, and what surface species 
resulted. The results are described below. Only the peak posi-
tions of the lower binding energy components of the sulfur 2p 
and metal 2p 3/2  spin orbital doublets in the XPS spectrum are 
given, following convention. 

  2.1.1.     Metal Oxides with a Redox Potential Too Low 
to Form Thiosulfate 

 Co 3 O 4  falls into this category, providing an illustrative example. 
Its upper redox potential of ≈1.11 V versus Li/Li +  determined 
by CV measurement (Figure S1a, Supporting Information) lies 
below the polysulfi de window of 2.1 V ≤  E ° ≤ 2.4 V, suggesting 
it cannot oxidize lithium polysulfi des. Accordingly, the ratio 
of the Co 3+  and Co 2+  peaks in its Co 2p spectrum ( Figure    1  a), 
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remains unchanged upon contact with a solution of Li 2 S 4 , and 
the peaks in the sulfur 2p core spectra show only the features 
of the adsorbed polysulfi de. Li 2 S 4  exhibits the expected 1:1 ratio 
of “bridging” (S B  0 , 161.9 eV) and “terminal” (S T  −1 , 163.7 eV) 
sulfur (Figure  1 b,c). [ 26,29,31 ]  Other metal oxides (NiO, Cu 2 O, 
CoO, TiO 2 , Ti 4 O 7 , Fe 2 O 3 , and Fe 3 O 4 ) also do not undergo a 
chemical reaction with Li 2 S 4  to form thiosulfate/polythionate 
(Figures S2-S5), since their redox potentials are too low (< 1.5 V). 
This is shown by a combination of XPS and CV studies that 
are summarized in Figure S1b–f of the Supporting Informa-
tion, and in  Table    1  . We note that binding of LiPSs to metal 

oxides such as α-TiO 2  [ 28 ]  (redox potential 1.56 V, Figure S1e, 
Supporting Information) or Ti 4 O 7  [ 29 ]  (redox potential 1.38 V, 
Figure S1f, Supporting Information) can occur through strong 
polar surface interactions, or acid-base interactions. Applica-
tion of these lower redox potential transition metal oxides to 
Li-S batteries can also be realized via a polysulfi de reservoir 
mechanism that permits reversible adsorption/desorption 
by the combination of the surface interaction and pore struc-
ture. [ 27,28 ]  In principle, V 2 O 3 , with a redox potential of 1.11 V 
(Figure S1g, Supporting Information) should also fall into this 
category, but the ease of oxidation of V 3+  to V 4/5+  means that its 
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 Figure 1.    XPS spectra of the metal oxides and solids recovered from metal oxide-Li 2 S 4  suspension for a–c) Co 3 O 4 , d–f) CuO, g–i) NiOOH. a) Co 2p: 
Co 3 O 4 , b) Co 2p: Co 3 O 4 –Li 2 S 4 , and c) S 2p: Co 3 O 4 –Li 2 S 4 . d) Cu 2p: CuO, e) Cu 2p: CuO-Li 2 S 4 , and f) S 2p: CuO–Li 2 S 4 . g) Ni 2p: NiOOH, h) Ni 2p: 
NiOOH–Li 2 S 4 , and i) S 2p: NiOOH–Li 2 S 4 . The Cu 2p and Ni 2P spectra appear as a classic multiplet arising from “shake-up” satellite peaks. The 
chemical structures in (f) and (i) represent thiosulfate, polythionate, and sulfate, respectively (yellow: S, red: O).

  Table 1.    Redox potentials of metal oxides and the valence change of metal and sulfur upon Li 2 S 4 -metal oxide reaction, as measured from XPS and CV 
experiments. The redox potential for Fe 2 O 3  is taken from the literature. [ 35 ]  

Metal oxide Redox potential 

(V vs Li/Li + , by CV) 

Valence change of the 

metal (XPS) 

Fraction in S 2p spectra [%]

 Polysulfi des 161.9/163.7 [eV] Thiosulfate 167.2 [eV] Polythionate 168.2 [eV] Sulfate 170.2 [eV]

