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The large volume expansion of FeS, is successfully accommodated
via a series of asynchronous redox reactions of dual-crystalline
FeS,. Consequently, a durable sodium storage performance with a
reversible capacity of 567.7 mA h g ' is obtained at 0.1 A g~ after
50 cycles. This novel strategy can also be utilized in other types of
electrodes having large volume change upon cycling.

As one of the most essential electrochemical parameters,
specific capacity has been always used to measure the general
properties of energy storage materials.”” Generally, energy
storage reactions are divided into insertion/desertion-, conversion-
and alloy-type reactions,® among them the two latter ones with more
electron transformation are considered as the most promising
energy storage reactions regarding the high specific capacity. For
instance, 1 mol silicon (Si) can attach with 4.4 mol e~ in lithium-ion
batteries upon whole cycling, thereby leading to a striking theore-
tical specific capacity of 4200 mA h g~ *.* Similarly, phosphorus (P)
and tin (Sn) can deliver an outstanding theoretical sodium storage
capacity as high as 2596 mA h g~ " and 994 mA h g™, respectively.”®

It is noteworthy that all of these multiple electron transition
reactions easily cause a large volume expansion which may
result in cracking, peeling and even dying out of active
materials.® So far, enormous efforts have been devoted to deal
with the volume expansion of these materials."® > For example,
a 1D silicon nanowire was synthesized to overcome this issue."
Benefiting from the good radial strain tolerance of the Si
nanowire, an excellent lithium storage performance along with
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long cycling was obtained.'*'* Liu et al.® synthesized red P@Ni-P
(RP@Ni-P) with a controllable core-shell nanostructure as an
anode material for sodium-ion batteries (SIBs) via a series of
activation, electroless deposition and chemical de-alloying routes.
The optimized RP@Ni-P composites delivered a superb capacity
of 1256.2 mA h g~ " after 200 cycles at 0.1 C as well as remarkable
rate capability and cycle-life, i.e., a capacity of 409.1 mA h g~ " after
cycling 2000 times at a high current density of 5 A g~ . Moreover,
an ultra-long lifespan with excellent performance (~10% capacity
fading after 20000 cycles) and rate capability (170 mA h g~ " at
20 A g ') were obtained for pyrite FeS, with an insertion/
desertion-type reaction by choosing a more appropriate electrolyte
and adjusting the cut-off voltage to 0.8 V.'® Although great
progress has been made thus far in the electrode materials with
large volume change upon cycling, more studies are still required
to develop simple, low-cost and scalable methods to cope with
this issue in a more practical manner.

Herein, we propose a novel strategy for accommodating the
large volume variation, resulting from the transmission of
multiple electrons. Taking FeS, as an example, the dual-
crystalline material (pyrite and marcasite) obviously shows
enhanced electrochemical capability and stability compared
to the generally reported single one due to the dispersed
internal stress stemming from the split redox peaks of the
dual-crystal and the synergistic effect between the nanoscale
mixed two phases. This work introduces the use of asynchronous
reactions of dual-crystals to release the concentrated stress at
redox peaks of single crystals.

To alleviate the large volume expansion and low conductivity
of FeS,,"”” carbon nanotubes (CNTs) were introduced as a
flexible matrix. Various FeS, dual-crystal/CNT composites
(denoted as bi-FeS,-I, -II and -III, respectively) were synthesized
via a hydrothermal method followed by a post gas-solid sulfur-
ization process. Because of the relatively large surface area of
multiwall CNTs (Fig. S1, ESIt), FeOOH with different ratios
tends to grow on the surface of CNTs via the hydrothermal
method (denoted as CNT@FeOOH-X, X = I, II and III) as
depicted in SEM images in Fig. 1a, b and Fig. S2 (ESIf).
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Fig. 1 High- (the insets) and low-magnification SEM images of (a)
CNT@FeOOH-II and (b) bi-FeS,-II. (c) SAED pattern and (d) HRTEM image
of bi-FeS,-Il. (e) XRD patterns of bi-FeS,-1, bi-FeS,-Il and bi-FeS,-I1Il. The
high-resolution (f) Fe 2p XPS spectra of bi-FeS,-II.

