
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
N

ov
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 3

/2
0/

20
26

 3
:4

2:
10

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dendritic nanost
aDepartment of Materials Science and Eng

Beckman Institute for Advanced Science a

Urbana�Champaign, Urbana, Illinois 6180
bBGRIMM Technology Group, Beijing 10016
cBeijing Easpring Materials Technology CO.
dBeijing Aerospace Propulsion Institute, Beij
eDepartment of Chemical and Biomolecula

Urbana�Champaign, Urbana, Illinois 6180

† Electronic supplementary information
Spectroscopy (EDS), more electrochem
impedance spectroscopy (EIS), cycling per
(CV) tests) and high-resolution transm
images are available. See DOI: 10.1039/c8

Cite this: RSC Adv., 2018, 8, 38745

Received 12th September 2018
Accepted 12th November 2018

DOI: 10.1039/c8ra07606e

rsc.li/rsc-advances

This journal is © The Royal Society of C
ructured FeS2-based high stability
and capacity Li-ion cathodes†

Zhenxing Yu,abc Junjie Wang,a Na Zhang,de Jungwoo Shin,a Qiye Zheng,a Subing Qu,a

Xiaoqing He,a Angus Rockett,a Hong Yang e and Paul V. Braun *a

Here we show that dendritic architectures are attractive as the basis of hierarchically structured battery

electrodes. Dendritically structured FeS2, synthesized via simple thermal sulfidation of electrodeposited

dendritic a-Fe, was formed into an electrode and cycled vs. lithium. The reversible capacities of the dendritic

FeS2 cathode were 560 mA h g�1 at 0.5C and 533 mA h g�1 at 1.0C after 50 cycles over 0.7–3.0 V. Over 0.7–

2.4 V, where the electrode is more stable, the reversible capacities are 348 mA h g�1 at 0.2C and

179 mA h g�1 at 1.0C after 150 cycles. The good cycling performance and high specific capacities of the

dendritic FeS2 cathodes are attributed to the ability of a dendritic structure to provide good ion and electron

conducting pathways, and a large surface area. Importantly, the dendritic structure appears capable of

accommodating volume changes imposed by the lithiation and delithiation process. The presence of

a Li2�xFeS2 phase is indicated for the first time by high-resolution transmission electron microscopy (HRTEM)

and scanning transmission electron microscopy (STEM) electron energy loss spectroscopy (EELS). We suspect

this phase is what enables electrochemical cycling to possess high reversibility over 0.7–2.4 V.
Introduction

In the quest for improved lithium-ion batteries (LIBs), consid-
erable effort has been made to enhance the electrochemical
properties of cathode materials.1 Along with development of
new material systems,2–5 an increasing number of groups are
paying attention to the relationship between the electro-
chemical properties and the morphology of the active mate-
rial.6,7 Nanostructuring offers a number of advantages,
including shorter solid state ionic and electron transport
pathways, and an increased contact area with the electrolyte,
which improves the rate performance.8–11 However, this
increased surface area can also lead to an increase in solid
electrolyte interphase formation, which may be detrimental to
the cycle life. Additionally, maintaining both good electron and
ion transport pathways in a nanostructured system can be
challenging.
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It would provide a signicant advantage if a hierarchical
structure which exhibits a stable nanostructure and a robust
macrostructure could be synthesized in a single step. Such
a structure would provide a large number of active sites, a stable
framework, and short diffusion lengths.12,13 Due to the advan-
tages of such a structure, a wide range of hierarchically struc-
tured electrodes, which have exhibited excellent cycling
performances and high reversible capacities, have been
synthesized and studied,14,15 including hierarchical systems
based on metal oxides,16–20 LiFePO4 (ref. 21 and 22) and
Li4Ti5O12.23 In cases such as Si, the hierarchical structure is also
important in preventing volume change induced degradation
during lithiation and delithiation.24,25 Notably, dendritic nano-
structures, which have been widely studied in other elds, prior
to this work, have not been considered for use as electrode
materials for Li ion batteries.

