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ABSTRACT: We present a facile approach to synthesize amorphous iron
oxyhydroxide nanosheet from the surfactant-assisted oxidation of iron sulfide
nanosheet. The amorphous iron oxyhydroxide nanosheet is porous and has a high
surface area of 223 m2 g−1. The lithium storage properties of the amorphous iron
oxyhydroxide are characterized: it is a conversion-reaction electrode material, and it
demonstrates superior rate capabilities (e.g., discharge capacities as high as 642 mAh
g−1 are delivered at a current density of 2 C). The impedance spectroscopy analysis
identifies a RC series subcircuit originated by the conversion-reaction process.
Investigation of the conversion-reaction kinetics through the RC subcircuit time constant reproduces the hysteresis in the
discharge/charge voltage profile. Hysteresis is then connected to underlying thermodynamics of the conversion reaction rather
than to a kinetic limitation.

■ INTRODUCTION

Lithium ion battery (LIBs) are one of the most practical and
promising energy storage devices.1 Electrode materials with
higher capacities, better rate capabilities, and durable cycling
performance are desired for future LIBs.1 Recently, nano-
structuring has proven to be effective in improving electro-
chemical performance of LIBs,2 for nanomaterials lead to
increased electrode/electrolyte contact areas and shortened
charge diffusion path, permitting batteries to operate at a higher
power density.
Besides nanostructuring, other approaches, such as forming

loosely porous network3 and composite formation with a
buffering media (e.g., graphene),3 are effective in enhancing
stress tolerance and in turn improving cycling stability. It was
demonstrated that amorphous TiO2 nanotubes possess higher
capacities and better capacity retention than that of anatase-
phased crystalline TiO2 with identical morphology.4 Amor-
phous hierarchical porous GeOx was reported as a high-capacity
anode with excellent cyclability in both half cells and full cells.5

Different lithium storage properties of amorphous MoO2 were
reported as compared to its crystalline counterpart, and lithium
storage at structural defects in amorphous MoO2 was
proposed.6

Fe2O3, Fe3O4, and FeOOH have attracted great interest in
various applications due to their natural abundance and eco-
friendliness.7 Controlled synthesis of Fe2O3 and Fe3O4

nanostructures and their applications in LIBs have been
intensively investigated.8 Although the theoretical specific
capacity of FeOOH is as high as 903 mAh g−1, there are few
reports on FeOOH as LIB anode material. Moreover, kinetics

of the charge transfer process in this electrode material is not
fully clear and is worth studying in detail.
Herein, we report a controlled synthetic approach to prepare

amorphous FeOOH nanostructure and explore its electro-
chemical property as an LIB anode. The as-synthesized
amorphous iron oxyhydroxide nanosheets are highly porous
with a BET surface area of 223 m2 g−1. When tested as an
anode in LIBs, the amorphous iron oxyhydroxide based
electrode demonstrates excellent rate capabilities. Electro-
chemical impedance measurements are carried out to further
examine the rate-limiting kinetic processes of the amorphous
electrode materials. We have proposed a new equivalent circuit
model that captures the discharging/charging capacitance and
resistive mechanisms governed by the conversion reaction
process. Moreover, a connection has been found between the
characteristic frequency of the conversion reaction and the
inherent hysteresis observed between charge and discharge
voltage profiles.

■ EXPERIMENTAL SECTION

Chemical Synthesis. The amorphous iron oxide of porous
nanosheets structure was synthesized by oxidation of ultrathin
iron sulfide (FeS) nanosheets by H2O2/H2O solution at room
temperature. Synthesis of ultrathin iron sulfide has been
reported previously.9 In a typical synthesis, 44 mg of as-
synthesized FeS powder is uniformly dispersed in 20 mL of
toluene. 1 mmol of CTAB is dissolved into 20 mL to prepare
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50 mM CTAB/H2O solution, which is then added to the FeS/
toluene solution. The mixed solution is vigorously stirred and
slightly heated at 40 °C until toluene is completely evaporated.
After that, the solution is repeatedly washed by water until
there is no bubbling upon stirring, indicating complete removal
of CTAB. Then, 2 mmol of H2O2 is added, and stirring is
continued at room temperature for 12 h. During the oxidation,
the black solution gradually turns orange. The products were
then washed with ethanol, followed by drying at 150 °C for 24
h.
Characterization. Morphologies were characterized by a

