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Abstract

Novel goethite (a-FeOOH) corner-truncated tetragonal prisms (CTPs) with a length of about 1 pm and a width of about
200 nm have been synthesized by a hydrothermal method. The morphology, structure and electrochemical properties of CTPs
are systematically studied. The obtained a-FeOOH CTPs exhibit high-quality single-crystalline nature. In addition, the single
a-FeOOH corner-truncated tetragonal prism (CTP) is enclosed by six side facets, two {020} and four {110}. Depending on
the reaction time, two different types of top-endings, one flat or two canted facets, are obtained. The formation of a-FeOOH
is associated with the growth and subsequent phase transformation of p-FeOOH. The CTP contributes to structural stability
and avoids the common pulverization process of electrodes. In addition, tiny crystallites are generated during the cycle, which
increase the contact area between the electrode and electrolyte. Therefore, the a-FeOOH CTPs electrode displays excellent
cycling performance with a reversible specific capacity of 870 mAh g~! at 100 mA g™! after 100 cycles.
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1 Introduction

Rechargeable lithium-ion batteries (LIBs) have received
increasing attention because of the wide range of applica-
tions from portable electronic devices to electric vehicles
and electric grids [1-3]. To meet market demands, consid-
erable efforts have been made by the scientific community
to develop advanced electrode materials. Among the avail-
able anode materials, iron (hydr)oxides have attracted tre-
mendous attention due to their higher capacity than that of
commercial graphite anodes (372 mAh g~') and intrinsi-
cally enhanced safety. The capacity of lithium storage can be
mainly achieved through the reversible conversion reaction
between Li* and oxides [4-9]. As a most widely distrib-
uted iron oxide, goethite (a-FeOOH) has been studied as
promising candidates for high theoretical capacity, abundant
resource and environmental friendliness [10-13].

Nanoscale a-FeOOH materials with anisotropic mor-
phology and structure possess unique physical and chemi-
cal properties [14—17]. Intensive efforts have been devoted
to preparation and modification of a-FeOOH nanostructures.
At present, researchers have reported many one-dimensional
(1D) a-FeOOH nanostructures, such as needles, nanowires,
and nanorods [18-20]. Lou et al. [21] reported a facile one-
pot glucose-mediated hydrothermal method for the syn-
thesis of FeOOH rod-like nanoparticles. They converted
the FeOOH nanoparticles into carbon-coated magnetite
(Fe;0,@C) nanocomposite, which exhibited good cycling
performance. The a-FeOOH materials with diverse mor-
phology are prepared by scientists to enhance their perfor-
mance, such as spindles [22], x-shaped hollow a-FeOOH
penetration twins [23]. In addition, researchers tried to boost
the electrochemical properties of a-FeOOH by adding con-
ductive graphene. For example, microcrystalline a-FeOOH/
rGO samples have been successfully synthesized, which
display superior performance with a reversible capacity of
569 mAh g~! after 50 cycles [24]. However, the preparation
of a-FeOOH with unique morphology and structure remains
a challenge. In terms of a-FeOOH 1D nanostructures, it is of
great significance to prepare o-FeOOH with novel morphol-
ogy for practical applications.

Herein, we synthesize novel a-FeOOH corner-truncated
tetragonal prisms (CTPs) with a length of about 1 pm
and a width of about 200 nm through a facile hydrother-
mal method. The single-crystalline a-FeOOH exhibits six
symmetric side facets. The top-ending of corner-truncated
tetragonal prism (CTP) shows two different types, one being
flat, and the other being two canted facets. Time-dependent
experiments of crystal growth are also performed to obtain
detailed information of morphological evolution. Benefiting
from its unique structural features, the a-FeOOH electrode
exhibits good lithium storage performance for LIBs.
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2 Experimental
2.1 Synthesis of a-FeOOH CTPs

All chemicals are of analytical grade and used without fur-
ther purification. Deionized water was used throughout the
experiment. The a«-FeOOH CTPs were fabricated through
a simple hydrothermal treatment of precursor solution. In
detail, 2 mmol of FeCl;-6H,0 was dissolved in a solution of
deionized water (15 mL) and ethanol (15 mL), and 1.2 g of
polyvinyl pyrrolidone (PVP) was also dissolved in the same
solution. Then, 30 mL of PVP solution was added into FeCl,
solution under magnetic stirring to form a homogeneous
solution. After that, 125 pL of NH;-H,O was added to the
above mixture solution under vigorous stirring for 15 min,
and 0.47 mol/L NH,F aqueous solution (20 mL) was further
added to the suspension under stirring for 10 min. Subse-
quently, the resulting solution was transferred into a 100 mL
Teflon-lined stainless steel autoclave and then maintained
at 180 °C for several hours. After cooling to ambient room
temperature naturally, the yellow precipitate was collected
by centrifugation. The resulting precipitate was washed
three times with deionized water and ethanol, and dried at
draught cupboard. To further study the growth mechanism of
the product, the hydrothermal experiments were performed
under the same conditions except the reaction time.