Fe 2 O 3 0.65 – 100 – – –

Co 3 O 4 1.11 – 100 – – –

V 2 O 3 1.11 Surface V 4+  → V 3+  76  10 14 – 

NiO 1.35 – 100 – – –

Cu 2 O 1.41 Surface Cu 2+  → Cu 1+ 89 6 5 -

CoO 1.46 – 100 – – –

CuO 2.53 Cu 2+  → Cu 1+ 74 11 15 –

VO 2 2.79 V 4+  → V 3+ 67 24 9 –

MnO 2 3.05 Mn 4+  → Mn 3+,2+ 54 20 26 –

V 2 O 5 3.40 V 5+  → V 4+, 3+ 32 38 22 8

NiOOH 3.52 Ni 3+  → Ni 2+ 65 10 13 12
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surface is usually covered by a higher native oxide as discussed 
in the following section.    

  2.1.2.     Metal Oxides that Form Surface-Bound Thiosulfate Via Redox 

 These encompass materials where concomitant reduction of the 
surface metal oxide and oxidation of Li 2 S 4  occurs (Table  1 , mate-
rials below the dotted line). Both MnO 2  and graphene oxide 
demonstrate this behavior, as previously reported. [ 31 ]  Indeed, 
Figure S1h of the Supporting Information shows that MnO 2  
exhibits a redox potential of 3.05 V, which is well above the 
polysulfi de window of 2.4 V. This explains why it triggers the 
formation of thiosulfate/polythionate, concomitant with reduc-
tion to Mn 2+ . The redox potential of CuO, 2.53 V versus Li/Li +  
(Figure S1i, Supporting Information) lies just at the lower end 
of the target range. Its XPS Cu 2p spectrum shows only Cu 2+  
as a classic multiplet (Figure  1 d). [ 36,37 ]  Upon contact with Li 2 S 4 , 
the surface is partially reduced to Cu 1+  (Figure  1 e). This occurs 
in concert with the oxidation of sulfur species to thiosulfate 
(167.2 eV), which can be expressed as 

 ( )+ → + +10Cu O Li S 4Cu O Cu S O Li S OII
2 4 2

I
2
I

2 3 2 2 3   (2)   

 Polythionate is likely formed by subsequent reaction of poly-
sulfi des with the anchored thiosulfate groups (Equation  ( 1)  ), 
which appears in the S 2p core spectrum at 168.2 eV (Figure  1 f) 
along with the bridging and terminal sulfur contributions of 
LiPSs. [ 26,29,31 ]  We note that a species such as tetrathionate might 
also form via direct oxidation of polysulfi des with the host, but 
it would be indistinguishable from polythionate (and this would 
not explain the presence of the thiosulfate groups on the sur-
face). The residual LiPSs are due to incomplete reaction, in part 
because the surface area of the bulk metal oxide is low. VO 2 , 
with a redox potential of 2.79 V (Figure S1j, Supporting Infor-
mation) undergoes the same redox upon contact with Li 2 S 4 . It 
exhibits a lower LiPS fraction (Table  1  ) – hence more complete 

reaction – owing to its higher surface area, as described fully in 
the following section.  

  2.1.3.     Metal Oxides with a High Redox Potential 

 When oxides exhibit a very high redox potential > 3.4 V — a 
volt above the target window — oxidation of LiPSs to higher 
oxidation states of sulfur is predicted. This is demonstrated by 
nickel “peroxide” and V 2 O 5 . 

 Nickel “peroxide” is best represented as Ni 2 O 3 ·2H 2 O or 
β-NiOOH·H 2 O. [ 38–40 ]  Our CV measurement indicates this 
hydroxyoxide has a redox potential of 3.52 V versus Li/Li +  
(Figure S1k, Supporting Information and Table  1 ) .  The main 
peak of the Ni 2p 3/2  XPS multiplet spectrum exhibits a binding 
energy of 856.7 eV, indicative of Ni (III) (Figure  1 g). [ 41 ]  Con-
tact with Li 2 S 4  results in reduction of the metal (Figure  1 h) as 
noted above for Cu II O to Cu I . The low surface area of NiOOH, 
as in the case of CuO (≈20 m 2  g −1 ), means that only partial 
reduction is observed. Owing to the very high redox potential 
of Ni 3+ , however, this is accompanied by oxidation of LiPSs 
not only to thiosulfate/polythionate, but also to sulfate (SO 4  2− , 
170.2 eV; S 2p XPS spectrum in Figure  1 i). The oxidation of 
sulfur to its highest oxidation state (S 6+  in sulfate) is driven by 
the high oxidation potential of the metal. Oxides that can oxi-
dize sulfur have high polysulfi de adsorptivity and exhibit sta-
bilized cycling. [ 13 ]  The formation of sulfate triggered by high 
redox potential metal oxides, however, has detrimental effects 
on the long term performance of Li-S batteries. This will be 
demonstrated in the following section for V 2 O 5  (redox potential 
of about 3.40 V vs Li/Li + , Figure S1l, Supporting Information).   