field emission scanning electron microscope (FESEM, JEOL
JSM-7600F). The HRTEM images were observed using a
transmission electron microscope (TEM, JEOL 2010) operat-
ing at 200 kV. The crystallinity was examined using X-ray
diffractometer (Shimadzu) with Cu Kα irradiation. Fourier
transform infrared spectroscopy (FTIR) (PerkinElmer) was
utilized to identify the types of bonding in the samples. Probe
X-ray photoelectron spectroscopy (XPS, ESCALab 250iXL and
Thetaprobe A1333) was used to verify the valence state of iron
and oxygen. Nitrogen adsorption/desorption isotherms were
measured on a Micromeritics Tristar 3000 porosimeter
(mesoporous characterization) and Micromeritics ASAP 2020
(microporous characterization) at 77 K. Samples were degassed
at 100 °C for 6 h under vacuum before measurement. The
specific surface areas were calculated using the Brunauer−
Emmet−Teller (BET) method.
Battery Assembly and Electrochemical Character-

ization. 70 wt % active materials, 20 wt % single-wall CNT
(SWCNT), and 10 wt % polyacrylonitrile (PAN) were mixed
into N-methyl-2-pyrrolidinone (NMP). The obtained slurry
was cast onto a copper foil (diameter: 12 mm) and dried in
vacuum at 50 °C for 12 h to remove excess solvent.
Electrochemical measurements were carried out on coin-type
cells with lithium metal as both counter and reference
electrode, Celgard 2400 membrane as the separator, and the
electrolyte solution obtained by dissolving 1 M LiPF6 into a
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (EC/DMC, 50:50 w/w). The cells were tested on a
NEWARE multichannel battery test system with galvanostatic
charge and discharge (voltage window of 0.05−3.0 V). The
electrochemical impedance measurement is performed at the
OCV at all states of discharge and charge, with amplitude of 5
mV and in the frequency range of 105−0.01 Hz.

■ RESULTS AND DISCUSSION
Morphology Characterization. The amorphous nature of

the synthesized product is revealed by the X-ray diffraction
(XRD) pattern (Figure S1), which shows a broad hump in the
2θ range of 20°−35° without any characteristic peaks. In order
to know the chemical composition and ensure the complete-
ness of the oxidation process, X-ray photoelectron spectroscopy
(XPS) was conducted to find out the oxidation state of Fe and
O. The XPS scan profile (Figure S2) of the full range (0−1300
eV) reveals the presence of mainly Fe, O, and C, indicating
complete reaction of iron sulfide and formation of iron oxides
or iron oxyhydroxide. The 2p1/2 and 2p3/2 photoelectrons at
711 and 724 eV of the Fe 2p XPS data (Figure S3a) correspond
to the reported values for Fe3+ in iron oxides or iron
oxyhydroxide,10 which confirms complete oxidation of Fe2+ to
Fe3+. The XPS spectrum of oxygen (Figure S3b) can be
convoluted to three distinct peaks, indicating presence of
oxygen in three different states. The two convoluted peaks at