2.2 Material characterization

The phase analysis was carried out using X-ray pow-
der diffraction (SmartLab XRD) with Cu-Ka, radiation
(A=1.5406 A). The sample morphologies were charac-
terized by scanning electron microscope (SEM, Hitachi
S-4800). Bright-field (BF) images, high-resolution transmis-
sion electron microscopy (HRTEM) images and selected-
area electron diffraction (SAED) patterns were recorded on a
JEOL JEM 2100F transmission electron microscope (TEM)
operating at 200 kV. The Brunauer—Emmett-Teller (BET)
method was used to calculate the specific surface area from
the desorption branches of the isotherms. The FT-IR spectra
of samples were recorded on a Fourier transform infrared
spectrometer (Thermo Scientific Nicolet iS50).

2.3 Electrochemical measurement

The electrochemical properties of the as-prepared a-FeOOH
CTPs were evaluated using a coin cell with lithium metal
as a counter electrode. The working electrode was prepared
by pressing a mixture of sample powder (70 wt%), acety-
lene black (15 wt%) and water-soluble sodium alginate
(SA, 15 wt%) onto a copper foil and subsequently dried at
80 °C for a whole night in a vacuum oven. The electrolyte
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consisted of 1 M LiPF solution of ethylene carbonate (EC)/
diethyl carbonate (DEC) (1:1 in volume). The coin-type cell
of CR2025 was then assembled in a glove box filled with
pure argon gas with a moisture and oxygen concentration of
less than 0.1 ppm. The average mass loading of a-FeOOH
for cell testing was 0.72 mg cm™~2. Cyclic voltammetry (CV)
profiles were obtained between 0.01 and 3.00 V using an
electrochemical workstation (PGSTAT 302 N). Galvano-
static discharge/charge measurements were performed on a
lithium battery test system (LAND CT2001) with a potential
range of 0.01-3.00 V versus Li*/Li. Electrochemical imped-
ance spectroscopy (EIS) tests were performed on a Metrohm
Autolab electrochemical workstation (PGSTAT 302 N) with
a frequency range from 100 kHz to 0.01 Hz.

3 Results and discussion

The phase of as-synthesized samples was determined using
XRD, as shown in Fig. 1a. All the diffraction peaks of the
as-synthesized sample can be indexed to orthorhombic
a-FeOOH (JCPDS No.: 81-0462), confirming the single-
phase characteristics of the product [25]. No other peaks
from impurities were found, suggesting the high purity of
the products. The morphology of a-FeOOH was character-
ized by field-emission SEM. As can be seen from Fig. 1b,
uniform a-FeOOH prisms are synthesized by hydrothermal
process. These prisms have a length of about 1 pm and a
width of about 200 nm, and has smooth side facet. Figure lc,

d display enlarged top views of a single prism. Interestingly,
two different types of top-endings can be observed, one
being flat and the other being two canted facets. Moreover,
it can be clearly seen that each prism has six symmetrical
sides with a width of about 100 nm.

To better illustrate the unique structure, the microstruc-
ture of the a-FeOOH prisms was examined by TEM. Fig-
ure 2a shows a typical BF TEM image of a-FeOOH prisms.
The uniform a-FeOOH prisms with different top-endings
are observed, which is consistent with SEM observation.
Figure 2b shows HRTEM image of an individual a-FeOOH
prism with a flat top surface, which is taken from the region
enclosed by a red rectangle in Fig. 2a. The crystal lattice
spacings were measured to be 4.08 A and 2.95 A, which can
be identified as (110) and (001) of a-FeOOH, respectively.
The preferential growth along the c-axis with high energy
facets is consistent with a kinetic growth mode [26]. The
inset in Fig. 2b is the corresponding SAED pattern, which
can be indexed to single-crystalline orthorhombic a-FeOOH
projected along the [110] zone-axis. Figure 2c shows an
atomic model of the a-FeOOH prism enclosed by (001) end
facet and (110) side facet. It can be seen that the profile of
the a-FeOOH prism is in good agreement with the atomic
model. Based on the above TEM results, it is concluded that
the a-FseOOH prism with a flat top-ending is enclosed by
side facets of {110} and top facets of {001} (Fig. 2d).