Due to their high theoretical capacities, metal suldes
including SnSx,26–28 MoS2,29–32 CuS2,33 and FeS2,34 CoS2,35 and
Ni3S2 (ref. 36) are considered promising electrode materials.
FeS2 (pyrite) has in particular been commercialized as a lithium
battery cathode due to its high theoretical capacity
(894 mA h g�1), earth abundance, environmentally benign
nature and high temperature stability.37–40 With only a few
exceptions however, pyrite has shown poor cyclability owing to
its low electrical conductivity and limited reversibility, limiting
its use to primary batteries.41,42 If these problems can be over-
come, FeS2 will be a much more promising cathode material for
next generation lithium-ion batteries.
RSC Adv., 2018, 8, 38745–38750 | 38745
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The pure iron pyrite nanowire cathode materials synthesized
by Song et al.38 retained a discharge capacity of 350 mA h g�1

aer 50 cycles and 0.1C, possibly because of the improved
reaction kinetics provided by the nanostructure. Liu et al.37

coated a carbon layer on octahedral FeS2 nanocrystallites to
enhance electrical conductivity and structure stability, and this
system exhibited a capacity retention of 495 mA h g�1 aer 50
cycles at 0.5C. Wang et al.43 reported hierarchically structured
hollow FeS2 microspheres which showed reasonable capacity
and cycling performance (392.7 mA h g�1 aer 30 cycles at 1C).
All of these works emphasized the importance of nano-
structuring for improving the electrochemical properties of
pyrite cathodes. Here, we describe a facile self-assembly route
for preparing dendritically structured pyrite-based Li-ion cath-
odes. These dendritic FeS2 composite cathodes exhibit high
specic capacities and good cycling performance in the voltage
window of both 0.7–2.4 V and 0.7–3.0 V. The Li2�xFeS2 phase
was observed by high-resolution transmission electron
microscopy (HRTEM) and electron energy loss spectroscopy
(EELS) in scanning transmission electron microscopy (STEM)
mode. Identication of this phase may enable further under-
standing of the lithiation/delithiation mechanism of FeS2.
Experimental section
1 Synthesis of the hierarchically structured FeS2

Ferrous sulfate heptahydrate (FeSO4$7H2O, Sigma Aldrich) was
used to synthesize the dendritically structured a-Fe by an
electric-eld-induced and electrochemical reduction method.44

The hierarchically structured dendritic pyrite was obtained via
thermal suldation of the as-synthesized dendritic a-Fe at
450 �C for 4 hours with a heating and cooling rate of 15 �C per
minute under a continuous argon gas ow. Elemental sulfur
(99.5–100.5%, Sigma Aldrich) was placed at the edge of the
furnace, where it reached about 140 �C and formed a melt. The
resulting sulphur vapour was carried by the argon gas ow over
the dendritic nanostructured a-Fe.
Fig. 1 (a) Low, (b) intermediate and (c) high magnification SEM images
of dendritic nanostructured FeS2; (d) XRD pattern of as-synthesized
FeS2 with JCPDS card 65-7643 included below the spectra.
2 Material characterization

Sample composition andmicrostructure were determined by: X-
ray diffraction (Philips X'pert XRD system with Cu Ka radiation,
l ¼ 0.15418 nm); scanning electron microscopy and energy
dispersive spectroscopy (Hitachi S-4700 SEM, EDS); trans-
mission electron microscopy and high-resolution transmission
electron microscopy (JEOL 2100 cryo, TEM and HRTEM); and
electron energy loss spectroscopy (EELS) during scanning
transmission electron microscopy (JEOL, 2010F STEM). Cycling
of TEM and STEM-EELS samples were performed by dispersing
the dendritic nanostructured FeS2 into ethanol, placing
a couple of droplets on a copper grid with a carbon support lm
(EMS Acquisition Corp), covered by an identical copper grid and
dried 2 h at 80 �C. The two grids were held by a toothless clamp
and used as a cathode in a bottle cell. 1 M lithium hexa-
uorophosphate (LiPF6) in a mixture of ethylene carbonate
(EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC)
(2 : 1 : 2 in volume) was used as the electrolyte. 10 wt%
38746 | RSC Adv., 2018, 8, 38745–38750
uoroethylene carbonate (FEC, Sigma Aldrich) was added to the
electrolyte. The counter electrode is lithium foil (Alfa Aesar).
Aer 7 charge/discharge cycles using about 0.2C rates between
0.7–2.4 V, the samples were removed from the electrolyte, and
immersed into dimethyl carbonate (DMC) solvent for 30 min to
remove the rest of electrolyte. The copper grids were taken out
of the glove box, and immediately transferred to the TEM
column for analysis.
3 Fabrication of the composite cathode and electrochemical
measurements