530.10 and 531.50 eV can be assigned to O2− and OH− in
FeOOH, respectively.10 The other peak at 533.4 eV may be
attributed to the oxygen in surface-absorbed water.10b To
characterize the chemical bonds in this amorphous compound,
Fourier transform infrared spectroscopy (FTIR) was conducted
the wavenumber range of 400−4000 cm−1. Figure S4 displays
the FTIR spectrum of the amorphous sample and compares
with its crystalline counterparts obtained by annealing the
amorphous sample at 800 °C. The annealed sample is identified
as α-Fe2O3 by XRD pattern in Figure S5. For both samples,
broad adsorption bands at 3400 and 1640 cm−1 can be ascribed
to the stretching vibration of O−H and vibrations of adsorbed
water molecules, respectively.11 The crystalline α-Fe2O3 shows
evident adsorption bands at 465 and 549 cm−1, which can be
attributed to the bending and stretching of Fe−O bond,
respectively.12 However, the amorphous iron oxide shows only
broad and weak adsorption bands in the characteristic
adsorption range of Fe−O bond. The absorption peaks at
471 and 686 cm−1 can be assigned to the Fe−O vibrational
modes in FeOOH. The Fe−O stretching vibration is
responsible for the adsorption at around 618 cm−1 in
FeOOH.10b,11 Based on the results above, the synthesized
product is identified to be amorphous iron (Fe3+) oxyhydroxide
(AIO).
The SEM image (Figure 1a) and low-magnification TEM

image (Figure 1b) of the amorphous product reveal loose and

corrugated graphene-like 2D nanosheet structure, indicating no
morphology and dimension change from its predecessor, iron
sulfide nanosheets.10b The sulfide-to-oxide conversion process
was conducted in deionized water with the assistance of
cetrimonium bromide (CTAB) surfactant. The iron sulfide
nanosheets were synthesized in organic solvent (oleylamine)
and capped by organic surfactant. CTAB facilitates uniform
dispersion of FeS nanosheets in water and prevents their
agglomeration during oxidation (Figure S6). Observed from the
HRTEM image (Figure 1c), individual nanosheet consists of

Figure 1. (a) SEM image. (b) TEM image. (c, d) HRTEM images of
the amorphous iron oxyhydroxide nanosheet.
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Figure 2. (a) Charge−discharge voltage profiles of the 1st, 2nd, and 50th cycle at a current density of 0.11 C (100 mA/g). (b) Cycling performance
at different C rates.

Figure 3. Impedance response measured at different voltages (vs Li+/Li) corresponding either to (a) discharge regime SOD or (b) charge regime
SOC. Experimental data (dot) and fits (cross) are displayed for comparison.
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nanoparticles aggregated in porous form. The diameters of the
fine nanoparticles are less than 5 nm. As depicted by the
HRTEM image (Figure 1d), the atomic lattice on the surface of
nanosheets lacks regular periodicity, which further confirms the
amorphous nature of the synthesized product. Nitrogen
absorption/desorption measurements on the porous product
determined a Brunauer−Emmett−Teller (BET) surface area of
233 m2 g−1 (Figure S7). The adsorption hysteresis does not
show any limiting adsorption at high p/p° (>0.7), which also
implies the presence of slit-shaped pores given by the
aggregates of loosely coherent very fine nanoparticles.13 The
highly porous nanostructure and high surface area are attractive
for electrochemical applications.
Electrochemical Characterization. Figure 2a shows the