The microstructure of a-FeOOH prism with canted top-
endings was studied by TEM to elucidate the exposed facets.
Figure 3a clearly shows the top-endings with two canted

Fig. 1 a XRD pattern and b typ- (a)
ical SEM image of as-synthe-
sized product. ¢, d Enlarged top
views of individual prisms ~ — o-FeOOH
3
s
[72]
c
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Fig.2 a Typical BF TEM image
of a-FeOOH prisms. b HRTEM
image of the a-FeOOH prism
along the [1 10] direction, inset
is corresponding SAED pattern.
¢ Schematic atomic model of
a-FeOOH prism along [1 10]
direction. d 3D geometrical
model of a-FeOOH prism with
flat top-ending

facets of a-FeOOH prism. The [100] zone-axis SAED pat-
tern of a-FeOOH prism labeled I confirms its single-crys-
talline nature, as shown in Fig. 3b. As can be seen from the
HRTEM image taken from the region enclosed by a red rec-
tangle in Fig. 3a, the top-endings of a-FeOOH prism are sur-
rounded by (021) and (021) facets, and the dihedral angle is
measured to be 118°, which is consistent with the calculated
value. Figure 3d shows a HRTEM image from the region
enclosed by a blue rectangle to demonstrate the exposed side
facets of the a-FeOOH prism. The lattices with a spacing of
4.97 A, parallel to the c-axis direction of the prism, corre-
spond to (020) facet. The angle between the side and the top
facet is 121°, which is consistent with the theoretical angle
between (020) and (021) planes. The profiles and angles of
the a-FeOOH prism are in good agreement with the atomic
model of a-FeOOH prism projected along the [100] direc-
tion, which is tailored by {020} and {021} facets (Fig. 3e).
After careful examination of TEM images, a 3D geometrical
model of a-FeOOH with CTP structure was constructed. It
can be seen from the model that the a-FeOOH CTP with
canted top-endings is enclosed by four {110} and two {020}
facets, and capped by {021} facets.

In our case, a-FeOOH CTPs with two different top-end-
ings are synthesized under the conditions of high concen-
tration of F~ and alkaline. Indeed, F~ could preferentially
adsorb on the (110) facet due to the highest density of Fe
atoms on the (110) facet, resulting in the lowest growth
rate of (110) facet, which explains the appearance of four
{110} side facets [24, 27]. The {020} facets are also found
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to form easily in alkaline surroundings. Therefore, a-FeOOH
with six side facets can be produced under the condition
of high-concentration ammonia in the synthetic solution.
On the other hand, the commonly developed top-endings
in synthetic goethite are the {001} facets. The high-energy
{021} surfaces are often apex facets of needle-shaped goe-
thite nanorods, especially in a strong alkaline environment
[26, 28]. Typically, the crystal grows at the same speed
along the b-axis and a-axis, in which the prism is capped by
{001} facets. If the crystal grows faster along the g-axis than
along the b-axis, the {021} facets can be obtained. Thus,
a-FeOOH with two different top-endings can be obtained.
To obtain detailed information of morphological evolu-
tion of a-FeOOH CTPs, time-dependent experiments (1 h,
2 h, 3 h and 6 h) of crystal growth were performed. The
phase of as-synthesized samples was investigated by XRD,
as shown in Fig. 4. The sample with a reaction time of 1 h
shows unambiguous diffraction peaks, which can be indexed
to tetragonal B-FeOOH phase (JCPDS No.: 75-1594) [29].
The corresponding SEM image analysis (Fig. 5a) shows that
a great many [-FeOOH nanoparticles (NPs) with an average
size of 15 nm were synthesized. After 2 h of hydrother-
mal reaction, plenty of aggregations are clearly observed in
Fig. 5b. In addition, a few rod-like constructions with larger
size can be found. The XRD pattern of product with the
reaction time of 2 h displays exclusive peaks of f-FeOOH,
demonstrating that most aggregations are still f-FeOOH
phase. As the reaction time increased to 3 h, the diffraction
peaks of orthorhombic a-FeOOH (labeled by * in Fig. 4)
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Fig.3 a Magnified TEM image
of a-FeOOH prism with canted
facets. b SAED pattern of
single crystal a-FeOOH prism.
¢, d HRTEM images of the
a-FeOOH prism taken from red
and blue square frame in (a). e
Schematic atomic model of an
ideal a-FeOOH prism projected
along [100] direction. f 3D
geometrical model of a-FeOOH
prism with canted facets

