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  1.     Introduction 
 Increasing need for electrical energy 
storage has promoted the great success 
of lithium-ion batteries (LIBs) in port-
able electronics, and they are also being 
developed for large-scale applications, 
such as electric vehicles and grid-scale 
storage. The transition from portable 
electronics to vehicles and grids with 
an expected lifetime greater than ten 
years will require substantial improve-
ments of LIBs in calendar and cycling 
life. [ 1,2 ]  In addition, vehicle applications 
require at least a twofold improvement 
of the energy and power densities. One 
of the promising classes of electrode 
materials that could meet these strin-
gent requirements are conversion reac-
tion based transition metal compounds 
(including oxides, fl uorides, sulphides, 
and nitrides), which provide capaci-
ties several times higher than those of 
existing intercalation compounds, due to 
the multiple electron transfer per transi-
tion metal ion through conversion reac-
tion. [ 3–5 ]  Among them, transition metal 
oxides [ 6–9 ]  and fl uorides [ 10–15 ]  have been 
intensively investigated. It was shown 
that Li insertion into MO/MF (M = Mn, 
Fe, Co, Ni, and Cu) leads to the forma-

tion of Li 2 O/LiF and M nanocomposites, which are con-
verted back to MO/MF upon Li extraction, and in some cases 
this conversion reaction was reported to be quite revers-
ible. [ 9,15 ]  However, not many systematic studies have been 
reported for sulphides, especially monosulphides, except 
for FeS 2 , which was extensively investigated in the late 20th 
century for its application in commercial primary lithium-
ion batteries and high temperature thermal batteries. [ 16,17 ]  
Some reports have shown that monosulphides suffer from 
poor cycling performance, limiting their use in room tem-
perature LIBs. [ 18–20 ]  Kim’s research [ 21 ]  reveals a general trend 
for the reversibility of monosulphides that follow an atomic 
sequence of NiS > CoS > FeS > MnS, which was suggested 
to result from the different electronic structure feature of the 
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transition metal ions. Most recent work on transition metal 
oxides [ 22 ]  and fl uorides [ 10 ]  considers the structure and phase 
evolution of the conversion reaction at atomic scale and the 
fi ndings show that the electrochemical performances are 
highly associated with the nucleation process upon conver-
sion. In this regard, in-depth investigation to understand the 
atomic structure of the sulphide compounds will enrich the 
knowledge of the conversion chemistry. Another aspect that 
impels us to reconsider monosulphides as electrode mate-
rials is the relatively low voltage hysteresis [ 23,24 ]  in compar-
ison with oxides and fl uorides, [ 24,25 ]  which will promote the 
energy conversion effi ciency. 

 In this work, a series of the Fe-Mn binary monosulphide 
compound Fe  x  Mn 1− x  S ( x  = 0.2, 0.5, 0.8) has been synthesized 
through a solid state reaction approach, and the Li storage 
performance has been investigated along with pure FeS and 
MnS. Pure FeS exhibits a reversible capacity of more than 
500 mAh g −1  (theoretical capacity 609 mAh g −1 ) with a lithium 
insertion voltage of 1.5 V and a lithium extraction voltage of 
1.8 V. MnS shows a lower lithium insertion/extraction voltage 
(0.9 V/1.2 V) than FeS but much poorer cycle performance. 
When forming the solid solution Fe 0.5 Mn 0.5 S, signifi cant 
improvement of the cycle performance can be achieved com-
pared with MnS, while a lower average lithium storage voltage is 
obatined compared with FeS. A variety of techniques including 
X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS) 
and transmission electron microscopy (TEM), with capabilities 
to probe short and long range structural changes of materials, 
have been applied to investigate the lithium storage mechanism 
in binary Fe 0.5 Mn 0.5 S. The structure changes and their electro-
chemical behavior are discussed in detail in this work.  

  2.     Results and Discussion 

  2.1.     Structure and Electrochemical Performance 

 The morphology and crystal structure of the three as prepared 
compounds were characterized by scanning electron micros-
copy (SEM) and XRD. As shown in the SEM images of  Figure    1  , 
the particle size ranges from several micrometers to tens of 
micrometers, and the particle size becomes larger and more 
non-uniform as the Fe content increases. From the XRD patterns 
( Figure    2  a–c), it is very interesting to fi nd that Fe 0.2 Mn 0.8 S and 
Fe 0.5 Mn 0.5 S have the same crystal structure as MnS, but the dif-
fraction peaks shift to higher angles with increasing the Fe con-
tent, indicating the formation of a cubic-structured Fe  x  Mn 1− x  S 