voltage profile of the AIO nanosheet electrode at a current
density of 100 mA g−1 between 0.05 and 3.0 V (vs Li+/Li) for
the 1st, 2nd, and 50th discharge/charge cycles. In the first cycle
discharge, the Li insertion involves three distinguishable stages:
a shallow slope between 2.8 and 1.5 V and two distinguishable
plateaus at around 1.4 and 0.75 V, respectively. The specific
discharge capacity amounts to 437 mAh g−1 when the AIO
electrode is discharged to 0.95 V, which corresponds to
incorporation of approximately 1.45 mol Li per mol of AIO
(Figure S9). Ex-situ examination of the active material was
carried out. TEM and HRTEM images of the active material
discharged to 0.95 V (Figure S8a,b) demonstrate retention of
its nanosheet morphology and amorphous nature. It is assumed
that the initial two stages only involves surface Li storage and
insertion of Li into the porous amorphous nanostructure.14 The
specific capacity of 914 mAh g−1 corresponds to the insertion of
approximately insertion of 3 mol Li per mol of AIO at the
discharge potential of 0.5 V, implying complete conversion
reaction between Li and AIO with the formation of elemental
Fe and Li2O (FeOOH + 3Li+ + 3 e− → Fe + Li2O +
LiOH).11,14 Based on this conversion reaction, the theoretical
discharge capacity of iron oxyhydroxide is 903 mAh g−1. The
ex-situ TEM image (Figure S8c) of the active material at this
discharged state shows that the structural network remains but
the nanosheet has been partially destroyed. High-magnification
TEM observation (Figure S8d) reveals formation of very fine
nanorods. The first cycle discharge shows a total specific
capacity of 1210 mAh g−1, and the extra capacity can be
attributed to surface solid−electrolyte interphase (SEI) layer
formation.15 The cycling performance of the AIO-based
electrode at varying current densities is plotted in Figure 2b.
It depicts fifth cycle discharge capacities of 985, 797, 642, 465,
and 270 mAh g−1 at current densities of 0.1, 0.5, 1, 2, and 5 C,
respectively (1 C = 903 mA g−1). When the current density is
changed to 1 and 0.1 C after cycling at 5 C, the electrode
capacity is reduced to 607 and 870 mAh g−1, respectively. The
high porosity and large active surface area contribute to the
high capacity of the AIO electrode but also cause continuous
surface side reactions, which results in capacity fading upon
cycling.16 The AIO electrode demonstrates higher capacities
than crystalline iron oxyhydroxide at the same current
densities.11,14,17 Some of the research reports proposed that
the improved rate capability of amorphous electrode material
results from higher lithium ion mobility in its loose structure
and large quantities of structural defects.6,18 However, for
conversion-reaction type electrode materials, conversion-
reaction kinetics plays a more determinative role in electrode
rate capabilities than Li+ diffusion does. Therefore, the

conversion-reaction kinetics of the AIO electrode requires
investigation.

EIS Analysis. Nyquist plots derived from impedance
measurement and proposed equivalent circuits are usually
combined in analyzing of electrode process kinetics in LIBs.19

In recent research, EIS has been rigorously applied in
explaining intercalation reactions to estimate charge transfer
resistance and the diffusion coefficient of Li in intercalation-
type electrode materials.20 However, EIS has seldom been
employed to study conversion reaction process. Nyquist plots
of the EIS analysis of AIO nanosheet electrode at different
states of discharge (SOD) and states of charge (SOC) during
its fifth cycle are shown in Figures 3a and 3b, respectively. The
fifth cycle is selected for analysis because the conversion
reaction is expected to be reversible and stabilized afterward.
The Nyquist plots consist of three parts: the high-frequency

semicircle (HFS), medium-frequency semicircle (MFS), and
inclined low-frequency line (LFL). Some of the impedance
features can be easily interpreted as originating from well-
known processes. At high frequencies, a rather constant arc
corresponds to the parallel connection between the double
layer capacitance Cdl ≈ 45 μF and surface charge transfer
resistance Rct ≈ 200 Ω. An additional series resistance accounts
for the solution contribution Rs ≈ 8Ω. The LFL signals the
occurrence of a voltage-modulated process which gives rise to a
capacitive behavior. The interpretation relies on the so-called
chemical capacitance which informs on the electrode’s ability of
varying the concentration c of reacted Li+ upon application of a
differential change in the chemical potential μ (directly
assimilated to the electrode potential upon steady-state
conditions as μ = qV, where q is the positive elementary
charge).21

= ∂
∂μC qL

c
V

c
(1)