Composite electrodes were fabricated through mixing of the as-
synthesized dendritic FeS2, carbon black (Super P Conductive,
Alfa Aesar), and poly(vinylidene uoride) (PVDF, MTI) binder
(65 : 25 : 15 weight ratio) using a homogenizer (GLH-115, OMNI
International) for 15 min in N-methylpyrrolidone (NMP, MTI).
The resulting slurry was printed onto a conductive carbon-
coated copper foil current collector (MTI) with an average FeS2
active material mass loading of 1–1.5 mg cm�2. Then, the
composite electrodes were dried for 10 h at 120 �C. 9.5 mm
diameter electrode disks were punched and then dried at 100 �C
in a vacuum oven for 12 h before cell assembly.

Two-electrode battery-type Swagelok cells were used to test
the electrochemical properties of the composite electrode on
a VMP3 (Bio-Logic) potentiostat. Cyclic voltammetry (CV) was
performed between 0.7–2.4 V and 0.7–3.0 V at a scan rate of
0.2 mV s�1. Electrochemical impedance spectroscopy (EIS) was
performed on Swagelok cells aer various cycle numbers at
2.4 V over a frequency range of 100 kHz to 10 mHz with an AC
amplitude of 5.0 mV. The cells were kept at 2.4 V for 4 h, and
allowed to rest for 4 h before taking EIS measurements.
Results and discussion

Fig. 1a–c shows scanning electron microscopy (SEM) images of
the as-synthesized FeS2. The dendritic FeS2 particles are 8 to 15
This journal is © The Royal Society of Chemistry 2018
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mm in length and 4 to 6 mm in width, and possess a ne
nanostructure on the branches and tips (in Fig. 1c). Energy
dispersive spectroscopy (EDS) (Fig. S1†) indicates the atomic
ratio of S to Fe is 2 : 1. All peaks in the X-ray diffraction (XRD)
pattern (in Fig. 1d) can be indexed to pure cubic FeS2 (JCPDS no.
65-7643, a ¼ 0.5404 nm). No impurities such as elemental Fe,
elemental S or marcasite were detected.

The electrochemical performance of as-synthesized
dendritic nanostructured FeS2 was studied in two-electrode
battery-type Swagelok cells. The cycling and rate performance
of the composite cathodes containing 60 wt% dendritic FeS2
over the voltage range of 0.7–2.4 V and 0.7–3.0 V (in Fig. 2a and
b) were investigated. Fig. 2a shows the cycling performance of
the dendritic structural FeS2 composite electrode between 0.7–
2.4 V in an electrolyte with 10 wt% uoroethylene carbonate
(FEC) added. The specic capacities of the dendritic FeS2
cathode are 566 mA h g�1 (0.2C) and 449 mA h g�1 (1.0C) in the
1st cycle, and 348 mA h g�1 (0.2C) and 179 mA h g�1 (1.0C) aer
150 cycles, exceeding that reported for pyrite nano-wires over
0.7–2.4 V.38