solid solution by incorporating Fe into the MnS lattice, regard-
less of the different crystal structures of MnS (cubic) and 
FeS (hexagonal). However, when the Fe content increases to 
Fe 0.8 Mn 0.2 S, two sets of XRD patterns relating to the hexagonal 
FeS phase and cubic MnS phase are discernable. The lattice 
parameters of this Fe  x  Mn 1− x  S solid solution are calculated by 
fi tting the XRD data. The lattice parameters of Fe 0.2 Mn 0.8 S and 
Fe 0.5 Mn 0.5 S are calculated to be 5.192 Å and 5.141 Å, respectively, 
which are slightly lower than that of pure MnS ( a  = 5.222 Å). 
It is found that the Fe content and lattice parameter show a 
linear relation, as shown in Figure  2 d, further proving the for-
mation of a solid solution. It is evident that Fe 0.8 Mn 0.2 S is a 
mixture of the cubic Fe  x  Mn 1– x  S phase and the hexagonal FeS 
phase. The phase ratio was determined to be 53/47 (Rietveld 
refi nement results are shown in Figure S1, Supporting Informa-
tion). By extrapolation of the line to the lattice parameter value 
of Fe  x  Mn 1− x  S in Fe 0.8 Mn 0.2 S, we can estimate that the limit of 
the Fe content for the solid solution is about 0.57. Therefore, 
the Fe  x  Mn 1− x  S solid solution could be formed in the range of 
0 <  x  < 0.57. When the  x  value is greater than 0.57, the product 
is a two-phase mixture of the Fe 0.57 Mn 0.43 S solid solution and 
FeS.   

  Figure    3   shows the discharge-charge and capacity differential 
curves of the Fe  x  Mn 1– x  S ( x  = 0.2, 0.5, and 0.8) compounds for 
the fi rst two cycles. It can be seen that the initial Li insertion 
voltage is strongly affected by the content of Fe in the Fe  x  Mn 1– x  S 
solid-solution. A single plateau located at 0.67 V and 0.86 V is 
observed in both Fe 0.2 Mn 0.8 S and Fe 0.5 Mn 0.5 S, respectively, for 
the initial discharge process. Because the Fe 0.8 Mn 0.2 S sample 
is a mixture of FeS and the Fe 0.57 Mn 0.43 S solid solution, it is 
expected that the discharge plateau at 1.24 V is related to the 
FeS phase, while the subsequent plateau at 0.9 V is attributed 
to the Fe 0.57 Mn 0.43 S solid solution. The initial charge process 
of Fe 0.2 Mn 0.8 S also shows a single plateau. In the second cycle, 
the discharge voltage increases about 0.25 V. This type of inser-
tion voltage difference between the fi rst and second cycle is also 
observed in MnS and FeS and could originate from the large 
particle size of transition metal sulfi des. The Li insertion and 
extraction voltages obtained from the capacity differential curves 
are 0.92 V and 1.27 V, respectively. Compared with MnS, there 
is no change for the lithium insertion voltage but a 50–70 mV 
increase in lithium extraction voltage. For Fe 0.5 Mn 0.5 S, it is 
interesting to note that although the initial discharge process 
of Fe 0.5 Mn 0.5 S shows a single plateau, the subsequent dis-
charge and charge processes both show two slightly-sloped 
plateaus. As can be seen from the capacity differential curves, 
the higher insertion and extraction voltages are around 

1.50 V/1.83 V, which correspond to those 
of FeS; the lower insertion/extraction volt-
ages are around 0.97 V/1.36 V, which are 
between those of MnS and FeS. For the mixed 
phase sample Fe 0.8 Mn 0.2 S, the high insertion/
extraction voltages at 1.48 V/1.81 V are attrib-
uted to the FeS phase. The voltage peaks at 
0.96 V/1.36 V, similar to those of Fe 0.5 Mn 0.5 S, 
are assigned to the Fe-Mn-S solid solution.  

  Figure    4   shows the cycle performance 
of MnS, Fe 0.2 Mn 0.8 S, Fe 0.5 Mn 0.5 S, and 
FeS electrodes. There are few reports 
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 Figure 1.    SEM images of the Fe  x  Mn 1– x  S ( x  = 0.2, 0.5, 0.8) samples prepared by solid state 
reaction.
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on the electrochemical performance of MnS, [ 18 ]  but it is 
assumed that the poor cycle performance is attributed to 
electrode volume changes, particle cracks, and slow kinetics 
of the material during the conversion reaction. Our results 

show that MnS delivers a high capacity of 989 mAh g −1  
for the fi rst insertion process but with a very low initial effi ciency 
of 45.9% (the fi rst cycle reversible capacity is 415 mAh g −1 ). 
The capacity rapidly decreased to 200 mAh g −1  after 15 cycles. 

Adv. Funct. Mater. 2014, 24, 5557–5566

 Figure 2.    a) XRD patterns and d) lattice constant evolution of the Fe  x  Mn 1− x  S ( x  = 0.2, 0.5, 0.8) and MnS samples; enlarged view of the b) (200) and 
c) (220) refl ections.