In the following sulfurization step, however, morphologies of
the three samples were considerably changed with the growth
of FeS, crystals at a high annealing temperature of 500 °C. In
particular, the as-prepared bi-FeS,-III displayed an apparent
aggregation, while both bi-FeS,-I and bi-FeS,-II revealed a well
dispersion of bi-FeS, in the CNT matrix (Fig. 1b and Fig. S2c, d,
ESIT). By comparing the morphologies of the pure FeFOOH and
its sulfurized products in Fig. S3 with Fig. S2 (ESI{), it can be
deduced that the introduction of flexible CNTs in bi-FeS,
composites can not only enhance the electrochemical proper-
ties of the active materials through cycling, but also hamper the
aggregation of FeS, during the sulfurization process.

The X-ray diffraction (XRD) pattern of the pure FeOOH is
shown in Fig. S4a (ESIt), which corresponds to the tetragonal
phase of FeOOH (JCPDS Card No. 75-1594). After the sulfuriza-
tion step, all of the sulfurized samples present a mixed pyrite
(JCPDS Card No. 42-1340) and marcasite (JCPDS Card No. 37-0475)
phase, as depicted in Fig. 1e. According to the K value calculation
method proposed by Gross and Martin,'® the mass ratios of the
two phases are almost 1:1 for all three samples (see Table S1,
ESI). As previously reported,"?° the formation of marcasite can
be induced by the Ostwald ripening process, while the higher
sulfurization temperature leads to the transition of marcasite to
pyrite, thus causing various mass ratios of two phases in these
dual-crystals. Meanwhile, the CNT contents in these composites
were verified via thermogravimetric analysis (TGA) in an air atmo-
sphere (Fig. S5, ESIt), and the contents of active materials in
CNT@FeOOH-I, II, IIT and bi-FeS,-I, II, III are calculated as 57.3%,
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85.6%, 95.5% and 44.6%, 63.6%, 82.6%, respectively (see eqn (S1),
ESIt). The surface species and element states of the as-prepared
bi-FeS,-II were further detected by X-ray photoelectron spectro-
scopy (XPS). The typical survey spectrum of FeS, is presented in
Fig. S4b (ESIt) where the peaks of C 1s, S 2p and Fe 2p can be
easily observed. In addition, the additional N peak at ~400 eV
may have originated from the pyrolysis of thiourea in the sulfur-
izing procedure. In the high-resolution C 1s XPS spectrum
(Fig. S4c, ESIt), the broad peak at around 285.5 €V can be assigned
to the C-S bond, whereas the other peak at ca. 284.7 eV corre-
sponds to the C—=C bond.”" Furthermore, the high-resolution Fe
2p XPS spectra are shown in Fig. 1f in which the dominant peaks
at 712.7 eV for Fe 2p;, and 726.8 eV for Fe 2p,,, are ascribed to
Fe®", while the binding energies of 710.5 and 724.1 eV from the
characteristic peaks of Fe 2p3/, and Fe 2p,,, correspond to the Fe**
state which probably originates from FeOOH or surface oxidation
of FeS,.”>”** Moreover, an obvious peak at 707 eV can be regarded
as the characteristic peak of FeS,. The S 2p spectrum of bi-FeS,-II
is deconvoluted into four peaks (Fig. S4d, ESIt). The typical S,,>~
peaks can be seen at 162.4 and 163.7 eV, whereas the peaks at
168.7 and 169.8 eV correspond to the oxidized groups of SO,>~
and SO,>~.2>%

To further provide insight into the detailed microstructure
feature of FeS, dual-crystals, transmission electron microscopy
(TEM) was used to elucidate the as-obtained bi-FeS,-II. As
illustrated in Fig. S6 (ESIT), the refined FeS, particles are
homogeneously distributed throughout the 3D CNT conductive
networks. Notably, in the selected area electron diffraction
(SAED) pattern depicted in Fig. 1c, two types of FeS, crystal,
i.e., (125), (211), and (311) for pyrite and (132), (210), and (110)
for marcasite, exist which are in agreement with the XRD
results. Furthermore, the high resolution TEM (HRTEM) image
in Fig. 1d confirms the presence of both pyrite and marcasite
phases which are randomly distributed. These nanoscale mix-
tures, which act as mutual restrictive matrices, may be helpful
for the stabilization of the active materials.