When cycling over 0.7–3.0 V, the specic capacities (in
Fig. 2b) of a dendritic FeS2 composite cathode could reach
796 mA h g�1 (0.5C) and 717 mA h g�1 (1.0C) aer the 1st cycle,
and 560 mA h g�1 (0.5C) and 533 mA h g�1 (1.0C) aer 50 cycles,
which is about 70% of the 2nd cycle capacity and superior to the
performances of polyacrylonitrile (PNA)-FeS2 (470 mA h g�1

aer 50 cycles at 0.1C)45 and FeS2 stabilization with a bis(tri-
uoromethanesulfonyl)imide (TFSI�) anion-based ionic liquid
electrolyte over 1.0–3.0 V,39 but lower than that of pyrite
Fig. 2 Cycling stability of the dendritic FeS2 composite electrodes (a)
between 0.7–2.4 V at 0.2C, 0.5C and 1C, and (b) between 0.7–3.0 V at
0.5C and 1.0C; voltage–capacity curves in (c) 0.7–2.4 V and (d) 0.7–
3.0 V range; and consecutive rate capability (e) from 0.2C to 3C over
0.7–2.4 V and (f) from 0.2C to 2C over 0.7–3.0 V.

This journal is © The Royal Society of Chemistry 2018
nanocrystals ($630 mA h g�1) at the slow cycling rate of
200 mA g�1.46 Importantly, the dendritic FeS2 cathodes always
show a high coulombic efficiency (CE) for different C rates. The
average CE aer 5 cycles exceeded 99.5% for 0.7–2.4 V and
98.9% for 0.7–3.0 V, indicating a good electrochemical revers-
ibility. The electrochemical performance of some FeS2-based
materials are shown in Table S1.† Fig. 2c shows voltage proles
between 0.7–2.4 V aer the 10th cycle at each cycling rate. As the
current density increases, the specic capacity decreases from
540 mA h g�1 at 0.2C to 490 mA h g�1, 400 mA h g�1,
220 mA h g�1 and 80 mA h g�1 at 0.5C, 1C, 1.5C and 3C,
respectively. Meanwhile, the conversion plateaus become
gradually sloped and shorter due to voltage polarization at
higher C rates. There is the same change trend for the conver-
sion plateaus in the 0.7–3.0 V range as shown in Fig. 2d. The
consecutive rate capability tests (in Fig. 2e and f) also present
good cycling stability at each rate. The capacity recovers even
aer high C rate charge/discharge processes, indicating that
high C rates did not damage the electrode.

Cyclic voltammetry (CV) curves of this composite cathode
provide some information on the charge/discharge mechanism
of FeS2.

As shown in Fig. 3a and c, both CV curves show a broad
reduction peak at approximately 1.2 V and a broad oxidation
peak at about 2.0 V in the 1st cycle. This broad reduction peak
has been suggested to correspond to the following reactions:47

FeS2 + 2Li+ + 2e� / Li2FeS2 (1)

Li2FeS2 + 2Li+ + 2e� / 2Li2S + Fe0 (2)

Due to the relatively slow diffusion of Li+ into FeS2, reactions
(1) and (2) proceed simultaneously at room temperature (#30
�C), and thus only single broad reduction peak appears. The
oxidation peak includes the reactions,45,48
Fig. 3 Electrochemical properties of the dendritic FeS2 composite
cathode at different cycle. CV at a scan rate of 0.2 mV s�1 over (a) 0.7–
2.4 V and (c) 0.7–3.0 V; differential capacity versus voltage over (b)
0.7–2.4 V and (d) 0.7–3.0 V at 0.2C.

RSC Adv., 2018, 8, 38745–38750 | 38747

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07606e


Fig. 4 (a) TEM, (b) HRTEM, and (c) STEM-HAADF images of the
dendritic FeS2 after 7 cycles at about 0.2C. (d) EELS spectra taken from
the indicated regions in (c).
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2Li2S + Fe0 / Li2FeS2 + 2Li+ + 2e� (3)

Li2FeS2 / Li2�xFeS2 + xLi+ + xe�(0 < x < 0.8) (4)

Generally, the hexagonal Li2�xFeS2 phase begins to decom-
pose into ortho-FeS2 above 2.4 V as described in reaction (5),38,48

Li2�xFeS2 / 0.8ortho-FeS2 + 0.2FeS8/7 + 0.175S + (2�x)Li+ +

(2�x)e� (5)

leading to another oxidation near 2.6 V (see Fig. 3c). Because the
electrode does not fully revert to FeS2 during oxidation, even
above 2.4 V, the CE of the rst few cycles is low.