 Figure 3.    The fi rst three discharge/charge curves and the fi rst two cycles’ capacity differential curves of a,b) Fe 0.2 Mn 0.8 S; c,d) Fe 0.5 Mn 0.5 S; and 
e,f) Fe 0.8 Mn 0.2 S electrodes.
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In contrast, the FeS sample exhibits a much better cycle perfor-
mance than MnS. It shows a capacity of 543 mAh g −1  during the 
fi rst discharge process, and a reversible capacity of 427 mAh g −1  
can be retained after 35 cycles. Fe 0.2 Mn 0.8 S and Fe 0.5 Mn 0.5 S 
show an intermediate cycle behavior between MnS and FeS. 
The fi rst insertion capacity of Fe 0.2 Mn 0.8 S and Fe 0.5 Mn 0.5 S is 
794 mAh g −1  and 768 mAh g −1  (initial couloumbic effi ciency: 
75.9% and 78.0%), which drops to 260 mAh g −1  and 477 mAh g −1 , 
respectively, after 35 cycles. This demonstrates that accommo-
dating Fe into the MnS lattice and forming Fe  x  Mn 1– x  S solid 
solutions can greatly improve their cycle performances in com-
parison with pure MnS, while partially keeping the advantage 
of a low lithium storage voltage as found for MnS.   

  2.2.     Reaction Mechanism 

  2.2.1.      Ex Situ  XRD Measurements 

 Fe 0.5 Mn 0.5 S was chosen in order to study the reaction mechanism 
during Li insertion/extraction. Energy-dispersive X-ray spec-
troscopy (EDX) analysis was performed to further confi rm the 
chemical composition, and the results are shown in Figure S2, 
Supporting Information. First, an ex situ XRD measurement 
was performed and the results are shown in  Figure    5  . The XRD 
peaks assigned to the MnS cubic phase decreased in intensity 
and slightly shifted to higher two-theta angles at the half-dis-
charge state when compared with the initial state. When further 
discharged to 0.4 V, all XRD peaks corresponding to the original 
active material disappeared and a new peak representing the Li 2 S 
phase was observed. During the re-charge process, the peaks 
corresponding to the original active material were not recov-
ered. Only a broad and unidentifi ed peak at a two-theta angle 
of 47° appeared while the Li 2 S peak disappeared. Apparently, 
lithium insertion resulted in a gradual destruction of the crystal 
structure of Fe 0.5 Mn 0.5 S such that its Bragg refl ections disap-
peared and only one broad peak representing the newly formed 
small Li 2 S grains emerged, which reversibly disappeared during 
the fi rst re-charge process.   

  2.2.2.      Ex Situ  XAS Measurements 

 Unlike the XRD technique, which requires well crystallized sam-
ples with long range ordering, XAS is a powerful tool to char-
acterize nanometer-sized or disordered materials. Therefore, 
it was used in this study for further in-depth investigations on 
the reaction mechanism of Fe 0.5 Mn 0.5 S during initial lithium 
insertion and extraction. 

 In order to investigate the structure of pristine Fe 0.5 Mn 0.5 S, 
Fourier transformed (FT)  k  2  weighted Fe and Mn K-edge 
extended X-ray absorption fi ne structure (EXAFS) spectra were 
collected and are shown in  Figure    6  a. The two spectra are sim-
ilar within the whole measurement range, indicating similar 
local environments around Fe and Mn in the Fe 0.5 Mn 0.5 S struc-
ture. The fi rst peak at around 2.0 Å in the FT spectra corre-
sponds to the metal-sulphur interaction in the fi rst coordina-
tion sphere, while the second peak at around 3.2 Å originates 
from the metal-metal interaction in the second coordination 
sphere as labelled. To determine local structural parameters 
quantitatively, curve fi tting analysis of the fi ltered EXAFS 
spectra with  R  ranging from 1.0 to 3.2 Å was performed using 
MnS ( Fm-3m , cubic, rock salt structure) as the model structure. 
Excellent fi tting results (Figure  6 b) with an  R- factor (measure 
of misfi t between theory and data) of 0.4% were obtained. The 
refi ned bond length of the Mn-S bond, which corresponds to 
half of the  c  lattice parameter of the MnS phase, is 2.568 Å and 
this value is in excellent agreement with the value (5.14 Å = “ c ” 
value) obtained from X-ray diffraction. This further proves that 
a solid solution of the Fe 0.5 Mn 0.5 S phase is formed with a rock 
salt cubic MnS structure, where Fe and Mn randomly occupy 
the 4a atomic site.  

 In order to elucidate the reaction mechanism, ex situ XAS 
experiments were performed. Fe and Mn K-edge XAS spectra 
were collected with the electrode being discharged/charged to 
different states (SOD/SOC) during the fi rst discharge/charge 
cycle as marked on the discharge/charge curve. Corresponding 
X-ray absorption near edge structure (XANES) spectra are dis-
played in  Figure    7  a. It is surprising to fi nd that the reduction 
of Fe and Mn does not take place simultaneously although 
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 Figure 4.    Cycle performance of FeS, Fe 0.2 Mn 0.8 S, Fe 0.5 Mn 0.5 S, and MnS 
electrodes.