(a)

appear. Figure 5c is the corresponding SEM image. It can
be seen that the sample consists of prisms with irregular sur-
face and a small number of nanoparticles. When the reaction
time is further prolonged to 6 h, all diffraction peaks can be
indexed to a-FeOOH phase. The SEM image (Fig. 5d) shows
that uniform a-FeOOH CTPs with a length of about 1 pm
and a width of about 200 nm are obtained, and at the same
time, the nanoparticles disappear. Therefore, the sample

obtained by 3 h hydrothermal reaction consists of a-FeOOH
prisms and p-FeOOH NPs. The above results reveal that the
a-FeOOH prisms grow at the expense of f-FeOOH NPs,
which is similar to the reports in previous literature [24, 30].

The as-prepared FeOOH samples were also examined
using FT-IR spectra to demonstrate phase transformation
process of B-FeOOH. The FT-IR spectrum of the sample
with a reaction time of 1 h shows two absorption peaks at
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Fig.4 XRD patterns of as-synthetized FeOOH with different reaction
times

687 and 836 cm™! (Fig. 6a), which are assigned to the Fe—O
vibrational mode in f-FeOOH [31]. After 2 h, hydrothermal
reaction, the FT-IR spectrum of samples exhibits similar
absorption band compared with the samples with a reac-
tion time of 1 h. The experimental results confirm that the
B-FeOOH continues to grow during this stage, and the phase
transformation has not yet occurred. For the FT-IR spec-
tra of the sample with a synthesis time of 3 h, besides the
presence of typical bands of f-FeOOH (687 and 836 cm™!),

Fig.5 SEM images of as-syn-
thesized samples with reaction
times of 1 h (a), 2 h (b), 3 h (¢),
and 6 h (d)
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three absorption bands at 871 em~!, 775 cm™!, and 637 cm™!
are observed. These peaks can be attributed to the Fe—O-H
bending vibration and the Fe—O stretching vibration of
a-FeOOH, indicating the presence of the a-FeOOH phase
[32]. As reaction time is extended to 6 h, an intense band at
about 3158 cm™! appears, which can be ascribed to the O-H
stretching mode in a-FeOOH, while the peak at 3468 cm™!
can be attributed to stretching modes of surface H,O and the
envelope of hydrogen-bonded surface OH groups [33]. Two
typical bands of 883 and 781 cm™' can be attributed to the
Fe—O-H bending vibration of a-FeOOH. The Fe—O stretch-
ing vibrations are responsible for the bands at 628 cm™!. The
FT-IR spectra further demonstrate that the product trans-
forms from tetragonal f-FeOOH to orthorhombic a-FeOOH
crystals, and the pure a-FeOOH sample is obtained after 6 h
of hydrothermal process.

To further investigate the growth mechanism of a-FeOOH
prisms, the as-synthesized samples obtained under hydro-
thermal conditions of 1, 2 and 3 h, were characterized by
TEM. Initially, the large aggregate of primary particles is
observed in Fig. 7a, which consists of many small particles
with a pseudo-spherical shape and a size < 15 nm. Lattice
fringes visible in the HRTEM image (Fig. 7b) have spac-
ing corresponding to 3-FeOOH (130) plane, consistent with
the XRD and SEM results. The TEM image of 2 h sample
shows that the aggregation of primary particles appears. The
HRTEM image (Fig. 7d) shows that lattice fringes (about
3.31 and 2.60 A) correspond to the (130) and (400) facets
of the tetragonal f-FeOOH, respectively. The amorphous
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Fig.6 FT-IR spectra of FeOOH samples synthesized with reaction
times of 1 h (a), 2 h (b), 3h (c), and 6 h (d)

boundaries between adjacent nanoparticles are visible. The
edge of aggregate consists of a number of f-FeOOH NPs,
suggesting that the phase transformation from p-FeOOH into
a-FeOOH is related to the aggregation of f-FeOOH, which
is different from the previous reports [34-36]. After 3 h,
rod-shaped samples can be clearly seen in Fig. 7e. Many
particles with a size of ~10 nm are attached to the surface.
The HRTEM image in Fig. 7f displays an interplanar spac-
ing of 2.53 A for the (211) facets of f-FeOOH, which is in
good agreement with above SEM results. Moreover, a good
crystalline prism can be found in Fig. 7g, while Fig. 7h dis-
plays its HRTEM image. The lattice spacing of 4.96 A corre-
sponds to the (020) facet of a-FeOOH, confirming the coex-
istence of f-FeOOH and a-FeOOH. The above results reveal
that the formation of a-FeOOH CTPs is involved in the
growth and subsequent phase transformation of f-FeOOH.