  2.2.     High Surface Area Metal Oxides: Maximizing Con-
tact for Cathodes 

 A high surface area modifi cation of each of the three different 
classes of metal oxides were supported on graphene ( Figure    2  ), 
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 Figure 2.    SEM images of a) VO 2 –graphene; b) V 2 O 5 –graphene; and c) Co 3 O 4 –graphene. HRTEM images of d) VO 2 –graphene showing VO 2  nano-
crystals, with index to the (001) lattice planes of the oxide; e) V 2 O 5  nanocrystals supported on graphene, with index to the (020) lattice planes of 
the oxide; f) Co 3 O 4 –graphene showing Co 3 O 4  nanocrystals, with index to the (111) lattice planes of the oxide. g) XRD patterns of VO  x  –graphene, 
VO 2 –graphene, V 2 O 5 –graphene, and Co 3 O 4 –graphene. Patterns are indexed to the respective JCPDS fi les.
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in order to maximize the interaction of the metal oxide and 
polysulfi des in practical Li-S cells, and to confi rm the Goldi-
locks concept. Two nanocrystalline vanadium oxides, VO 2  and 
V 2 O 5 , were synthesized by annealing a precursor—VO  x   sup-
ported on graphene (VO  x  –graphene,  x  = 2 – 2.5) — in different 
atmospheres to control the oxidation state. [ 42 ]  The precursor 
was prepared by hydrothermal hydrolysis of vanadyl iso-
propoxide in the presence of graphene (see the Experimental 
Section). Energy dispersive X-ray (EDAX) analysis (Figure S6, 
Supporting Information) and scanning electron microscopy 
(SEM; Figure  2 a,b and Figure S6a, Supporting Informa-
tion) reveal that the VO  x   particles are well distributed on the 
graphene nanosheets. The average vanadium oxide fraction 
was ≈75 wt. %, based on thermal gravimetric analysis (TGA; 
Figure S6d, Supporting Information). The as-synthesized VO  x  –
graphene has a surface area of 103 m 2  g −1 , as determined by the 
Brunauer-Emmett-Teller (BET) method (Figure S8, Supporting 
Information). The amorphous VO  x  –graphene crystallized to 
VO 2 –graphene when it was annealed at 400 °C in Ar, and to 
V 2 O 5 –graphene when annealed at 300 °C in O 2 . High resolu-
tion transmission electron microscopy (HRTEM; Figure  2 d,e) 
and X-ray diffraction (XRD) patterns (Figure  2 g) confi rmed that 
the targeted processing conditions resulted in the formation 
of either V 2 O 5 , or VO 2  nanocrystals on the graphene sheets. 
Surface oxidation states were determined by XPS analysis 
( Figure    3  ). The V 2p spectrum of VO 2  was fi t by V 4+  at 516.3 eV, 
with a small contribution (≈28%) of V 3+  at 515.0 eV. [ 43 ]  The 
major surface component on V 2 O 5 –graphene is V 5+  (517.6 eV) 
with a small V 4+  contribution.   

 High surface area V 2 O 3 –graphene (generated by annealing 
the precursor at 600 °C in H 2 /Ar, see the Experimental Section) 