 Figure 5.    XRD patterns of the Fe 0.5 Mn 0.5 S electrodes collected at different 
discharge and charge states.
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the voltage profi le appears as a single fl at plateau. The most 
visible changes for Fe take place in the early stage up to the 
middle part of the discharge process (state a, b, and c), while 
for Mn the most obvious changes start from the middle part 
and continue to the end of the discharge process. For both Mn 
and Fe, the shape of the XANES spectra changes but no rigid 
edge shift is observed. An isosbestic point [ 26 ]  can be observed in 
the case of FeF 2  suggesting that only two species (FeF 2  and Fe) 
exist with changing concentration ratios in the mixture during 
the reaction. However, a closer inspection of the spectra col-
lected on the Fe 0.5 Mn 0.5 S electrodes reveals that not all XANES 
spectra intersect exactly at one point. The “unfocused” isos-
bestic point presented here indicates that the initial discharge 
process of Fe 0.5 Mn 0.5 S does not follow a simple reaction of 
Li + Fe 0.5 Mn 0.5 S → Fe + Mn + Li 2 S. This agrees well with the 
asynchronized reaction of Fe and Mn aforementioned. During 
the fi rst charging, the spectra basically change back towards the 
original state for both Fe and Mn. It can be seen that the re-con-
version reaction of Mn takes place fi rst followed by Fe, which is 
in good agreement with the observation of two well-separated 
voltage plateaus on the charge curve.  

 Linear combination (LC) fi tting [ 26 ]  of XANES spectra was 
performed to determine the ratio of the converted phase (i.e., 
metallic Fe and Mn). Thereby, the valence states of Fe and Mn of 
the electrode at each state can be quantitatively determined and 

the results are shown in Figure  7 b. The reaction sequence of 
Mn and Fe can be directly observed. In addition, the reversibility 
of the conversion reaction can also be estimated. The average 
oxidation states of Mn and Fe are estimated to be 1.63 and 1.08, 
respectively, at the fully charged (state “l” at 3 V) electrode, indi-
cating that 81.5% of metallic Mn and 54% of metallic Fe have 
been reconverted and oxidized back to Mn 2+  and Fe 2+ , which 
corresponds to a capacity of 250 mAh g −1  and 166 mAh g −1 , 
respectively. The total capacity delivered from the oxidation of 
Fe and Mn is 416 mAh g −1 , smaller than the experimentally 
recorded charge capacity of 600 mAh g −1 . The extra capacity 
obtained beyond the oxidation of Fe and Mn might be attributed 
to either the reversible interfacial charge or other mechanisms 
(e.g., reversible SEI formation/decomposition). [ 27–30 ]  It is also 
noteworthy that the extra capacity is mainly delivered upon the 
early stage of the charging process (sloping region, 0.25–1.2 V), 
where Fe and Mn show only a slight oxidation. 

 EXAFS analysis was performed to investigate the local struc-
tural changes of Fe 0.5 Mn 0.5 S for further understanding the 
conversion reaction. Figure  7 c shows the magnitude of Fou-
rier transformed (FT)  k 2  -weighted Mn and Fe K-edge EXAFS 
spectra for the Fe 0.5 Mn 0.5 S electrode at different SODs/SOCs. 
During the fi rst discharging, the general features for both Mn 
and Fe are the decreasing intensities of the two peaks repre-
senting Mn/Fe-S (≈2.1 Å) and Mn/Fe-metal (≈3.4 Å) bonds in 
the Fe 0.5 Mn 0.5 S structure, accompanied by an increasing inten-
sity of new peaks located at ≈2.0 Å and ≈2.2 Å for Mn and Fe, 
respectively, with increasing the discharge state. The decreasing 
intensities of the Mn/Fe-S and Mn/Fe-M peaks indicate the 
cleavage of the Fe 0.5 Mn 0.5 S framework upon lithiation. The 
newly emerging peaks can be assigned to the fi rst metal-metal 
coordination shell of the metallic Fe and Mn phase formed 
through the conversion reaction. Therefore, the EXAFS results 
clearly support the conversion reaction proposed in equation 
(1) described later in this paper, suggesting that the reduction 
of Fe 2+  takes place fi rst followed by the reduction of Mn 2+ . In 
addition, a continuous shift of the Mn-S bond length to lower 
values can be observed in the early stage of the discharge pro-
cess (Figure  7 , state a–d). This is in good agreement with XRD 
showing a peak shift during discharging, and also confi rms 
that the initial lithiation does not proceed as a simple two-phase 
reaction. During the fi rst charging, the most visible changes are 
the increased intensities of the peaks located at 2.1 Å at state h, 
i, j for Mn and state j, k, l for Fe, corresponding to the voltage 
plateaus of ≈1.4 V and ≈1.8 V, respectively. These results are 
also in good agreement with XANES. 