Based on the above results, a growth process of a-FeOOH
CTPs is proposed, as shown in Fig. 8. Initially, numerous
-FeOOH NPs form under hydrothermal conditions (Fig. 5a).
These particles continue to grow over time. After 2 h, many
large p-FeOOH particles begin to aggregate (Fig. 5b). Such
aggregate-like particle morphologies are often found in nano-
particle system produced by aggregation [37, 38]. Indeed,
akaganeite has lower nucleation energy, thus growing faster
than goethite. However, goethite becomes more stable com-
pared to akaganeite in the subsequent growth process because
it has relatively low free energy [4, 39]. In our case, akaga-
neite is formed earlier than goethite. Then, akaganeite parti-
cles aggregate until the resultant particles reach a size where
transformation to goethite is thermodynamically favorable
(Fig. 7c). The formation of the early-stage goethite prism
can be driven by aggregation of akaganeite particles. As
the hydrothermal reaction proceeds, a-FeOOH prism grows

continuously, and the f-FeOOH NPs are consumed by the
dissolution/recrystallization process, which is consistent
with previous report [40]. After 6 h of hydrothermal reac-
tion, well-defined a-FeOOH CTPs can be obtained. In addi-
tion, the nitrogen adsorption/desorption isotherm curves
of a-FeOOH are shown in Fig. 9. The BET surface area of
a-FeOOH is found to be 7.1 m? g~!. The a-FeOOH CTP is
expected to exhibit good lithium storage properties due to
high-activity side surfaces. [26, 28].

The electrochemical properties of a-FeOOH CTPs were
studied, as shown in Fig. 10. Figure 10a depicts the initial
five CV curves of the a-FeOOH electrode between 0.01 and
3.0 V (vs. Li*/Li). In the first cycle, three reduction peaks
and three oxidation peaks can be clearly observed. The small
peaks at 1.58 and 0.91 V correspond to the lithium intercala-
tion before the reduction reaction. The apparent reduction
peak (0.48 V) corresponds to the process of Fe’ embed-
ded in Li,O and LiOH matrix, and the formation of a solid
electrolyte interface (SEI) layer [4, 10]. The three oxidation
peaks (1.15, 1.73 and 1.88 V) are presumably ascribed to the
oxidation of Fe’ to Fe,O5 [41].

Figure 10b displays the discharge—charge profiles for the
Ist, 2nd and 3rd cycle at 100 mA g~!'. The discharge pro-
files show that voltage plateau during the discharge—charge
process is clear, which is in a good agreement with the
CV results. The rate capabilities of a-FeOOH electrodes
were examined by charging/discharging at various current
densities (Fig. 10c). Obviously, the specific capacities of
a-FeOOH electrodes at current densities of 200, 400, 800,
1000, and 2000 mA g‘1 are 955, 860, 743, 668, and 531
mAh g~!, respectively. The a-FeOOH CTPs electrode could
quickly restore a high reversible capacity of 920 mAh g~!,
when the current density was reduced back to 100 mA g='.
It is worth noting that the electrode still delivers a high
discharge capacity of ~531 mAh g~'at 2 A g~!, which is
higher than the theoretical capacity of graphite-based mate-
rials (372 mAh g~!). The cycle performances and coulom-
bic efficiency (CE) of a-FeOOH CTPs were also evaluated
(Fig. 10d). It shows that the a-FeOOH electrodes could
deliver a discharge capacity of 870 mAh g~! after 100
cycles. When the electrode was further tested at a higher
current density (0.5 A g™, it can still deliver a reversible
capacity of 760 mAh g~!, suggesting good cycling perfor-
mance of the a-FeOOH CTPs electrode.