Fig. 2a-c display the cyclic voltammetry (CV) curves of all
dual-crystalline samples between 0.01 and 3 V at a scan rate of
0.1 mV s~ . Evidently, all CV curves show similar redox peaks
within the whole voltage window. According to a previous
report,””?® the peak at ~1.1 V in the initial cathodic scan
corresponds to the formation of solid-electrolyte interphase
(SEI) films and the intercalation of Na* into FeS, dual-crystals.
More strikingly, two adjacent reduction peaks at 0.4 and 0.25 V
are simultaneously detected for the first time. Since there is a
strong connection between the crystallographic structure and
electrochemical performance,® ' these two reduction peaks
may correspond to the further sodiation process of the two types
of crystals. To date, few studies have focused on the application of
marcasite FeS, in energy storage fields due to its instability under
normal conditions.>**> Herein, pure pyrite FeS, was obtained by
inducing phase transition of bi-FeS,-II samples via annealing at a
lower temperature of 400 °C for 2 h. As depicted in Fig. S7a and b
(ESIT), these annealed products tend to aggregate because of the
phase transformation and recrystallization of the precursors.
Meanwhile, the crystallographic structure and phase purity of

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 CV curves and charge/discharge profiles of (a), (d) bi-FeS,-1, (b), (e)
bi-FeS,-1l and (c), (f) bi-FeS,-lll, respectively. (g) Cycling performance and
(h) corresponding coulombic efficiency of the pyrite FeS, and bi-FeS,-X
(X =1, I 'and 1l1). (i) Rate capability of bi-FeS,-X (X = I, Il and Ill) at various
current densities from 0.1to 1 A g%

the as-prepared pyrite samples were examined and confirmed by
XRD (Fig. S7c, ESIf). The characteristic CV curves of pyrite FeS,
are given in Fig. S8a (ESIt), in which only a broad peak around
0.3 V can be found. Consequently, it is believed that the two pairs
of redox peaks at 0.4/2.58 V and 0.25/2.25 V represent the partial
redox peaks of pyrite and marcasite FeS,, respectively. In addition,
the two peaks at ~2.1/1.35 V portray the sodiation/desodiation
potentials of NaxFeS, crystals.*® Furthermore, the shrinking trend
of the CV curves upon cycling demonstrates the intrinsic capacity
fading of the pyrite FeS,, while the overlapped curves of the initial
several cycles show the excellent reversible electrochemical
performance of the dual-crystalline FeS,. Based on previous
discussions on the sodium storage mechanism of Sn,P;,%* these
asynchronous reactions of the dual-crystal can efficiently avoid an
excessive volume expansion because of the “self-matrix” effect
between two phases, thereby prolonging the lifespan of electro-
des. The evolution of these two types of electrodes (i.e., single
phase vs. dual-crystalline) is displayed in Scheme 1. The dual-
crystalline phase is assumed to show a better cyclability mainly
due to the synergistic effect of the two crystals.

To support the assumption mentioned above, the charge/
discharge profiles of dual-crystalline FeS, and pyrite FeS, were

Scheme 1 The volume changes of (I) single phase FeS, and (Il) dual-
crystalline FeS, upon cycling.
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tested at 100 mA g~ ' between 0.01 and 3 V. As displayed in
Fig. 2d—f, the bi-FeS,-III hybrids exhibit an ultrahigh discharge
capacity of 1053.2 mA h g~ during the initial cycle, which is
higher than those of bi-FeS,-I (693.2 mA h g~') and bi-FeS,-II
(767 mA h g ') due to the high content of active materials.
However, it is noticeable that only 460.9 mA h g~" capacity of
bi-FeS,-III remains after 10 cycles, while both bi-FeS,-I and
bi-FeS,-II show an excellent reversible capacity of 448.1 and
574.5 mA h g™, respectively. Apparently, apart from the initial
irreversible capacity, both bi-FeS,-I and bi-FeS,-II exhibit a
stable performance, while the fast capacity fading of bi-FeS,-III
may result from the irresistible pulverization upon cycling. Nota-
bly, although the pyrite FeS, is transformed from bi-FeS,-1I, its
capacity fading according to Fig. S8b (ESIt) is even faster than the
bi-FeS,-11I groups, ie., reversible capacity of almost 300 mA h g™+
after 10 cycles.

