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FeS nanosheets were synthesized and used as anodes to investigate their electrochemical properties and
reaction mechanism during the lithiation and delithiation processes by using in-situ transmission electron microscopy. The FeS nanosheets converted to Fe nanoparticles of 2e3 nm embedded within Li2S
matrix after the ﬁrst lithiation. Then the Fe and Li2S transformed into Li1.13FeS2 instead of FeS during the
ﬁrst delithiation. The reversible phase conversion between Fe/Li2S and Li1.13FeS2 dominated the following
cycles. The nanosheets structure was well held with small volume expansion during several lithiation
and delithiation cycles.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
FeS exhibits many advantages when it is used as anode materials
in lithium ion batteries (LIBs) [1e3]. On one hand, FeS can react
with lithium ions; on the other hand, the layer structure of FeS
allows lithium ions inserted between the layers. As a result, FeS is
promising to exhibit high capacity and good stability. However, the
theoretic volume expansion will reach 200% when FeS is transformed into Fe and Li2S during lithiation [4,5]. The large volume
expansion will pulverize the anode materials, resulting in severe
capacity reduction and unsatisfactory cycling performance. Nanostructure is believed to be beneﬁcial for the electrode materials. The
nanostructured materials can greatly increase the surface area and
accommodate large change in volume. This strategy is especially
suitable for nanostructured FeS, since FeS with single layer or few
layers is easy to be prepared due to the weak van der Waals
bonding between layers.
Although the beneﬁts of nanostructure of FeS have been widely
accepted, the electrochemical reaction mechanism of FeS during
lithiation and delithiation still remains in debate. Xu et al. reported
that Li2xFeS2 was generated instead of FeS after ﬁrst cycle and then
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the transformation between Li2xFeS2 and Li2FeS2 was reversible
[6]. However, former studies reported that the transformation between Fe þ Li2S and Li2xFeS2 was reversible [7,8]. Whether there is
a volume expansion of 200% during ﬁrst lithiation? What is the
product of FeS transformation after ﬁrst delithiation? What is the
reaction during following lithiation and delithiation process?
In-situ transmission electron microscopy (TEM) is a powerful
technique to reveal the dynamic microstructure evolution of electrode materials. Plenty of fresh results about the dislocation associated lithiation, layer-by-layer lithiation and even cracking were
obtained by the in-situ lithiation and delithiation study in TEM
[9e11].
In this work, we adopted in-situ TEM to reveal the real time
change of the FeS nanosheets during lithiation and delithiation
processes. It was found that the nanosheet structure was well held
with small volume expansion during several lithiation and delithiation cycles. The initial FeS transformed into Li1.13FeS2 after the
ﬁrst cycle and the reversible phase conversion between Fe/Li2S and
Li1.13FeS2 dominated the following cycles.
2. Experimental
The synthesis of FeS nanosheets has been described in our
previous work [12]. Typically, FeCl3$6H2O (0.5 mmol), Na2S$9H2O
(2 mmol) and S (2 mmol) were dissolved in 30 mL deionized water.
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Fig. 1. SEM images of the FeS nanosheets (a) plane view and (b) cross-section view, (c) TEM and (d) high resolution TEM images of a FeS nanosheet, inset in (c) is the corresponding
select area electron diffraction (SAED) patterns, (e) charge-discharge voltage proﬁles of the FeS nanosheets with a current density of 0.1 A/g and (f) cycling performance of the FeS
nanosheets electrode at 0.1 A/g.

Then, 10 mL of ethylenediamine was added into the solution. Afterwards, the mixture was transferred into a 50 mL Teﬂon-lined
autoclave (ﬁlled up to 80% of its total volume) and then the iron
foil was placed standing against the wall. The size and thickness of
the iron foil was 50 mm  18 mm  0.05 mm with a purity >99.9%.
The autoclave was sealed, heated to 160  C for 12 h, and then cooled
down to room temperature. The foil covered with reaction product
was collected from the solution, rinsed with deionized water and
absolute ethanol by ultrasonication and dried in an oven at 60  C
for 5 h. Finally, the product was heated at 250  C for 2 h in a vacuum
(~103 Torr) furnace.
The morphologies of the sample were investigated by scanning
electron microscope (SEM, Hitachi SU-70) and transmission electron microscope (TEM, JEM-2100). The coin-type cells were
assembled in a glove box ﬁlled with pure argon gas directly using

the FeS grown on the iron substrate as the anode without any
ancillary materials and lithium metal as the counter-electrode. Both
electrodes were electronically separated by a polypropylene ﬁlm
saturated with 1 M LiPF6 electrolyte solution made up of 1:1
diethylcarbonate and ethylene carbonate. The FeS on the back side
of the iron foil was removed by scraping the surface with a slide
glass before the addition of electrolyte solution. To calculate the
mass of the FeS on iron substrate, the layer thickness was measured
and the volume percent of the FeS sheets in the layer was estimated
by cross-section and planar view SEM images. So the volume of the
FeS sheets in a 10-mm diameter planchet iron foil could be roughly
estimated and therefore the mass could be calculated with density.
Charge-discharge cycles were performed in the potential range of
0.01 and 3.0 V with a current density of 0.1 A/g at room temperature
using a multichannel battery test system (Neware, BST-610).
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Fig. 2. (a) Schematic illustration of the in-situ TEM experiment, (b) A FeS nanosheet just before the reaction, (c) corresponding SAED patterns and (d) high resolution TEM image.