Aer the rst cycle, subsequent cycles between 0.7–2.4 V
show a stable redox couple at 1.35 and 2.15 V corresponding to
reactions (2), (3) and (4), respectively. The differential capacity
versus voltage curves show that the redox reactions proceed at
1.50 and 1.85 V (Fig. 3b) when cycling at 0.2C. The CV curves of
the composite cathode show two stable redox reactions during
subsequent cycles when cycling over 0.7–3.0 V. In differential
capacity curves (Fig. 3d), the peak at 2.50 V is from reaction (5),
while the small broad reduction peak at 2.10 V corresponds to
reduction of ortho-FeS2, S and lithium sulphides.45 The S and
lithium sulphides are difficult to decompose and dissolve more
easily in the electrolyte, which lead to the low reversibility of
reaction (5), and probably is the main reason for the rapid
capacity fade during cycling between 0.7–3.0 V.38,49 A 3.0 V cut
off voltage does provide greater capacity, but also results in fast
capacity fade.

We suggest the FeS2 electrochemical performance over 0.7–
2.4 V can be attributed to the high reversibility of the interme-
diate Li2�xFeS2 and dendritic structure of FeS2 which provides
a large surface area,50,51 a good electron and ion transport
network, and a mechanically robust structure (note, while we
cannot extract the active material from a cycled electrode, as
Fig. 4a shows, the dendritic structure is retained with cycling).
The dendritic structure increases both the reaction area
between the active materials and the electrolyte, and shortens
the solid-state Li ion diffusion length. These are important
parameters at high charge/discharge rates.

As result above, the dendritic nanostructured FeS2 shows
better cycling performance between 0.7 and 2.4 V than between
0.7 and 3.0 V, because of the high reversibility of the interme-
diate Li2�xFeS2 phase. To study the Li ion lithiation/delithiation
process and conrm the formation of Li2�xFeS2, high-
resolution transmission electron microscopy (HRTEM) images
and scanning transmission electron microscopy energy loss
spectroscopy (STEM-EELS) analyses in spot mode were per-
formed on the dendritic FeS2 aer 7 cycles at low charge/
discharge rates (about 0.2C). The voltage vs. time curve (in
Fig. S2†) shows clear charging/discharging conversion plateaus.
Fig. 4a shows TEM images of cycled dendritic FeS2, aer the
nal charging to 2.4 V, indicating that the dendritic structure is
retained aer cycling. HRTEM images in Fig. 4b show a clear
phase boundary on the edge of the dendritic FeS2. The majority
of inner part of the sample shows a 0.271 nm lattice spacing,
corresponding to (200) crystal planes of cubic FeS2. Another
38748 | RSC Adv., 2018, 8, 38745–38750
HRTEM image aer cycling, as well as a HRTEM image before
cycling tests is shown in Fig. S3.† These images indicate that
aer a small number of cycles, the inner parts of the dendrite
are still cubic FeS2 that has not reacted with Li. The lattice
spacing near the surface is about 0.60 nm, very close to the
theoretical value for the (001) planes in hexagonal-close-packed
Li2FeS2. The fast Fourier transform (FFT) of the image, shown in
top right of Fig. 4b, was taken from the outlined regions in the
image and can be indexed to the [110] zone axis of the Li2FeS2
phase (crystal data adopted from the International Crystal
Structural Database (ISCD #68380)). A simulated electron
diffraction pattern of the Li2FeS2 phase along the [110] zone axis
using the CrystalMaker™ soware (right bottom inset in
Fig. 4b) is in good agreement with the experimental FFT
pattern, suggesting that the outside layer of the structure is the
Li2FeS2 phase. Due to the low cut off voltage of 0.7 V, lithiation
is incomplete, and the material is likely to be Li2�xFeS2, which
possess the same crystal structure as Li2FeS2.