Furthermore, cyclic performance of the four electrodes and
CNTs is exhibited in Fig. 2g and Fig. S9 (ESIt). The stability of
all samples is well consistent with the observations of the
charge/discharge profiles. After 50 cycles, bi-FeS,-III can only
deliver a reversible specific capacity of 79.1 mA h g~* which is
similar to the output of CNTs (around 70 mA h g™ '), while
bi-FeS,-I shows a high capacity retention of 91.4% compared to
the second cycle (464.4 mA h g '). Indeed, the best perfor-
mance by far is exhibited by bi-FeS,-II which maintains a
capacity of 567.7 mA h g~ ' after 50 cycles. In contrast, the
capacity fading trend of single phase FeS, is noticeably worse
than the other samples in the initial several cycles, which is
primarily induced by the over exhausted electrolyte and pulver-
ization of active materials. Additionally, SEM images of the four
electrodes before and after cycling are demonstrated in Fig. 3
and Fig. S10, S11 (ESIt). An evident erosion can be observed on
the surface of the single phase FeS, electrode due to the large
volume change, while all the dual-crystalline electrodes only
reveal a slight dissolution after long cycling because of the
escape of polysulfides.>*>® Thus, the dual-crystalline materials
are considered for the further investigation.

The coulombic efficiencies of all the composites are pre-
sented in Fig. 2h. The lowest coulombic efficiency (~92%)

Fig. 3 SEM images of the pyrite FeS, and bi-FeS,-Il electrode surface (a),
(c) before and (b), (d) after cycling, respectively.
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belongs to bi-FeS,-III which corresponds to its fast capacity
fading during the initial 20 cycles, similar to the pyrite FeS,
electrode. Meanwhile, the unexpected coulombic efficiency of
bi-FeS,-I and bi-FeS,-II further demonstrates that the exposed
active material may suffer from dissolution of polysulfides
(see Fig. S12, ESIt), associating with the slight morphology
change of cycled electrode mentioned above. Besides, the rate
capability of bi-FeS,-I, bi-FeS,-II and bi-FeS,-III was studied at
various current densities, as shown in Fig. 2i. bi-FeS,-III shows
a poor rate performance with delivering a low specific capacity
of only 85.2 mA h ¢~ at a current density of 1 A g™, even when
the current density returns back to 0.2 A g~ again, it only
remains 153.3 mA h g '. In contrast, both bi-FeS,-II and
bi-FeS,-I deliver superb reversible capacities of 625.9, 583.6,
532.1, and 471.7 mA h g ' and 441.5, 425.8, 404.2, and
382.4 mA h g, respectively, at current densities of 0.1, 0.2, 0.5
and 1 A g~ . This significant improvement of the electrochemical
performance may be partly attributed to the optimized material
mass ratio, the flexible CNT 3D conductive networks and the
successive redox reactions of the dual-crystals upon cycling. This
result corresponds well to the electrochemical impedance spectra
(EIS) of these samples in Fig. S13 (ESI), and higher conductivity
is obtained with increasing CNT additive. Table S2 (ESIt) com-
pares the reversible capacities of the single phase FeS, reported in
previous studies with that of bi-FeS,-II in this work. Notably,
despite the broader voltage window in this work, the dual-crystal
electrodes successfully exhibit superior cyclability and higher
reversible capacity compared to the previously reported FeS,. It
is believed that the obtained results have the potential to be even
further improved in the future. We believe that this result could
be further enhanced with more efforts attempted by colleagues.

In this study, a novel dual-crystalline FeS, composite was
synthesized which exhibited good sodium storage performance
due to the asynchronous reactions of the mixed pyrite and
marcasite phases, efficiently buffering the large volume expansion
of FeS,. As a result, the optimized bi-FeS,-II delivered a reversible
capacity of 567.7 mA h g ' at 0.1 A g~ ! after 50 cycles. Even at a
high current density of 1 A g%, it still delivers an excellent specific
capacity of 471.7 mA h g~ ". Indeed, the durable dual-crystalline
FeS, shows a superior cyclability, remarkable sodium storage
performance and alleviated volume expansion without sacrificing
part of the conversion reactions. This study paves the way for
further improvement in the capacity and life-span of dual-
crystalline FeS, to ensure the practical application of this type of
material in near future. Moreover, the applied strategy for con-
trolling the volume expansion in this study may be an appropriate
approach for other types of electrodes dealing with the contra-
diction between capacity and cyclability.
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