A nanosized half-cell LIB was constructed inside TEM (JEM2100) for in-situ investigation with the help of Nanofactory STMTEM holder. The FeS nanosheets grown on the iron substrate
were taken as the anode and the bulk Li metal as the counter
electrode. The unavoidable surface oxidation on the Li metal served
as the solid electrolyte. A negative voltage (3 V) was applied on
the FeS nanosheets with respect to the Li counter-electrode to
initiate the lithiation process and a positive voltage (3 V) was
applied to initiate the delithiation process.
3. Results and discussion
Fig. 1(a), (b) clearly show the morphology of the obtained FeS
product. The thickness of the FeS nanosheets is about 50 nm and
the width is about 500 nm. TEM investigation further conﬁrms the
structure of the FeS nanosheets (Fig. 1(c)). The FeS nanosheets are
well crystallized and the (101) lattices are clearly observed in
Fig. 1(d). Two plateaus during the ﬁrst discharge are found in the
charge/discharge voltage proﬁles (Fig. 1(e)), which agrees with
previous reports [6]. FeS nanosheets exhibit a high initial discharge
capacity of 900 mA h/g and a charge capacity of 790 mA h/g, leading
to a ﬁrst-cycle Coulombic efﬁciency of 87.9%. The irreversible capacity loss during the ﬁrst cycle is thought to result from the
inevitable formation of the SEI ﬁlm and electrolyte decomposition.
During the second cycle, FeS nanosheets deliver a discharge capacity of 700 mA h/g and a charge capacity of 690 mA h/g with a
much higher Coulombic efﬁciency of 98.6%. However, FeS nanosheets exhibit a poor charge/discharge cycling stability as shown in
Fig. 1(f). The discharge capacity is 900 mA h/g at the ﬁrst cycle and
remains only 176 mA h/g at the 50th cycle. The capacity declines

quickly in the beginning several cycles and tends to decrease slowly
in the following process.
Fig. 2(a) gives the setup of the in-situ TEM lithiation and delithiation of FeS nanosheets. The real time process of the inserting
and extracting of lithium ion was recorded in TEM. As shown in
Fig. 2(b), the FeS nanosheet is bonded onto Au substrate and is
going to contact with Li source. The mackinawite structure of the
FeS nanosheet before the reaction is conﬁrmed by the corresponding SAED patterns and high resolution TEM image (Fig. 1(c),
(d)).
The dynamic evolution of the FeS nanosheet during lithiation
was recorded in the Supplemental Movie 1. Some key snapshots
from the video are given in Fig. 3. Fig. 3 shows the morphology
change of the FeS nanosheet during the ﬁrst lithiation process. The
width of the FeS nanosheet is 342 nm and the length of the markers
A and B is 213 nm (Fig. 3(a)). After lithiation for 30 s, the FeS
nanosheet is expanded due to the lithium inserting (Fig. 3(b)). The
expansion continues with the lithiation process and the contrast of
the nanosheet tends weak. No obvious phase interface is found
during the lithiation, which is different with the results of SnO2
nanowires [9,11]. The volume expansion is greater in the zone
contacted with Li source than the other, which may be due to the
short diffusion path of lithium ions. The width of the nanosheet
after lithiation is 372 nm and the length is 253 nm, accounting to a
size expansion of 108.7% and 118.8% (Fig. 3(c)). Although the change
of the thickness of the nanosheet is lacking, a size expansion of
118.8% (same to the expansion in length) in the thickness direction
is suggested in this work. Therefore, the volume expansion of the
nanosheet is calculated to be about 153%, which is smaller than the
theoretic value of 200%. Fig. 3(d) shows the high resolution TEM
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Fig. 3. (a)e(c) Time-resolved TEM images from the Supplemental Movie 1 show the ﬁrst electrochemical lithiation of the FeS nanosheet, and (d) high resolution TEM image of the
lithiated FeS nanosheet, corresponding to the blue rectangle in (c), showing the co-existence of Fe nanoparticles and Li2S. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