Fig. 4d shows the EELS spectra taken from the body (position
A) and edge (position B) of cycled dendritic FeS2, as indicated in
the STEM high angle annular dark eld (HAADF) image in
Fig. 4c. Aer background subtraction, a clear wide peak at about
63.5 eV is observed at the edge of cycled dendritic FeS2, which
corresponds to the Li K-edge.52 The corresponding peak is not
found in the intact inner region, indicating that only the outside
part of dendrite is lithiated. Our TEM data provide direct
evidence that the lithium ions are incorporated into the
dendritic FeS2 nanostructure, resulting in the formation of the
Li2�xFeS2 phase during the lithiation process.

Besides of the high reversible intermediate Li2�xFeS2 phase,
the robust dendritic structure is the other key factor of dendritic
FeS2's good cycling properties. The architecture of FeS2 provides
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Cycling performances of the composite FeS2 cathode in
a FEC-free electrolyte at different C rates in 0.7–2.4 V range. SEM
images of the dendritic FeS2 composite cathode (b) before the cycling
test, (c) after 150 cycles at 0.2C in FEC-free electrolyte and (d) after 150
cycles at 0.2C in 10 wt% FEC-containing electrolyte.
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a large surface area, a good electron and ion transport network,
and reduce losing of active materials during cycle process. In
order to conrming the importance of dendritic structure, the
cycling performance of dendritic FeS2 composite cathode were
tested in an electrolyte without FEC. The presence of FEC
results in formation of a thin and stable SEI (Fig. S4 and Table
S2†); which both enhances cycling reversibility, and appears to
be an important contributor to retaining the dendritic structure
of the electrode (Fig. 5). In a FEC-free electrolyte, the specic
capacity of the dendritic FeS2 cathode fades quickly, with the
fall-off appearing to increase aer about 100 cycles. Aer 150
cycles at 0.2C, the dendritic structure of FeS2 appears consid-
erably damaged (Fig. 5c) relative to the initial dendritic struc-
ture (Fig. 5b). In a 10 wt% FEC-containing electrolyte as already
discussed, the dendritic FeS2 composite cathode exhibits
a much improved cycling performance (Fig. 2a). What we
observe via SEM, is that the dendritic structure is retained in
this case (Fig. 5d), a strong indication that the dendritic struc-
ture plays an important role in cycling performance.
Conclusions

We nd that composite cathodes containing dendritic FeS2
demonstrate good reversible capacity and stable cycling over
0.7–2.4 V, and an enhanced capacity but diminished cycling
stability over 0.7–3.0 V. The reversible capacities of the dendritic
FeS2 cathodes were 560 mA h g�1 (0.5C) and 533 mA h g�1 (1.0C)
aer 50 cycles over 0.7–3.0 V, and 348 mA h g�1 (0.2C) aer 150
cycles over 0.7–2.4 V. We propose that the reasonable cycling
performance of the dendritic FeS2 cathode at different C rates is
due to the hierarchical structure, which shortens the Li+ diffu-
sion length and increases the contact area with the electrolyte in
an architecture that is stable under volume changes due to
lithiation and delithiation. The use of an FEC-containing elec-
trolyte signicantly improved the cycling performance,
This journal is © The Royal Society of Chemistry 2018
presumably by resulting in a thin and dense SEI. However, we
still observe a steady capacity fade, indicating probably that
a more stable SEI is still required, and that a robust articial
SEI, for example such as one formed via atomic layer deposi-
tion, might be required to stabilize the dendritic structure over
many cycles. We postulate that the Li2�xFeS2 phase, which was
observed by HRTEM and STEM-EELS, is one reason that the
dendritic FeS2 shows better cycling performance over 0.7–2.4 V
than over 0.7–3.0 V, where electrolyte-soluble products are
formed.
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