 Due to the overlap of the Mn/Fe-S (for Fe 0.5 Mn 0.5 S) and 
metal-metal (for metallic Fe/Mn phases) bond, semi-quantita-
tive analyses were performed only on the fully discharged (state 
“g”) and fully charged (state “l”) samples, where metallic Fe/
Mn is the major phase at state “g” and reconverted FeS/MnS 
is the major phase at state “l”.  Figure    8   shows a comparison 
of the FT spectra at the discharged state (state “g” at 0.25 V) 
and the reference Mn and Fe foil (bulk properties). The ampli-
tude of the peaks for both Mn and Fe at the discharged state are 
smaller than that for Mn and Fe foil. This intensity reduction 
is predominantly caused by the decrease of the coordination 
number resulting from the increased ratio of surface to bulk 
atoms in the particles. This effect is more pronounced when 
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 Figure 6.    a) Comparison of the magnitude of Fourier transformed  k  2 -
weighted Mn and Fe K-edge EXAFS spectra; b) experimental ( ) and fi tted ( – ) 
magnitude of the Fourier transformed  k  2 -weighted Mn K-edge EXAFS 
spectrum for the pristine Fe 0.5 Mn 0.5 S powder (Δ k  = 3.0–11.5 Å −1 , fi tting 
 R  range = 1.0 –3.2 Å). Inset fi gure: Structure of Fe 0.5 Mn 0.5 S ( Fd-3m , cubic, 
rock-salt structure)
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the particle size decreases down to the nanometer range. [ 13,31 ]  
Therefore, both converted metallic Fe and Mn are proposed to 
nucleate in the form of nanometer-sized particles which are dis-
persed in the matrix of Li 2 S. As shown in Figure  8 a for Mn, the 
major features of the spectrum for converted Mn are similar 
to that for Mn foil with peaks located at ≈2.2, 3.5, and 4.8 Å, 
which indicates that the nanometer-sized metallic Mn phase 
formed through the conversion reaction could mainly preserve 
the structure of the  α -Mn phase. In contrast, the FT amplitude 
difference between converted Fe in Fe 0.5 Mn 0.5 S and Fe foil is 
much larger. The position of the FT peaks is not exactly the 
same as for the reference Fe foil, which shows typical features 
of body centred cubic (bcc) Fe. These results indicate that the 
converted Fe formed in the Li 2 S matrix might be much smaller 
in particle size and/or more disordered in structure than the 
converted Mn and shows a structure deviation from the ideal 
 α -Fe phase (bcc structure). Furthermore, the nucleation behav-
iour of the metallic phase is found to be different in different 
conversion type compounds, which will be discussed in detail 
elsewhere. We believe that this will allow to determine the elec-
trochemical behaviour of the conversion reaction.  

 For the fully charged state ( Figure    9  , state l: 3 V), the Fe and 
Mn nanoparticles are consumed and poorly crystallized phases 
are formed. Only the fi rst FT peak can be seen while the peak 
features at longer distances are attenuated, suggesting a reduc-
tion in crystallinity and/or particle size. The fi rst FT peak located 
at ≈1.8 Å arises at a shorter distance in comparison with that 
of crystallized pristine Fe 0.5 Mn 0.5 S. This agrees well with the 
XRD results and can be explained by the compressive tension 

resulting from the substantial surface tension of nanometer-
sized particles of high radius, which drives the atomic positions 
of the surface atoms to shift away from ideal sites towards the 
nanoparticle’s core. [ 32 ]  Both the phase and morphology changes 
after the conversion and reconversion reaction will be further 
identifi ed by TEM, which will be described in the following.   

  2.2.3.     TEM Observations 

  Figure    10   shows annular dark-fi eld scanning transmission 
electron microscopy (ADF-STEM) images from the pristine, 
discharged (lithiated, 0.4 V) and charged (delithiated, 3 V) 
Fe 0.5 Mn 0.5 S samples. Mn L 2,3  edges (640 and 652 eV) and Fe 
L 2,3  edges (708 and 721 eV) are used for probing the local ele-
mental distribution. Figure  10 d–f shows scanning transmission 
electron microscope elemental mapping by electron energy-loss 
spectroscopy (STEM-EELS) on the selected areas marked in 
Figures  10 a–c. The pristine sample has a uniform contrast in 
the ADF image, which indicates a homogeneous distribution of 
Fe and Mn, in good agreement with the XRD and XAS obser-
vations. After being lithiated, signifi cant morphology changes 
can be observed, with Fe nanoparticles in the size of ≈3–5 nm 
(Figure  10 b) being formed, as evidenced by EELS mapping in 
Figure  10 e. The morphology of lithiated Fe 0.5 Mn 0.5 S appears to 
consist of nanometer-sized Fe and Mn immersed within a Li 2 S 
matrix. Interestingly, after being delithiated (Figure  10 c,f), a 
porous morphology is observed in the ADF image and Mn-rich 
regions are observed by EELS mapping. [ 33 ]  Phase segregation 