Here L represents the electrode thickness. The analysis of the
MFS is much more speculative. As inferred by examining the
impedance plots in Figure 3, the kinetics of the charging/
discharging mechanism are dominated by the resistive
contribution arising from MFS in comparison with Rct. For
intercalation compounds the rate-limiting mechanism is the
diffusion of Li+ inside the active material. In those materials the
intermediate-frequency resistance arises from the transport of
Li+ before reaching stable sites within the matrix. Diffusion of
ions gives rise to distinctive impedance patterns characterized
by Warburg-like responses as Z ∝ (iω)−1/2 (being ω the angular
frequency, and i = (−1)1/2). In opposition to that impedance
pattern, a well-defined arc is encountered at MFS for the
electrodes studied here. Models based on spatially restricted ion
diffusion were proposed to account for intermediate-frequency
arcs relaying on a distribution of diffusion lengths,22 or
electronic transport limitations.23 A commonly used approach
stated the simultaneous occurrence of two-parallel diffusion
paths of dissimilar lengths. However, the amorphous iron
oxyhydroxide electrodes analyzed in this work function by
conversion reactions that entail an overall material rearrange-
ment in both chemical and structural nature. These
considerations lead us to regard the conversion reaction as
the rate-limiting process of the change in electrode state of
charge/discharge. The corresponding resistive element is then
labeled as conversion-reaction resistance Rcr and is connected in
series with the previously introduced Cμ

c . A simple model
accounting for the impedance of conversion reaction which
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explains the underlying meaning of the circuit elements is
outlined in the next section. The model is able to capture the
essential connection between Cμ

c and Rcr and the concentration
and kinetics of reaction of ionic species. It is assumed that
transport processes do not significantly contribute to the
dissipative mechanism represented by the resistance. The
circuit elements in series, Rcr and Cμ

c , allow us to calculate the
conversion-reaction time scale as the product RcrCμ

c . The
reciprocal corresponds to the response frequency

ω =
μR C

1
ccr

cr (2)

which establishes the reaction kinetic regime. The MFS appears
as a consequence of the inclusion in parallel of an additional
capacitive element of small value in comparison with Cμ

c (see
below). Such capacitance is interpreted here as originated by
the chemical capacitance corresponding to intercalated (not
reacted) Li: Cμ

n (see below). An equivalent circuit model which
gathers all the aforementioned mechanisms is shown in Figure
4. This equivalent circuit produces an excellent fit for the
Nyquist plots in Figures 3a and 3b, both for charging and
discharging polarization regimes.

Conversion-Reaction Equivalent Circuit. In the follow-
ing a simple model accounting for the equivalent circuit of the
conversion reaction mechanism will be derived. Let us express a
conversion reaction as

+ + → ++ −Li MX e M LiX (3)

where Li+ is a lithium ion, M is a transition metal, and X = O, S,
F.... The stoichiometry is neglected for simplicity. It has been
widely recognized that the voltage dependence on charge for
systems undergoing a conversion reaction can be divided in
several parts.24 In a first stage Li atoms enter the MX lattice in a
usual intercalation process, with a marked step of the voltage.
Thereafter, the reaction of eq 3 proceeds producing phase
segregation. In order to obtain a physical interpretation for the
results of impedance spectroscopy measurements, we outline
here a simple model that incorporates the two above stages.
This model is based on a well-known two-state model that has
been often used for describing intercalation systems with
different lattice sites and even including order−disorder
transitions.25 This model is rather crude for the present
system; however, it is rather illustrative of the fact that
measured capacitances are not of interfacial origin. Since the
model obeys detailed balance, it incorporates time reversal
properties, and the voltage hysteresis observed in conversion
reactions cannot be described by this simple model.26 It would
be necessary to modify the kinetic coefficients in the model,
which lies beyond the scope of the present work.
We assume that the MX lattice contains N0 sites where Li+

ions can diffuse and a total of N1 atoms of type X per unit

volume that form sites where Li+ ions can react according to eq
3. n ≤ N0 is the concentration of diffusing ions in the lattice
with energy E0 (we assume n ≪ N0), and c ≤ N1 is the
concentration of Li+ that have reacted to LiX with energy E1.
The equilibrium chemical potential of Li+ ions is

μ = + = +
−

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟E k T

n
N

E k T
c

N c
ln ln0 B

0
1 B

1 (4)