contains considerable V 4+  on the surface 
owing to its extreme oxygen sensitivity 
(Figure S7c, Supporting Information). Thus, 
although it exhibits a low bulk redox poten-
tial of 1.11 V (Figure S1g of the Supporting 
Information; note that the small feature at 
2.5 V is related to the reduction of native 
VO 2 ) the material behaved as if it were actu-
ally VO 2  with respect to surface reactivity 
with Li 2 S 4  (Figure S7, Supporting Informa-
tion). A search for an alternative “low” redox 
potential (<< 2.4 V) oxide for the full cell elec-
trochemical studies (next section) suggested 
Co 3 O 4 , which exhibits the same bulk redox 
potential as V 2 O 3  but lacks a higher-oxide 
native fi lm owing to the large potential jump 
in accessing Co 4+ . Supported Co 3 O 4  was syn-
thesized by the hydrolysis of cobalt acetate 
in the presence of graphene. [ 44 ]  SEM and 
HRTEM images also show Co 3 O 4  nanocrys-
tals uniformly anchored on the graphene sur-
face (Figure  2 c,f). BET analysis reveals a high 
surface area of 120 m 2  g −1  (Figure S8, Sup-
porting Information), very comparable to that 
of the supported vanadium oxides. The air-
stability of Co 3 O 4 –graphene demonstrated by 
XPS (Figure S9a, Supporting Information), 
shows a Co 3+/2+  ratio exactly the same as that 

of the bulk oxide (Figure  1 a). 
 The redox potential of these supported vanadium oxides 

determined by CV measurements (Figure S1g,j,l, Supporting 
Information), are summarized in Table  1 , along with that of 
Co 3 O 4 –graphene. To confi rm the reactivity of these high sur-
face area oxides, they were also contacted with Li 2 S 4 . The S 
2p spectrum of the Co 3 O 4 –graphene (Figure S9c, Supporting 
Information) exhibits no change, as did that of the bulk Co 3 O 4  
(Figure  1 ). For VO 2 , the expected changes were observed in the 
XPS spectra (Figure  3  and Table  1 ). A considerable amount 
(28%) of V 4+  on the surface is reduced to V 3+ , and the average 
valence decreases from +3.7 to +3.4 (Figure  3 a,b). This cor-
responds to the concurrent appearance of thiosulfate/poly-
thionate in Figure  3 c. V 2 O 5  shows a dramatic reduction of the 
vanadium sites, evidenced by the disappearance of the V 5+  spin 
orbit doublet and strong increase in V 4+  and V 3+  contributions 
(Figure  3 d,e). Quantifi cation by integration reveals a decrease 
in the surface valence from +4.8 to +3.4, accompanied by thio-
sulfate/polythionate in the S 2p spectrum (Figure  3 f). The pres-
ence of inactive sulfate (S 6+ ), as for NiOOH described earlier, 
indicates that V 2 O 5  oxidizes LiPS beyond thiosulfate. 

 Overall, the reaction between metal oxides and LiPSs can be 
divided into three categories based on the “Goldilocks” principle 
summarized schematically in  Figure    4  . With this classifi cation, 
one can narrow the scope and target those metal oxides that can 
form thiosulfate/polythionate surface species (including oxidized 
carbonaceous materials, such as graphene oxides that operate 
by a similar mechanism as we have previously shown. [ 31 ]  Such 
materials strongly inhibit polysulfi de diffusion into the elec-
trolyte and play a key role in stabilizing capacity over ultralong 
cycling, as demonstrated in the next section for VO 2  and V 2 O 5 .   
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 Figure 3.    XPS spectra of the vanadium oxides and the solids recovered from vanadium oxide–
Li 2 S 4  suspensions for a–c) VO 2 –graphene, d–f) V 2 O 5 –graphene. a) V 2p spectrum of VO 2 , 
b) V 2p spectrum of VO 2 –Li 2 S 4 , and c) S 2p spectrum; d) V 2p spectrum of V 2 O 5 , e) V 2p 
spectrum of V 2 O 5 –Li 2 S 4 , and f) S 2p spectrum.
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  2.3.     Metal Oxide Behavior in Li-S Cells: Proof of Concept 

 To test the theory proposed above, and probe the effects of 
redox potential of the transition metal oxide host on the 
electrochemical performance of Li-S cells, elemental sulfur 
was melt diffused into each metal oxide–graphene host 
material via heat treatment at 155 °C for 12 h, with a target 
composition of 75 wt. % S in the composites. SEM images 
(Figure S10, Supporting Information) and EDAX (Figure S11, 
Supporting Information) reveal that the sulfur was uniformly 
distributed on the metal oxide host materials. TGA confi rmed 
the sulfur loading (Figure S10d, Supporting Information) was 
≈75 wt. %. Sulfur cathodes based on these metal oxides were 
subjected to cycling in coin cells. During the fi rst activation 