Adv. Funct. Mater. 2014, 24, 5557–5566

 Figure 7.    a) XANES and c) magnitude of Fourier transformed  k  2 -weighted EXAFS spectra (in a  k -range from ≈3.0–11.5 Å −1 ) of Mn and Fe; b) average 
valence state of Fe (/Mn) estimated from linear combination fi tting of the Fe (/Mn) ratio in corresponding electrodes discharged/charged at different 
SODs/SOCs (labelled schematically on the voltage profi le curve).
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of Fe, Mn, and Li 2 S provides further evidence for the asyn-
chronous conversion and formation of Fe and Mn nanophases 
during initial discharging, as revealed by the XAS analysis. The 
reconversion (charge) process proceeds locally, due to the Li +  
transport properties within these nanocomposites [ 34 ]  (here Li 2 S/
Fe/Mn). Therefore, Mn and Fe phase separation is expected 

to occur in the subsequent cycles, as refl ected directly by the 
well-separated voltage plateaus on the charge/discharge curve.  

 The phases of these samples are further indentifi ed by 
selected area electron diffraction (SAED) patterns. The 
SAED pattern of the pristine sample ( Figure    11  a) matches 
well with a single MnS-cubic phase. For the lithiated sample 
(Figure  11 b), a cubic Li 2 S phase and a distorted Fe phase can 
be identifi ed along with an Al phase as an internal standard. 
It is interesting to note that the refl ections of the Fe particles 
exhibit a nonlinear expansion, suggesting that the nucle-
ated Fe nanoparticles derive from the room temperature sta-
bilized bcc structure, in agreement with the EXAFS results. 
The average lattice constant compared with that of bulk bcc 
Fe expands by about 8%. The delithiated sample (Figure  11 c) 
contains a cubic major phase and a hexagonal minor phase. 
Considering the STEM-EELS mapping results shown in 
Figure  10 f, we can attribute the cubic phase to MnS and the 
hexagonal phase to FeS. High-resolution transmission elec-
tron microscopy (HRTEM) images of the pristine, lithiated, 
and delithiated samples are shown in Figures  11 d–f, where the 
features of local atom rearrangement during the lithiation are 
compared. A high density of defect structures was observed 
in the pristine sample, which probably results from the large 
strain due to the structural difference between cubic MnS and 
hexagonal FeS. Nanograins of ≈3–5 nm were observed in lithi-
ated and delithiated samples. Fast Fourier transform (FFT) 
patterns clearly show that these nanograins have a similar 
crystal orientation, as recently observed in nanometer-sized Fe 
converted from FeF 2 , where a unique crystallographic orienta-
tion of the resultant Fe relative to the original FeF 2  host has 
been revealed. [ 34 ]   

 On the basis of the XRD, XAS, and TEM observations, the 
conversion reaction mechanism of Fe 0.5 Mn 0.5 S can be proposed 
as follows: 

 (1) Reaction during the initial discharge process:

 x x x xx x2 Li Fe Mn S Fe Fe Mn S Li S ( 0.5)0.5 0.5 0.5 0.5 1 2+ → + + ≤− −     

 x x xx x2(1 )Li Fe Mn S (0.5 )Fe 0.5Mn 2(1 )Li S0.5 0.5 1 2− + → − + + −− −      

 (2) Reaction during the initial charge process:

 Li S Mn MnS 2Li ( 1.4 V vs. Li / Li)2 + → + ≈ +

    

 Li S Fe FeS 2Li ( 1.8 V vs. Li / Li)2 + → + ≈ +

       

  2.3.     Discussion 

 Although many questions regarding the detailed mechanisms 
of the conversion reaction still remain unanswered, our results 
may shed some light on several key issues of the conversion 
reaction: 

  (1) Reversibility and cyclability:  Kim’s previous research [ 21 ]  
revealed that the reversibility of the conversion reaction for tran-
sition metal monosulphides increases in the atomic sequence 
NiS > CoS > FeS > MnS, which is further confi rmed in our 

Adv. Funct. Mater. 2014, 24, 5557–5566

 Figure 8.    Comparison of the magnitude of Fourier transformed a) Mn 
and b) Fe K-edge spectra of the Fe 0.5 Mn 0.5 S sample collected at the fully 
discharged state (0.25 V) and Mn and Fe foil, respectively.