Any change of voltage changes the concentration of Li+ ions in
the LiMX particle. The mobile Li+ concentration at the surface
relates to the voltage as

= − −n N e E qV k T
0

( )/0 B (5)

Li ions enter the particle, diffuse, and react. This process is
described by the kinetic equations

∂
∂

= −
∂
∂

− − + −n
t

J

x
k n N c k c N n( ) ( )n

1 1 2 0 (6)

∂
∂

= − − −c
t

k n N c k c N n( ) ( )1 1 2 0 (7)

Here Jn is the flux at position x, and k1,2 correspond to the
kinetic constants. For simplicity, we consider a one-dimensional
system of thickness L such that the injected current is j = qJn(0)
and Jn(L) = 0. We can also assume that diffusion in the lattice is
quite fast with respect to the reaction kinetics. This means that
n and c are homogeneous, so that we can integrate eq 6 with
the result

∂
∂

= − − + −n
t

J

L
k n N c k c N n

(0)
( ) ( )n

1 1 2 0 (8)

The impedance of diffusion in this model has been described in
refs 25c and 27, but hereafter diffusion is ignored, as mentioned
previously, assuming ion displacement is facile. In equilibrium
the current is zero and we obtain

= ̅
̅ − ̅

k
k

N c
n N c( )

1

2

0

1 (9)

Since we assume that k1 and k2 are constant, the detailed
balance condition is

= −k
k

e E E k T1

2

( )/0 1 B

(10)

In transient or voltage modulated conditions the concentration
of n is modified by the external potential, and c will change
toward the equilibrium value indicated in eq 4. For a
modulation of the density n = n ̅ + n ̂, we find by eq 5 that
the free ion density modulation depends on voltage modulation
as

̂ = ̂μn
c

q
V

n

(11)

Here the quantity

= ∂
∂

=μc q
n
V

q n
k T

n
2

B (12)

is a chemical capacitance (per unit volume) of the freely
moving ions intercalated in the lattice. Similarly, we define a
chemical capacitance for the lithium ions in LiX sites (related to
that previously introduced in eq 1)

Figure 4. Equivalent circuit employed in fitting which includes double
layer capacitance, electrolyte/electrode charge transfer resistance, and
conversion reaction circuit elements.
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= ∂
∂

=
−

μc q
c
V

q c N c
N k T
( )c

2
1

1 B (13)

It should be observed that the chemical capacitance is
correlated to the derivative of the voltage−composition curves.
This capacitance is not related to positive−negative charge
separation at an interface.21 In the simple model outlined here
cμ is given by the entropy of ions in equivalent cites. In general,
cμ relates to the dependence of the chemical potential on the
concentration and depends on any chemical force over the ions
in the solid phase.
Modulation of the voltage with angular frequency ω changes

the free ion density which produces a change of the reacted
density as c(t) = c ̅ + c.̂ By a Laplace transform and expanding to
first order, we obtain from eq 7 the relationship

ω ω
̂ =

− ̅
+

̂c
k N c

i
n

( )1 1

cr (14)

where

ω = ̅ +k n k Ncr 1 2 0 (15)

is the characteristic kinetic frequency of the conversion reaction
previously introduced in eq 2. On the other hand, eq 8 gives

ω + − ̂ = ̅ − ̂ +
̂

i k N c n k n k N c
J

L
[ ( )] ( ) n

1 1 1 2 0 (16)

Inserting eqs 11 and 12 in eq 16, we arrive at the result

ω
ω

ω ω
+

+
̂ = ̂μ

μ⎛
⎝⎜

⎞
⎠⎟C i

C i

i
V j

1 /
n

c

cr (17)

Here Cμ
n = Lcμ

n and Cμ
c = Lcμ

c are chemical capacitances per unit
area. The admittance is defined asY = j/̂V̂; therefore, we have

ω= +μ
−Y C i Zn

cr
1

(18)

where

ω
= +

μ
Z R

C i
1
ccr cr

(19)