cycle at a current rate of C/20, S/Co 3 O 4 –
graphene, S/VO 2 –graphene, and S/V 2 O 5 –
graphene exhibited discharge capacities 
of 1141, 1180, and 1205 mA h g −1 , respec-
tively ( Figure    5  a). All cells showed a typical 
two-plateau discharge curve corresponding 
to the successive reduction of sulfur, and 
a charge curve showing re-oxidation of 
LiPSs to sulfur. [ 34 ]  Cells with S/V 2 O 5 –gra-
phene positive electrodes displayed revers-
ible capacity above 2.4 V (i.e., above the 
LiPS redox) and below 2.0 V (i.e., below 
LiPS redox) during discharge and charge. 
This is due to the lithiation/delithiation of 
the V 2 O 5  host, which is consistent with the 
CV measurements in the absence of sulfur 
(Figure S1l, Supporting Information). In a 

Li-ion cell with a V 2 O 5  electrode, δ-LiV 2 O 5  forms at 3 V and 
converts to γ-Li  x  V 2 O 5  (1 <  x  < 3) at 2.4 V, which corresponds to 
an average vanadium valence of +4.5 and +4, respectively. [ 45 ]  
The valence state of the vanadium oxide is very important as 
it affects the performance of the Li/S cell signifi cantly, as will 
be discussed below.  

 Long-term cycling at C/2 provides insight into the effects of 
the formation of thiosulfate/polythionate and sulfate on the per-
formance of the cells. Over the fi rst 150 cycles, the cells based 
on S/V 2 O 5 –graphene and S/VO 2 –graphene exhibited similar 
capacity retention of 76% and 74% (Figure  5 b). However, 
their behavior diverged after this point. The more pronounced 
capacity decay on continued cycling of S/V 2 O 5 –graphene is 
ascribed to the gradual consumption of active polysulfi des 
and formation of inactive sulfate groups by the electrochemi-
cally recovered higher vanadium species (i.e., +4.5) during cells 
that were charged to 3 V. This is revealed in the difference in 
the capacity of the two discharge plateaus of the S/VO 2 – and 
S/V 2 O 5 –graphene electrodes at the 200th cycle (dashed line in 
Figure S12, Supporting Information). When the polysulfi des are 
further oxidized to the electrochemically inert sulfate species by 
V 2 O 5,  the accumulation of the electrochemical inactive sulfate 
groups will block the host surface and lead to poor long term 
cycling performance. The S/VO 2 –graphene electrode stabilized 
at ≈400 mA h g −1  up to 1000 cycles corresponding to a decay 
rate of 0.058% per cycle (Figure  5 c). In contrast, under exactly 
the same cell conditions, Co 3 O 4 –graphene exhibited signifi cant 
polarization after 200 cycles (Figure S12, Supporting Informa-
tion) and faster decay (0.34% per cycle over 250 cycles) due 
to the absence of thiosulfate/polythionate groups (Figure  5 b). 
Unlike S/VO 2 , the Co 3 O 4 –graphene cells could not sustain 
long term cycling, and typically failed after ≈250 cycles. This 
is also refl ected by the initial charge/discharge curve of the 
S/Co 3 O 4  cell, where over 110 mA h g −1  irreversible capacity 
was exhibited during the charge process. Although vanadium 
oxides and cobalt oxide are both semiconductors, the much 
higher electronic conductivity of VO 2  [ 46 ]  may also play a role in 
the improved performance. Since VO 2  undergoes a transition 
to a metallic state at 68 °C, this also allows for the possibility 
of reducing the transition to room temperature by elemental 
doping, [ 47 ]  making it even more attractive as a candidate for the 
sulfur host material.  
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 Figure 4.    Chemical reactivity of different metal oxides with LiPSs as a function of redox poten-
tial versus Li/Li + , superimposed with a typical Li-S cyclic voltammetry curve (shown in red). 
*Redox potentials of these metal oxides are taken from ref.  [ 35 ] .