 Figure 9.    Comparison of the magnitude of Fourier transformed Mn and 
Fe K-edge EXAFS spectra for pristine and charged (3 V) electrodes.
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binary FeS-MnS system. Our results show that the crystal-
linity and size of the nucleated nanophases might be different 
for Fe and Mn during the conversion reaction of Fe 0.5 Mn 0.5 S, 
indicating that the size and distribution of the nanometer-sized 
new phases may directly impact the reversibility and cycla-
bility of the conversion reaction based electrode materials. On 
the other hand, lattice distortion and unique crystallographic 
orientation behaviour of the nucleated metallic nanophase, as 
also reported in recent studies on Fe 2 O 3  [ 22 ]  and FeF 2 , [ 34 ]  sug-
gest that the nucleation process might be determined by the 
structure and intrinsic mechanical properties of the transition 

metal compounds. Therefore, modifi cation of 
pristine materials, such as demonstrated in 
this paper, by incorporating Fe into MnS to 
form a solid solution phase, could provide a 
new approach to improve the electrochemical 
performance. 

  (2) Initial discharge polarization:  The 
experimental conversion reaction potential 
(discharge voltage) is always lower than the 
emf. (electromotive force) estimated from the 
Nernst equation. [ 4 ]  The difference, named 
“polarization”, is a general feature for the 
conversion reaction and is always large for 
the initial discharge process (≥0.5 V). There-
fore, some thermodynamically feasible com-
pounds cannot be converted through electro-
chemical conversion reaction due to the large 
polarization, such as rutile TiO 2  (emf. 0.608 V 
vs. Li + /Li). [ 4 ]  Our observations on Fe  x  Mn 1– x  S 
solid-solution materials indicate that the 
initial conversion reaction polarization can 
be tuned for Fe 0.5 Mn 0.5 S, as schematically 
shown in Figure S3, Supporting Information. 
The reaction polarization for Fe 0.5 Mn 0.5 S in 

the Mn conversion reaction region has been reduced in com-
parison with that for pure MnS. This strategy might be suitable 
to be applied to other conversion reaction typed compounds to 
reduce the initial conversion reaction polarization. 

  (3) Voltage hysteresis:  Voltage hysteresis will lower the 
energy storage effi ciency. It is observed in all conversion type 
materials and cannot be eliminated by slow-rate charging/dis-
charging. [ 23 ]  From a thermodynamic point of view, strain and 
interfacial energy have been assumed to cause hysteresis. [ 35,36 ]  
Our experimental results confi rm that strain exists within 
the nanocomposites (Fe/Mn/Li 2 S) formed during conversion 

reaction, as evidenced by the observation of 
distorted and coherent nucleated metallic 
nanoparticles. A similar phenomenon has 
been observed in the cases of Fe 2 O 3  [ 22 ]  and 
FeF 2 , [ 32 ]  where nanometer-sized Fe with dif-
ferent extension of distortion were formed, 
respectively. This is expected to result in a 
difference in voltage hysteresis. Experimen-
tally, there is a general trend that transition 
metal monosulphides show lower voltage 
hysteresis than transition metal oxides, while 
transition metal fl uorides exhibit the largest 
voltage hysteresis. [ 10 ]  On this aspect, transi-
tion metal monosulphides could be the best 
candidate as conversion type anode materials 
among all transition metal compounds for 
lithium-ion batteries.   

  3.     Conclusions 

 A series of Fe  x  Mn 1– x  S ( x  = 0.2, 0.5, 0.8) 
monosulphide compounds was synthesized 
through a simple solid state reaction method. 
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 Figure 11.    a–c) SAED patterns of the pristine, discharged (0.4 V), and charged (3 V) samples, 
respectively. The refl ections for each structure are marked with circles and the name of the 
phase is listed under the respective pattern. d–f) High resolution TEM images of the samples 
shown in (a–c). The insets are FFTs of these images.

 Figure 10.    a–c) Representative STEM images of pristine, discharged (0.4 V), and charged (3 V) 
samples, respectively. d–f) Relative distribution of Fe (red) and Mn (blue), retrieved from their 
L 2,3  edges from the square regions of (a–c), respectively. The spatial resolutions (steps) of d, 
e, and f are 4.1, 3.0, and 3.0 Å, respectively.
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It is demonstrated that two transition metal sulphides, FeS 
and MnS, with different crystal structures can form a solid 
solution. The average lithium storage voltage increases with 
the increase of the Fe content in Fe  x  Mn 1– x  S electrodes. Com-
paring these compounds with pure MnS, the electrochemical 
performance of the Fe  x  Mn 1– x  S electrodes is greatly enhanced 
in terms of discharge-charge coulombic effi ciency and cycle 
stability. Fe 0.5 Mn 0.5 S exhibits a high coulombic effi ciency of 
78.0% for the fi rst cycle and a high reversible capacity of ca. 
477 mAh g −1  after 35 cycles, while for pure MnS the coulombic 
effi ciency is only 45.9% for the fi rst cycle and the capacity rap-
idly fades to ≈200 mAh g −1  after 15 cycles. Combination of 
XRD, XAS, and TEM measurements reveals that the solid solu-
tion state of Fe 0.5 Mn 0.5 S is destroyed during initial lithiation, 
and the conversion reaction involving FeS and MnS proceeds 
separately in the subsequent cycles. Although the initial solid 
solution state cannot be preserved during conversion reaction, 
the large fi rst discharge “polarization”, which has been consid-
ered as one of the major hurdles of the conversion reaction, 
can be signifi cantly reduced by incorporating two compounds 
with different Li insertion/extraction potential into a solid 
solution. This strategy might also be applied to other energy 
storage systems, e.g. metal fl uorides, when designing materials 
with suitable operating voltage and good cycle performance. 
On the other hand, size and distribution of the nucleated 
nanometer-sized phases, adjusted and altered by the initial 
solid solution nature of Fe 0.5 Mn 0.5 S, are shown to be critical 
for the electrochemical performance of these conversion type 
materials.  

