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ABSTRACT: Nanosheets of earth-abundant jarosite were fabricated via a
facile template-engaged redox coprecipitation strategy at room temperature
and employed as novel anode materials for lithium-ion batteries (LIBs) for the
first time. These 2D materials exhibit high capacities, excellent rate capability,
and prolonged cycling performance. As for KFe;(SO,),(OH)4 jarosite
nanosheets (KNSs), the reversible capacities of above 1300 mAh g~' at 100

jarosite nanosheets

mA ¢~ and 620 mAh ¢! after 4000 cycles at a very high current density of 10
A g~ were achieved, respectively. Moreover, the resulting 2D nanomaterials
retain good structural integrity upon cycling. These results reveal great
potential of jarosite nanosheets as low-cost and high-performance anode
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materials for next-generation LIBs.
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1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have empowered
consumer electronics and are now considered as the best choice
to propel forward the development of eco-friendly hybrid
electric vehicles (HEVs) and electric vehicles (EVs)."” This
drives researchers and engineers to build better LIBs by
optimizing several aspects including the energy density, rate
capability, economy, safety, and sustainability. To achieve this
goal, there has been an intensive search for new materials with
high capacity, low cost, and environmental benignity for use as
cathode or anode materials.”>™ In the case of anode materials,
many possible alternatives to carbonaceous materials, such as
Fe-,%” Mn-,® Sn-,>'° Si-,'*'? and P-based materials,"> have been
developed owing to their low cost, earth-abundance, and
nontoxicity together with high theoretical capacities of 900—
4000 mAh g_l, more than 2—10 times higher than that of
commercial graphite (370 mAh g™'). Among them, Fe-based
compounds are more attractive considering that iron is the
fourth most abundant element in the earth’s crust. Moreover,
the effective synthesis of Fe-based materials is relatively easy to
be achieved in most cases. For that reason, a great effort is
being directed toward the development of Fe-based materials,
such as Fe203,14 Fe304,15 FeS,° Fe3C,16 FeP,'”'® and ferrites
(MFe,0,, M=Zn, Cu, and Cd)."”~** Compared with these
compounds, Fe-based polyanionic compounds,”** such as
jarosite, might be even more attractive because of their
relatively high stability in acidic environments and facile
fabrication.*>*°

-4 ACS Publications  © 2015 American Chemical Society

Jarosite is an earth-abundant natural mineral in acidic and
sulfate-rich environment.?*?” As shown in Figure 1la, the
crystals are rhombohedral and of R3-m symmetry with lattice
constants @ = b = 730 A and ¢ = 17.09 A at room
temperature.28 Jarosite KFe;(SO,),(OH) (K-jarosite) is an
ideal kagome lattice compound, and has been studied
extensively for its spin chirality on a two-dimensional (2D)
geometrically frustrated lattice and unique magnetic proper-
ties.”? In this work, we investigate Li-storage behaviors of K-
jarosite and its analogue [NaFe;(SO,),(OH)4] (Na-jarosite) at
a voltage range of 0.005—3.0 V and demonstrate their great
potential as a new class of anode materials for high-
performance LIBs.

Meanwhile, in addition to the advantages of nanosized
materials in facilitating fast Li*/electron transport because of
the increased surface areas and the shortened ion diffusion
distance,®® 2D nanomaterials are particularly attractive because
a large fraction of atoms on the surface offer sufficient active
contacts. Although an ultrasmall thickness is beneficial to fast
Li* insertion/extraction, lateral submicrometric or micrometric
dimensions can keep structural integrity and effectively
accommodate the volume changes because of repeated Li"
insertion/extraction, leading to better cycling stability. From
this point of view, there has been substantial research effort to
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Figure 1. (a) Crystal structure of KFe;(SO,),(OH),. Hydrogen atoms are omitted for clarity. FeOy, octahedra; SO,, tetrahedra; K, Fe, S, and O
atoms are displayed in orange, violet, gray white, blue, yellow, and red, respectively. (b) Schematic illustration of jarosite nanosheets (KNSs and
NNSs) prepared by a template-engaged redox coprecipitation method at room temperature. (c) SEM and (d) TEM images of 5-MnO, nanosheets.
(e) SEM, (f) TEM, (g) high-magnification TEM, and (h) HRTEM images of KNSs.

prepare various 2D nanostructured electrodes with improved
Li-stora3ge properties, such as metal oxides,>"** metal
sulfides, ™ lithium metal oxides,*® the simple polyanionic
compound LiFePO,,*” etc. However, the fabrication of 2D
nanostructures with complex polyanionic compounds still
remains very challenging.