 Figure 5.    a) Initial charge/discharge curves for S/V 2 O 5 –graphene (red), 
S/VO 2 –graphene (blue), and S/Co 3 O 4  (black) at C/20, b) comparison of 
the cycling performance at C/2, c) long term performance of S/VO 2 –gra-
phene at C/2.
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  2.4.     Combining Encapsulation with Targeted Redox 
Surface Properties 

 The superior chemical stability of V 2 O 5  in air compared to VO 2  
should enable it to be a more practical sulfur host material if 
the formation of sulfate can be avoided. To achieve this, we 
selected a lower cut-off voltage to eliminate the electrochemical 
reoxidation of vanadium to its high valence state at the end of 
charging process. V 2 O 5  hollow spheres were used for both phys-
ical and chemical entrapment of LiPS to validate the concept. 
These hollow spheres with 1 – 2 µm diameter were prepared by 
hydrothermal hydrolysis of vanadyl oxalate in 2-propanol and 
subsequent annealing at 350 °C in air. SEM images ( Figure    6  ) 
show a rough surface decorated by nanoplatelets with diame-
ters < 50 nm. The hollow spherical morphology is fully retained 
after conversion of the as-synthesized material to single phase 
V 2 O 5 .  

 The phase purity of the V 2 O 5  hollow spheres was confi rmed 
by XRD and Raman spectroscopy (Figure S13, Supporting 
Information). The average crystallite size was determined by 
applying the Scherrer equation to the line broadening of the 
(200) and (001) peaks at 2θ of 15.4° and 20.3°, respectively. 
From this analysis, values in the range of 45 nm (200) and 
25 nm (001) were obtained, indicating that the crystallites are 
anisotropic in agreement with the SEM results. 

 For electrochemical studies, cathodes with an average sulfur 
loading of 2.5 mg cm −2  were fabricated using a water-based 
slurry coating method. A low electrolyte/sulfur ratio of 7:1 and 
a charge cut-off potential of either 2.5 or 3.0 V were used in the 
experiments. A discharge capacity of around 1400 mA h g −1  was 
obtained in the fi rst activation cycle at a rate of C/50 ( Figure    7  ). 
Li-S batteries cycled between 1.8 and 2.5 V (which is suffi cient 
for full oxidation to sulfur on charge) delivered stable specifi c 

capacities of 1000 mA h g −1  at C/5, and in excess of 820 mA h g −1  
after 300 cycles. They showed very good cycling stability, with a 
decay rate of 0.048% per cycle between the second and 300th 
cycles. This is an excellent result given that the volume of elec-
trolyte used in these cells was comparably low and the sulfur 
loading was reasonably high. In contrast, poor performance 
was obtained when the charge cut-off potential was set at 3.0 V, 
which is consistent with the performance of V 2 O 5 –graphene 
shown in Figure  5 . The discussion above confi rms that metal 
oxides with high redox potential can oxidize polysulfi des up 
to sulfate and lead to poor cycling performance; however, the 
repetitive over-oxidation to detrimental sulfate can be avoided 
by using a lower charge cut-off voltage.    

  3.     Conclusions 

 Our comprehensive study on the ability of various transition 
metal oxides to chemically adsorb polysulfi des demonstrates 
that it is directly correlated to their redox potentials. In turn, 
this strongly affects their effectiveness as a cathode host in 
Li-S batteries. This provides a holistic view of concepts previ-
ously proposed for MnO 2  and graphene oxide, [ 31 ]  and Ti 4 O 7 . [ 29 ]  
Metal oxides with a redox potential that lies below approxi-
mately 1.5 V (such as Co 3 O 4 , or Ti 4 O 7 ) show no redox reaction 
with LiPSs, although strong benefi cial surface polar and/or 
acid site interactions still exist that can mitigate LiPSs disso-
lution. A more effective mechanism is one exhibited by metal 
oxides that can engage in surface redox chemistry. Those with 
a redox potential in a target window (2.4 V <  E  ≤ 3.05 V) such 
as VO 2 –graphene (2.79 V), which has a redox potential similar 
to that reported for MnO 2  nanosheets (3.05 V), oxidize LiPSs 
to form thiosulfate/polythionate groups chemically bound to 
the reduced metal oxide surface. These are retained on cycling, 
because they are ultimately reduced on full reduction to Li 2 S, 
and then regenerated on charge, as previously reported. [ 31 ]  
Promising electrochemical results were established with cells 
using S/VO 2 –graphene as a cathode host that showed an ini-
tial discharge capacity of 1180 mA h g −1  at C/20 and a decay 
rate of 0.058% per cycle over 1000 cycles, with stabilization 
at 400 mA h g −1 . Materials that lie too high in redox potential 
(>3.05 V) oxidize LiPSs to a mixture of sulfate and thiosul-
fate. In particular, V 2 O 5 –graphene, which is able to repetitively 
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 Figure 6.    SEM images at different magnifi cations of VO  x   hollow spheres 
a,b) before and c,d) after annealing at 350 °C in air.