image of the fully lithiated product. Nanoparticles with a diameter
of 2e3 nm are distributed among the lithiation layer. The lattice of
the nanoparticles is about 0.2 nm, which is consistent with the
(110) lattice of Fe. The lattice of the lithiation layer is about 0.33 nm,
which is consistent with the (111) lattice of Li2S.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.jallcom.2016.07.008.
When a voltage of 3 V is applied, the lithium ion is extracted out
of the lithiated product. Fig. 4 shows the morphology evolution of
the nanosheet during the following delithiation process. As the
delithiation proceeds, the size of the nanosheet reduces. The
contrast of the nanosheet recovers when the delithiation is almost
completed. The width of the nanosheet is 322 nm and the length is
240 nm, accounting to a volume shrinkage of 82.1%. The volume of
the nanosheet after the ﬁrst lithiation and delithiation cycle is
106.1% of the volume before reaction, suggesting the good structure
stability of the nanosheet. Fig. 4(d) shows the high resolution TEM
image of the delithiated nanosheet. The lattices of the nanoparticles is about 0.31 and 0.62 nm, which is consistent with (002)
and (001) lattices of Li1.13FeS2. This result indicates that Li1.13FeS2
instead of original FeS is the ﬁnal product after the ﬁrst delithiation.
The ﬁrst lithiation and delithiation cycle results show that the
nanosheet exhibits a smaller volume expansion than the theoretic
prediction. The nanosheet structure is well held without any crack
or pulverization.
More lithiation and delithiation cycles are carried out to further
assess the structure stability of the nanosheet. Fig. 5(a) gives the

morphology of the nanosheet after the second lithiation. The width
of the nanosheet is 288 nm and the length is 243 nm, resulting in a
small expansion. The nanosheet in Fig. 4 is little longer than that in
Fig. 3, which may be due to the change of the contacting site with
lithium source. Fig. 5(b) gives the morphology of the nanosheet
after the second delithiation. The width of the nanosheet is 274 nm
and the length is 210 nm, resulting in a volume shrinkage of about
18%. The nanosheet exhibits a volume expansion of 159% after the
third lithiation and a volume shrinkage of 11% after the third delithiation as shown in Fig. 5(c), (d). No crack or pulverization is
observed during the completed three cycles, which further conﬁrms the good structure stability of the nanosheet.
In-situ SAED patterns are recorded to explore the phase transformation during lithiation and delithiation cycles. Fig. 6(a) shows
the SAED patterns of the nanosheet after the ﬁrst lithiation. The
diffraction rings are well consistent with the diffraction data of Li2S
(PDF#23-0369, Fm-3m(225)). Although the presence of Fe nanoparticles is conﬁrmed in Fig. 3, the corresponding Fe SAED patterns
are too weak to ﬁnd in Fig. 6(a) due to the size effect. Fig. 6(b) shows
the SAED patterns of the nanosheet after the ﬁrst delithiation. No
FeS but only Li1.13FeS2 (PDF#41-0793, P-3m1(164)) diffraction
patterns are obtained, which indicates that the phase transformation of FeS is irreversible. Fig. 6(c) shows the SAED patterns of
the nanosheet that consists of Li2S and Fe after second lithiation,
which is similar to Fig. 6(a). The Li2S and Fe nanoparticles transform
into Li1.13FeS2 after the second delithiation as conﬁrmed by
Fig. 6(d), which suggests the phase transformation of Li1.13FeS2 is

Fig. 4. (a)e(c) Key snapshots of the following delithiation process, and (d) high resolution TEM image of the delithiated nanosheet, corresponding to the blue rectangle in (c),
showing the presence of Li1.13FeS2. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. TEM images from video frames show the typical morphology evolution of the nanosheet after second and third electrochemical lithiation and delithiation cycling. (a) the
second lithiated and (b) delithiated FeS nanosheet. (c) the third lithiated and (d) delithiated nanosheet electrode.
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Fig. 6. The in-situ SAED patterns for identifying the evolution of phases during the ﬁrst two electrochemical cycling. (a) After the ﬁrst lithiation process, (b) after the ﬁrst delithiation
process, (c) after the second lithiation process, (d) after the second delithiation process.

reversible.
Considering the above phase transformation results, the reaction of FeS nanosheets during lithiation and delithiation could be
deduced as following:
First lithiation: FeS þ 2Liþ þ 2e / Li2S þ Fe

(1)

First delithiation: Fe þ 2Li2S e 2.87Liþ e 2.87e / Li1.13FeS2

(2)

Second lithiation: Li1.13FeS2 þ 2.87Liþ þ 2.87e / 2Li2S þ Fe

(3)

Second delithiation: Fe þ 2Li2S e 2.87Liþ e 2.87e / Li1.13FeS2(4)
The proposed reaction during ﬁrst lithiation is similar to the
previous study [13]. However, the subsequent reaction has not been
pointed out before. Since half of Fe is unable to transform to
Li1.13FeS2 according to the reaction (2), there should be notable
capacity lose. This may be the main reason for the large decline of
the capacity in the beginning several cycles as shown in Fig. 1(f).
4. Conclusions
In this work, the morphology change and phase transformation
of the FeS nanosheet during lithiation and delithiation were
investigated by in-situ TEM. The volume expansion is only 129%
during the ﬁrst lithiation and is 112% in subsequent lithiation
processes. The nanosheet structure is well held and no crack or
pulverization is found. The FeS nanosheet transforms into Li2S and
Fe nanoparticles during the ﬁrst lithiation and this transformation
is irreversible. Only Li1.13FeS2 instead of FeS is obtained after

delithiation and the transformation of Li1.13FeS2 into Li2S and Fe
nanoparticles is reversible.
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