Herein, we fabricate K-jarosite nanosheets (KNSs) and their
analogues (Na-jarosite nanosheets, NNSs) via a facile template-
engaged redox coprecipitation method at room temperature
and employ these 2D materials as anodes for LIBs. The
materials exhibit excellent Li-storage properties in terms of high
capacity, superior rate capability, and ultralong cycle life. We
also investigated the Li-storage mechanism of KNSs by ex situ
X-ray diffraction (XRD) and X-ray photoelectron spectra
(XPS) and found that the materials undergo conversion
reactions at a cutoff voltage range of 0.005—3.0 V. The high
specific capacities of KNS electrodes are mainly due to the
synergistic function of iron oxides and oxyhydroxides with
sulfates generated upon lithiation. Moreover, the as-prepared
nanosheets maintain good structural integrity upon cycling and
yolk—shell nanobuilding blocks simultaneously form in the 2D
nanoarchitectures, which both contribute to excellent Li-storage
performance.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. First, 6-MnO, nanosheets are prepared
by a reflux reaction between KMnO, and ethyl acetate.’® The as-
synthesized 6-MnO, nanosheet suspension was used as precursor for
the synthesis of KNSs and NNSs. In a typical synthesis, ferrous sulfate

(4.5 mmol) and potassium nitrate (1.5 mmol) were dissolved in
deionized water (30 mL). Then, the obtained mixed solution was
dropwise added into the above suspension of 6-MnO, nanosheets (50
mL; the volume ratio of deionized water/ethanol is 1:4) under
magnetic stirring at room temperature. After about 10 min, an orange
suspension was obtained. After aging 12 h at room temperature, the
obtained suspension was centrifuged and washed by deionized water
and ethanol at least three times. Finally, the orange slurry was dried
under vacuum at room temperature. As for the synthesis of NNSs, it is
similar to KNSs except for the use of sodium chloride as sodium
source. For comparison, bulk KFe;(SO,),(OH)4 was also prepared as
in reference 25. In a typical synthesis, 3.0 g of potassium nitrate and
3.5 g of iron sulfate were dissolved in aqueous H,SO, solution (0.01
M, 100 mL) under magnetic stirring. Then, the above mixed solution
was stirred at 90 °C for 3 h. The obtained suspension was centrifuged
and washed by deionized water and ethanol at least three times.
Finally, the light-orange slurry was dried at 100 °C.

2.2. Characterization of Materials. The crystalline structures of
the prepared products were identified by XRD (PANalytical X’pert Pro
using Cu Ka radiation). The morphology of the product was observed
by field-emission scanning electron microscopy (SEM, Zeiss Merlin, 1
kV), transmission electron microscopy (TEM, Zeiss 912 Omega, 120
kV), and high-resolution TEM (HRTEM, JEOL 4000 FX, 400 kV).
Inductively coupled plasma-atomic emission spectrometry (ICP-AES)
was performed using Spectro analytical instruments. XPS analyses
were performed using an Axis Ultra instrument (Kratos Analytical Ltd.,
UK.).

2.3. Electrochemical Characterization. The electrochemical
properties of the products were measured using CR2032 coin-type
cells with lithium metal as the negative electrode. The slurry was
prepared by mixing as-prepared active materials, carbon black (super
P), and sodium carboxymethyl cellulose (CMC) in a weight ratio of
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Figure 2. XRD patterns of (a) KNSs and (b) NNSs; the dot in b denotes the presence of a little amount of K-jarosite phase.
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Figure 3. (a) Discharge and charge profiles of KNSs at 100 mA g~ between 0.005 and 3.0 V. (b) Schematic diagram of phase evolution during the
initial discharge process for KNSs electrode from open circuit potential to S mV. XPS spectra of KNSs for (c) pristine KNSs, (d) the discharged

state, and (e) the charged state.

active material/super P/CMC = 70:20:10 in deionized water. Then,
the as-prepared slurry was cast onto a copper foil current collector and
dried at 60 °C overnight in a vacuum oven. The loading mass of
electrode materials was 1.2—1.5 mg cm™ Cell assembly was carried
out in an Ar-filled glovebox. The electrolyte solution was 1 M LiPF, in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v). Glass
fiber was used as the separator. Galvanostatic charge/discharge tests
were performed at room temperature using a BTS battery tester
(Neware). The cutoff voltage window is 0.005—3.0 V.