Here we have introduced the resistance of the conversion
reaction Rcr given by

ω=

= ̅ − ̅ ̅ +

μ
−R C

Lq
N k T

c N c k n k N( )( )

c
cr

1
cr

2

1 B
1 1 2 0

(20)

The impedance model in eq 18 corresponds to the previously
introduced equivalent circuit in Figure 4.
Although the conversion reaction involves insertion and

release of charges, we propose here that the rate-limiting
process is the reaction itself but not the ion transport. It can be
modeled by means of a discharge and charge process as a series
RC circuit. As explained previously, the time required for
complete change in SOD/SOC of a series RC circuit is given by
the product RcrCμ

c . The larger the time constant, the longer time
is required for discharging or charging to the target voltage. The
electrical parameters at different SOD and SOC have also been
calculated from fitting and displayed in Figure 5. It is observed
that Cμ

c exhibits a high value of order 0.1 F. For voltages in
excess of 0.6 V, Cμ

c shows slight variations between 0.05 and
0.10 F and exhibits a small peak at ∼0.7 V, in good correlation

with the plateau of the discharge voltage profile in Figure 2a.
The conversion reaction resistance Rcr demonstrates similar
trends (Figure 5b) but exhibits much larger values for high
voltages (>2 V). This entails that the conversion reaction is
hindered at high states of charge but is favored when the ion
concentration is high within the electrode. An averaged value
Rcr ≈ 500 Ω is encountered greater than Rct. It is evidenced that
the intermediate capacitance Cμ

n related to intercalated Li+

concentration (Figure 5c) shows values 2 orders of magnitude
below Cμ

c , which accounts for concentration of reacted species
The combination of Cμ

c , Rcr, and Cμ
n forms a sort of relaxation

subcircuit28 which is interpreted here in terms of the
conversion-reaction mechanism.
The conversion-reaction kinetics can be alternatively

accessed by examining the response frequency in eq 2. Values
of ωcr below 0.04 s−1 are found. One can observe that ωcr
exhibits a maximum (marked with an arrow in Figure 5d),
which is located within the potential interval of the major
conversion reaction (FeOOH + 3Li+ + 3e− → Fe + Li2O +
LiOH) according to the discharge voltage profile (Figure 2a).
We notice that a voltage shift in ωcr of ∼0.5 V occurs between
discharge and charge regimes. This fact points to the hysteretic
behavior of the conversion reaction.29 We highlight that EIS
analysis reproduces the hysteresis observed between charge and

Figure 5. Parameters at different SOD and SOC extracted from fitting
using the equivalent circuit in Figure 4. Lines used to guide the eyes.
(a) Chemical capacitance corresponding to concentration of reacted
Li+. (b) Conversion-reaction resistance. (c) Chemical capacitance
corresponding to moving Li+. (d) Conversion-reaction response
frequency. Arrows signal the shift in the maximum frequency related
to the voltage hysteresis.
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discharge profiles (Figure 2a) or cyclic voltammetry. It can be
inferred accordingly that the conversion-reaction hysteresis has
an origin related to the intrinsic thermodynamics rather than to
transport limitations.

■ CONCLUSIONS
In summary, amorphous iron oxyhydroxide nanosheet has been
synthesized via surfactant-assisted oxidation of the iron sulfide
nanosheet. The highly porous nanostructure and high surface
area of the amorphous iron oxyhydroxide nanosheet are
attractive for electrochemical applications. When characterized
as anode material in LIB, it has conversion reaction with Li+

and demonstrates superior rate capability (e.g., discharge
capacity as high as 465 mAh g−1 is delivered at a current
density of 2 C). A new equivalent circuit that directly models
the conversion reaction process was set up by fitting the
Nyquist plots from EIS analysis. The conversion-reaction
subcircuit (series RC) reproduces the hysteresis in the
discharge/charge voltage profile, indicating that the hysteresis
behavior has a thermodynamic origin rather than being limited
by Li transport.
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