 Figure 7.    Cycling performance of Li-S batteries using sulfur infi ltrated 
V 2 O 5  spheres in the potential ranges of 1.8 – 2.5 V (green symbols) and 
1.8 – 3.0 V (orange symbols). Solid symbols refer to capacity, and open 
symbols to Coulombic effi ciency. After the formation cycle at C/50, the 
cells were cycled at a rate of C/5. The sulfur loading was approximately 
2.5 mg cm −2 .
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oxidize polysulfi des to electrochemically inactive sulfate groups, 
exhibited poorer cycling performance due to its higher redox 
potential (3.4 V). Sulfate groups block the surface and inhibit 
the polythionate mechanism from being fully active. However, 
accumulative detrimental sulfate formation is avoided by tai-
loring the potential window of the cell to 1.8 – 2.5 V, resulting 
in a high performance Li/S cathode based on V 2 O 5  hollow 
spheres, with a decay rate of 0.048% per cycle. This new under-
standing allows us to realize a long life Li-S battery by exploring 
new materials with suitable redox potentials to form surface-
bound thiosulfate/polythionate mediators and by optimizing 
their structure to facilitate better contact with LiPSs.  

  4.     Experimental Section 
  Preparation of V 2 O 5  – Graphene, VO 2   – Graphene, and V 2 O 3  – Graphene : 

The graphene-supported vanadium oxides were prepared by fi rst 
synthesizing generic VO  x   (2 <  x  ≤ 2.5) on graphene followed by annealing 
at intermediate temperatures. Briefl y, 50 mg of graphene was dispersed 
in ethanol by sonication, and then 4 mL of vanadyl triisopropoxide was 
added while the mixture was stirred. The suspension was sealed in an 
autoclave and transferred to a thermostatted oven at 160 °C for 24 h. The 
black product was washed in ethanol, dried at 60 °C overnight and fi nally 
annealed at 300 °C in air for 30 min (V 2 O 5 –graphene) or at 400 °C in Ar 
for 10 h (VO 2 –graphene) or at 600 °C in H 2 /Ar for 4 h (V 2 O 3 –graphene). 

  Preparation of Co 3 O 4  – Graphene : [ 44 ]  4.8 mL of 0.2  M  Co(Ac) 2  was added 
dropwise into 96 mL of a predispersed graphene ethanol suspension, 
followed by the addition of 4.8 mL of water. The suspension was 
transferred to a 120 mL autoclave and heated at 80 °C for 10 h and 
vigorously stirred. The autoclave was then heated at 150 °C for 3 h in an 
oven. The product was washed with ethanol and water by centrifugation 
and further annealed at 300 °C for 4 h in air. 

  Preparation of NiOOH : [ 48 ]  20 g of nickel sulfate hexahydrate was 
dissolved into 50 mL of water at room temperature. Then, 9 g of sodium 
hydroxide was dissolved in 50 mL of sodium hypochlorite solution, 
and the solution was added dropwise to the nickel sulfate solution, 
producing a black precipitate. The fi nal product was fi ltered, washed with 
water and vacuum dried. 

  Preparation of V 2 O 5  Hollow Spheres : [ 49 ]  1.2 g of V 2 O 5  and 2.5 g of 
oxalic acid were dissolved in 40 mL of deionized water at 80 °C during 
2 h to give a blue solution. This was mixed with 2-propanol (1:10 volume 
ratio) and stirred for 20 min. The mixture was then transferred to a steel 
autoclave and heated at 200 °C for 12 h. The precipitate was collected 
by centrifugation and washed three times with absolute ethanol. The 
microspheres were calcined at 350 °C for 2 h in air to obtain V 2 O 5  hollow 
spheres. For the preparation of S/V 2 O 5  composite, the hollow spheres 
were mixed with sulfur and heated at 155 °C. The sulfur content was 
determined by TGA to be 80 wt. %. 