3. RESULTS AND DISCUSSION

Figure 1b illustrates the fabrication of KINSs and NNSs based
on a facile template-engaged redox coprecipitation method at
room temperature. 6-MnO, nanosheets are used as both
oxidant and template. A mixed aqueous solution of ferrous
sulfate and potassium nitrate or sodium chloride was added
dropwise to the brown suspension of 6-MnO, nanosheets
under magnetic stirring. After around 10 min, an orange
suspension is obtained, indicating the conversion of §-MnO,
nanosheets to KNSs or NNSs. The possible reaction
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mechanism is as follows. First, under the attack of Fe*, §-

MnO, would capture electrons from Fe®*

ions and simulta-

neously be reduced to soluble Mn** (eq 3). The generated Fe®"
ions would adsorb on the surface of §-MnO, nanosheets.

Second, Fe** will further react with SO,*~

Half reaction: MnO, + 4HY 4 2e”
- Mn** +2H,0 E® =123V

Half reaction: Fe’™ + e~ — Fe** E€ =077V

Step 1: MnO, + 2Fe*" + 4H*
— Mn*" + 2Fe** + 2H,0

Step 2: K* + 3Fe*™ +280,>” + 6H,0
— KFe,(SO,),(OH), + 6H"

and K" or Na* by a
coprecipitation reaction (eq 4), as illustrated in Figure 1b.

(1)
)

)

4)
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As confirmed by XRD pattern (Figure 2a), the resulting
KNSs can be indexed well to rhombohedral phase jarosite
KFe;(SO,),(OH)4 (International Centre for Diffraction Data
Powder Diffraction File (ICDD PDF) No. 71-1777). XPS
measurement further confirms that Fe only exists in the form of
Fe®*, owing to the presence of the characteristic peak of Fe** at
719.1 eV to§ether with two Fe 2p peaks at 711.0 and 724.4 eV
(Figure 3c).”® The Mn 2p feature peaks at 642.9 and 654.4 eV
are not observed in the XPS spectra (Figure S1, Supporting
Information),*® implying the complete consumption of &-
MnO,. This is further confirmed by ICP-AES results, which
show that the weight ratio of K/Fe/S in KNSs is 7.78:31.4:12.7,
revealing a potassium-rich phase of K;osFe;(SO,),11(OH); g4
Figure le,f displays typical SEM and TEM images of KNSs.
The as-prepared KNSs inherit well the morphology of 6-MnO,
nanosheets, except for a little increase of the thickness (~13
nm) compared to §-MnO, nanosheets (~8.5 nm, Figure 1c,d)
and that the KNS surface becomes rather rough. The high-
magnification TEM image in Figure 1g shows that KNSs
consist of ultrafine nanobuilding blocks of 5—10 nm. Figure 1h
displays lattice fringes of HRTEM image that can be assigned to
the (024) lattice-plane spacing of KFe;(SO,),(OH)s To
examine the generality of the proposed synthesis method for
2D polyanionic nanostructures, we also successfully prepared
2D nanostructures of Na-jarosite, as shown in Figure S2
(Supporting Information). As displayed in Figure 2b, XRD
diffraction peaks of NNSs are mainly indexed to Na-jarosite
phase NaFe;(SO,),(OH); (ICDD PDF No. 36-0425), except
for the presence of a small amount of K-jarosite phase (Figure
2b). This is mainly due to the presence of a small amount of K
in 5-MnO, prepared by the reaction between KMnO, and ethyl
acetate, which is confirmed by ICP results (the weight ratio of
K/Mn in 6-MnO, is 5.75:54.90), suggesting a possible
Ko.14MnO, phase.

The formation of well-defined 2D nanoarchitectures would
promise a superior Li-storage capability. Figure 3a shows the
typical galvanostatic discharge (lithiation) and charge (delithia-
tion) curves of KNSs between 0.005 and 3.0 V at a current
density of 100 mA g~'. For comparison, micrometer-sized
KFe;(SO,),(OH)4 was also prepared (Figure S3, Supporting
Information). The first discharge and charge capacities of KNSs
are 1786.7 and 1300.8 mAh g/, respectively, much higher than
those of bulk sample (1553.4 and 1147.0 mAh g_l; Figure S4,
Supporting Information). Both KNSs and bulk sample exhibit a
first Coulombic efficiency (CE) of 73%. During the subsequent
two cycles, CEs of KNS electrodes promptly increased to 87
and 91%, respectively, and afterward gradually stabilized to
>99.5%. The initial capacity loss can be ascribed to the
irreversible lithium loss, owing to the formation of a solid
electrolyte interface (SEI) layer and other Li-consuming
reactions during the initial cycling.***° Thus, it is demonstrated
that KNSs as anode materials exhibit superior Li-storage
reversibility.