  4.     Experimental Section 

  4.1.     Material Synthesis and Characterization 

 All the samples were prepared using a solid state reaction method. For 
FeS, MnS, and Fe  x  Mn 1– x  S ( x  = 0.2, 0.5, 0.8), the Fe and/or Mn powder 
and S powder were carefully ground and pressed into tablets. Then the 
tablets were sealed into vacuum quartz tubes and heat-treated at 900 °C 
for 40 h. After cooling down to room temperature, the obtained samples 
were ground for electrode preparation. The morphologies of the samples 
were observed using a SEM (Hitachi S-4800). The structure of the 
samples was characterized with a X’Pert Pro MPD X-ray diffractometer 
(Philips, Holland) using Cu-Kα radiation (1.5405 Å), and the exact lattice 
parameters were obtained by refi ning the XRD data using Fullprof.  

  4.2.     Electrochemistry Test 

 The working electrode was prepared by spreading a slurry of the active 
materials (70 wt%), acetylene black (20 wt%), and sodium alginate 
binder (10 wt%) on a Cu foil with distilled water as the solvent. [ 37,38 ]  The 
electrode was dried at 100 °C in vacuum for 10 h before use. The coin 
cells were assembled with pure lithium foil as the counter electrode and 
a glass fi ber as the separator in an argon-fi lled glove box. The electrolyte 
was 1.2 M LiPF 6  in ethylene carbonate (EC) and dimethyl carbonate 
(DMC) as solvent (3:7 by volume, Novolyte Inc.). The charge/discharge 
measurements were carried out on a Land BT2000 battery test system 
(Wuhan, China) at a current rate of 0.1 C (1 C = 600 mA g −1 ) at room 
temperature. The MnS and Fe  x  Mn 1– x  S ( x  = 0.2, 0.5, 0.8) electrodes were 
discharged and charged in the voltage range of 0.1–2.5 V. The voltage 
range for the FeS electrode was 1.0–2.5 V. The cycle performance of the 

FeS electrode between 0.1 and 2.5 V is shown in Figure S4, Supporting 
Information.  

  4.3.     X-Ray Absorption Spectroscopy 

 Samples for XAS experiments were ex situ prepared. The electrodes 
were discharged/charged to different states of discharge/charge (SOD/
SOC) with a current density of 30 mA g −1  (corresponding to 0.05 C) at 
room temperature. Mn and Fe K-edge XAS spectra were collected in 
the transmission mode at beamlines X18A and X19A at the National 
Synchrotron Light Source (NSLS, BNL), using a Si (111) double-crystal 
monochromator detuned to 35–45% of its original maximum intensity 
to eliminate the high order harmonics. A reference spectrum of each 
element was simultaneously collected with the corresponding transition 
metal foil. Energy calibration was carried out using the fi rst infl ection 
point of the K-edge spectrum of the transition metal foil as reference 
(i.e., Mn: 6539 eV). [ 39 ]  The EXAFS data were analyzed using the Athena 
and Artemis programs.  

  4.4.     Transmission Electron Microscopy Experiments 

 TEM samples were prepared by scratching samples from the electrode 
onto a Holey Carbon 400 mesh Cu grid (Ted Pella, Inc.). HRTEM and 
SAED were obtained using a JEOL TEM equipped with a Schottky fi eld-
emission gun (FEG), with Cs = 1.0 mm operated at 200 kV. The local 
elemental distributions were characterized by the STEM-EELS method 
using a Cs-corrected Hitachi HD-2700C equipped with a Cold-FEG, 
operated at 200 kV. [ 40 ]  Images were acquired using a probe convergence 
semiangle of 27 mrad, while the inner collection angle of the ADF detector 
was 64 mrad. The EELS data were collected using an Engina ER (Gatan) 
detector, with a collection half-angle of 26 mrad. The energy resolution 
was about 1.3 eV at the dispersion of 1.25 eV/ch. At a probe size of 1.3 Å, 
the beam current (≈30–40 pA), dwelling time (about 0.01 S) and steps 
(≈3–5 Å) were carefully selected to avoid electron-beam damage. [ 41 ]    

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