  Preparation of XPS Samples : [ 29,31 ]  Li 2 S 4  was synthesized as reported. 
For this comprehensive XPS study; Fe 2 O 3 , NiO, CoO, Co 3 O 4 , Cu 2 O, and 
CuO were purchased from Sigma-Aldrich, but NiOOH, MnO 2 , V 2 O 5 , 
VO 2 , and V 2 O 3  were synthesized in the lab as described above. All metal 
oxide materials were vacuum dried at 80 °C for 24 h prior to use. In an 
Ar-fi lled glovebox, 20 mg metal oxide and 1 mmol Li 2 S 4  were stirred in 
5 mL dimethyl ether (DME) for 6 h. The powder for XPS analysis was 
collected by centrifugation followed by drying under vacuum overnight. 

  Characterization : SEM and EDAX elemental analysis studies were 
carried out on a Zeiss Ultra fi eld emission SEM instrument equipped 
with an EDX attachment (Zeiss). TEM was performed on a Jeol 2010F 
TEM/STEM operating at 200 keV. TGA was used to determine the sulfur 
content of the material, that were carried out on a TA Instruments SDT 
Q600 employing a heating rate of 10 °C min −1  from room temperature 
to 650 °C under an air fl ow. Structural analyzes of the metal oxide 
materials were conducted on a D8 Bruker X-ray diffractometer utilizing 
Cu Kα radiation. For XPS, the samples were sealed in a vial under Ar 

before being quickly transferred to the chamber of an ultrahigh vacuum 
Imaging XPS Microprobe system (Thermo VG Scientifi c ESCALab 250) 
for analysis. The binding energies for XPS analysis were calibrated using 
the C 1s peak at 285.0 eV. The S 2p doublet peaks were fi t using equal 
full width at half maximum (FWHM), with a 2:1 area ratio and splitting 
of 1.2 eV between the S2p 3/2  and S2p 1/2 , respectively. The XPS peak 
fi tting for Fe 2 O 3 , Ni oxides and CuO contain multiplet peaks because 
of the electronic confi guration of the metal valence state which includes 
unpaired d-electrons. [ 50,51 ]  However, for V (II), V (III), V (IV), V (V), Co 
(II), and Cu (IV) [ 37 ]  we did not consider their multiplet components. 

  Electrochemical Measurements: Cyclic Voltammetry Experiments : Each 
metal oxide was mixed with Super P and polyvinylidene fl uoride (PVDF) 
with a weight ratio of 8:1:1 in dimethylformamide (DMF) solvent. The 
slurry was loaded on P50 carbon paper and dried at 60 °C overnight. Coin 
cells were assembled with Li foil as a counter and reference electrode 
using 1  M  LiTFSI in a 1:1 mixture of DOL:DME as electrolyte. CV tests 
with scan rate of 0.05 mV s −1  were collected on a VMP-3 instrument. 

  Electrochemical Studies on Li-S Coin Cells : Electrodes were prepared 
by casting a DMF slurry containing 80 wt. % S/VO  x  –graphene or S/
Co 2 O 3 –graphene ,  10 wt. % Super P and 10 wt. % PVDF onto P50 carbon 
paper. The sulfur loading on the electrodes were between 1.2 and 1.5 mg 
cm −2 . The coin cells (2325) were assembled by using 1 M LiTFSI in a 
1:1 mixture of DOL:DME, with 2 wt. % LiNO 3  as the electrolyte. Cycling 
performance was evaluated using a multichannel Arbin instrument at a 
C/2 rate after activation at a C/20 rate (C = 1675 mA h). The electrodes 
with sulfur infi ltrated vanadium oxide spheres were prepared by casting 
a water-based slurry containing 75 wt. % S/V 2 O 5 , 10 wt. % Super C65, 
10 wt. % Printex XE2 and 5 wt. % binder onto carbon-coated aluminum 
foil. The sulfur loading was in the range of 2.5 mg cm −2 . The electrolyte/
sulfur ratio was 7:1. Typically, 35 µL of electrolyte was used. The 
electrodes were cycled using a MACCOR Series 4000 (Tulsa, Oklahoma) 
multichannel battery cycler at C/5 after activation at a C/50 rate.  
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