The theoretical capacity of K-jarosite is 481 mAh ¢! (9 Li
uptake), if it this estimation is just on the basis of the complete
reduction of Fe** to Fe®. However, both KNSs and bulk sample
deliver reversible capacities exceeding 1000 mAh g™, more
than twice as high as than the theoretical value. To investigate
the extra capacity, we performed ex situ XRD and XPS
measurements at different states of discharge/charge. When
discharged to 1.5 V (Figure SS, Supporting Information),
KFe,(SO,),(OH); phase is well-retained except that the XRD
peaks shift toward lower angles, implying the increase of lattice

constants owing to Li insertion corresponding to the formation
of Li,KFe;(SO,),(OH)s (x < 3.7). With continuous
discharging to 1.0, 0.6, and 0.00S V, the Li KFe;(SO,),(OH);
phase disappears, and the LiOH phase appears. When
recharged to 3.0 V, the LiOH phase gradually disappears, and
new phases (FeOOH, y-Fe,0;, Li,SO,, and LiKSO,) emerge,
indicating that KNSs undergo an irreversible conversion
reaction during the first cycle similar to previously reported
complex oxides anodes.*"* Although the first lithiation for
KFe,(SO,),(OH); is irreversible, this process is probably very
important because in situ generation of nanoscaled Fe and Li,S
can provide a homogeneous mixing phase, as illustrated in
Figure 3b, which is beneficial to subsequent conversion reaction
and interface storage process. Despite the complicated phase
evolution occurring during the first cycling, the products
FeOOH, y-Fe,0;, Li,SO,, and LiKSO, can be well-retained
even after 320 cycles. To further investigate the phase
evolution, we also carried out XPS measurements. On discharge
to 5 mV, the feature peaks of Fe** disappear, and a small peak
at 706 eV emerges (Figure 3d), revealing the formation of
metal Fe’.>> When recharged to 3.0 V, the characteristic peaks
of Fe’* emerge again (Figure 3e), indicating reoxidation of
metal Fe’. In addition to the valence change of Fe, a broad peak
at 162.2 eV, which is assigned to Li,S,>** was also observed
(Figure 3d), indicating lithiation of sulfates (such as Li,SO,) via
a conversion reaction. Meanwhile, the peak at 169.0 eV
ascribed to SO,> still exists at the end of discharge,>**
manifesting partial conversion of sulfates owing to limited
contacts of sulfates with metal Fe, as illustrated in Figure 3b.
Li,SO, is not a perceptible electronic conductor; thus, the Li-
storage performance is strongly dependent on the effective
contact with an electronically conductive phase such as Fe.
When recharged to 3.0 V (Figure 3e), the Li,S peak disappears,
indicating reversible Li-storage of the sulfates, which is clearly
demonstrated by lithiating commercial Li,SO,. (Detailed
discussion is given in Supporting Information.) These results
show the synergistic interplay of iron oxides, oxyhydroxides,
and sulfates. The conversion reaction of Li,SO, to Li,S involves
an eight-electron transfer, corresponding to a theoretical
capacity of 1948 mAh g~' (eq 7). Thus, the theoretical
capacity for KNSs is 2429 mAh g~' on the basis of the total
conversion of KFe;(SO,),(OH)y to Fe and Li,S. The initial
discharge processes for KFe;(SO,),(OH); are suggested to be

KFe,(SO,),(OH), + xLit + xe”
— Li KFe;(SO,),(OH), (x <3.7) (5)

Li,KFe;(SO,),(OH)s + (9 — x)Li" + (9 — x)e”
— 3Fe + Li,SO, + LiKSO, + 6LiOH (6)

Li,SO, + 8Li* + 8¢~ — Li,S + 4Li,0 (7)

During the subsequent charge process, the reversible
reactions would be the reoxidation of in situ produced metal
Fe and Li,S in the Li,O and LiOH matrix, respectively.

Fe + LiOH + Li,O < FeOOH + 3Li" + 3e~ (8)
Fe + 3/2Li,0 < 1/2Fe,0; + 3Li" + 3¢~ (9)
Li,S + 4Li,0 < Li,SO, + 8Li" + 8¢~ (10)
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Figure 4. (a) Rate capabilities of KNSs from 0.2 to 4 A g". (b) Cycling performance of KNSs at the current densities of 1 A g”". (c) Discharge and
charge curves of KNSs under different cycles at 1 A g~'. (d) Long-term cycling performance of KNSs at 10 A g™".

Besides the obtained high capacity for KNSs, the materials
exhibit superior rate capability as well. On increasing current
densities from 200 to 1000, 2000, and 4000 mA g_1 (part I in
Figure 4a), KNSs deliver reversible capacities of 670, 530, 450,
and 380 mAh g, respectively, which are 2—10 times higher
than those of the bulk counterpart (317, 93, 57, and 38 mAh
g™'). When the current density is reduced back to 200 mA g,
a reversible capacity of above 750 mAh g~' was maintained.
Both KNSs and bulk sample undergo fast capacity decay during
the initial 40 cycles and then exhibit a gradually capacity
increase (Figures 4a and S7). This is clearly observed in the
charge/discharge profiles at different cycles (Figure 4c). The
initial capacity decay is mainly due to low Li* diffusion and
large Li* charge-transfer resistance. On increasing cycles,
nanosized Fe would be gradually produced on a large scale,
which can improve Li* diffusion dynamics,* as confirmed by
our CV tests for different cycles in Figure S8 (Supporting
Information). The capacity rise could be attributed to the
following aspects: (i) The decreased cell resistance and
enhanced Li* dynamics after initial activation process are
probably beneficial to improving the electrochemical perform-
ance. This phenomenon is also observed for Fe,O; and CuO
materials,* revealing that the cell resistance after cycles
becomes smaller than those of the cell before cycling, as
based on the impedance result. (ii) On increasing cycles, the
formed organic/inorganic layer on the surface of active particles
provides additional reversible Li storage as well.* (iii) The
effects of electrochemical milling can reduce the particle size,
which also facilitates Li* storage.” In addition, more Fe/Li,O
contacts formed after the activation process would also
promote more interfacial Li* storage,”** leading to capacity
increasing upon cycling. Despite this, the as-prepared materials
still deliver excellent long-term cyclability. As shown in Figure
4b, a specific capacity as high as 1350 mAh g~' can be attained
after 600 cycles at 1 A g~', which is almost six times higher than
that of bulk sample (226 mAh g™"). Even at a very high current
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density of 10 A g™/, a reversible capacity of 620 mAh g™ can be
retained after 4000 cycles (Figure 4d). This cycling perform-
ance and high rate capability are distinctly better than those
reported for comparable Fe-based compounds.****” To
investigate the generality of the application potential of the
materials belonging to the jarosite family compounds as anodes,
we also evaluated the Li-storage behaviors of NNSs, which
deliver excellent Li-storage performance as well (Figure S9,
Supporting Information).

To examine the stability of the obtained 2D nano-
architectures upon cycling, SEM, TEM, and HRTEM were
performed on the cycled electrode. Figure Sa shows that the
nanosheet structures are mainly preserved after 100 cycles at
500 mA g'. Figure Sb,c shows that the surface of the
nanobuilding blocks in KNSs is covered by a uniform
protection layer (thickness &~ S nm). Interestingly, most of
the nanobuilding blocks (marked by arrows in Figure Sb)
convert to yolk—shell structures, probably resulting from the
irreversible volume changes upon cycling. Fourier transforms
(FTs) in Figure Sc indicate that the shell layer is composed of
amorphous and crystalline components, which might be due to
the combination formation of conversion reaction materials
together with SEI layer,**™° thus forming a hybrid shell layer.
The resulting yolk—shell structure could be beneficial to
improving the cycling stability of KNSs because it can not only
effectively protect the core from the electrolyte corrosion but
also accommodate the volume changes caused by repeated Li*
insertion/extraction processes, as illustrated in Figure 5d.>"*>

4. CONCLUSIONS

We report the fabrication of 2D nanostructures of K-jarosite
and its analogues by a facile template-engaged redox
coprecipitation at room temperature and demonstrate their
feasibilities as anode materials for LIBs for the first time. The
as-prepared materials exhibit high capacity, excellent rate
capability, and ultralong cycle life. The reversible Li storage
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Figure 5. (a) SEM and (b) TEM images of KNSs electrodes after 100
cycles at 500 mA g™'. (c) Magnified view taken from boxed area in b;
the insets show FTs corresponding to the boxed areas. (d) Schematic
illustration of the lithiation/delithiation process for KNSs electrode.

of these 2D materials is based on the synergistic conversion
reactions of iron oxides and oxyhydroxides and sulfates.
Moreover, not only can the 2D nanoassemblies be well-
retained upon cycling, but also can yolk—shell nanobuilding
blocks form simultaneously in the whole nanoarchitecture, both
of which are important for the remarkable Li-storage properties.
Such findings have important implications for the large-scale
application of Fe-based polyanionic materials as environ-
mentally friendly, low-cost, and earth-abundant anode materials
for long-life LIBs.
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