To further study the capacitive behavior of the a-FeOOH
electrodes, their kinetics were analyzed by CV measure-
ments, which were collected after 30 cycles of the charge/
discharge process. As clearly shown in Fig. 11a, the CV
curves at different sweep rates from 0.1 to 1.0 mV s~ dis-
play the similar shapes. Normally, the scan rate (v) and the
measured current (i) obey the following relationship [42]:

i=ay
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Fig.7 Time-resolved TEM
images from the FeOOH aged at
180 °C with a reaction time of
1h(a),2h(c),and 3 h (e), (g).
b HRTEM image of the sample
taken from (a). d HRTEM
image of the region enclosed
by a red rectangle in (c). f, h
HRTEM images of the region
enclosed by a blue rectangle in
(e) and (g), respectively. (Color
figure online)

where a and b are adjustable parameters. The value of b is
determined by the slope of the Ini versus Inv. When the b
value approaches to 1, the system is mainly controlled by the
capacitance process. When the b value is close to 0.5, the
diffusion-controlled process dominates the charge transfer.
Figure 11b, c show the b-values at reduction (0.63-0.8 V)
and oxidation (1.62-1.8 V) processes. The lowest b value
is 0.60 for the reduction process and 0.83 for the oxidation

@ Springer

process, which reveals that charge storage partially arises
from surface capacitive effect.

To clearly illustrate the capacitance contribution, the total
storage of Li ions can be distinguished into two parts. The
capacitive contribution is calculated according to the follow-
ing equation [43]:

i=kv+k,v'/?
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Fig.8 Schematic illustration of the fabrication process of a-FeOOH CTPs
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Fig. 9 Nitrogen adsorption/desorption isotherm curves of a-FeOOH

k,v and k,v'"? represent the surface-capacitive effects and
diffusion-controlled redox process, respectively. Therefore,
by determining k; and k,, we can identify the fraction of
the current at each specific potential. The values of k; and
k, can be obtained by plotting i(V)/v'"? versus v!/2, and thus
the capacitive current i (V) =k,v could be extracted from
the total one. Figure 11d shows a typical CV profile for the
capacitive current (blue region) compared to the total cur-
rent. It can be seen that 78% of the total Li-ion storage in
the electrode is quantified as capacitive at the sweep rate
of 0.5 mV s~!, indicating that most of the capacity results
from the interface of the electrode. The results reveal that
the good Li-ion storage performance of a-FeOOH elec-
trodes can be attributed to the surface-controlled capacitive
behavior.

EIS measurement was conducted to further understand the
electrochemical performance. From Fig. 12a, it can be seen
that the phase angle at the low frequency is nearly 73°, which
confirms the pseudocapacitive feature of the a-FeOOH elec-
trode. As shown in Fig. 12c, the Nyquist plots are composed
of a semicircle at high frequency and a straight line at low
frequency [40, 41]. R, and R, represent solution resistance and

phase transformation

coarsening

a-FeOOH

charge transfer resistance, CPE is double-layer capacitance,
C is a Faradaic capacitance and Z, is the Warburg imped-
ance associated with lithium diffusion. The R of a-FeOOH
electrode is 117 Q. Furthermore, the inclined line at low fre-
quency indicates the capacitive-like behavior in the a-FeOOH
electrode. The diffusion coefficient (D; ;) was calculated using

the following equations [44]:
_ RT?
M AR 262

Z. =Rs+Rct+ o0’

where R is the gas constant, T is the absolute temperature,
F is the Faraday constant, C is the concentration of lithium
ions, A is the surface area of the electrode, n is the number
of electrons transferred in the half-reaction, and o is the
Warburg factor which is related to Z . Figure 12d shows the
graph of Z  plotted against ™%, The o value of a-FeOOH
electrode is determined to be 58.8. The corresponding lith-
ium-ion diffusion coefficient of a-FeOOH electrode is cal-
culated to be 1.09x 107* cm? s,

To further clarify the electrochemical stability of the
a-FeOOH prism, the microstructural evolution after 100
cycles was investigated using TEM, as shown in Fig. 13.
From Fig. 13a, b, the initial morphology of a-FeOOH is well
maintained, indicating excellent structural stability during
the cycle. The top-ending of the prisms with canted facets is
also maintained. As shown in Fig. 13c, d, a porous pulver-
ized morphology is observed, which is assembled from a
plurality of nanocrystals with a size of ~5 nm. After several
cycles, the a-FeOOH electrode undergoes a transition from
single crystalline to polycrystalline. These resulting crystal-
lites can provide more diffusion channels and reaction sites
for lithium ions than previous single crystal states [8, 10,
12]. Therefore, the a-FeOOH electrode could exhibit higher
surface capacitive capacity for lithium storage during the
charge/discharge process. This advantage can provide strong
support for improving the lithium storage performance of
the a-FeOOH.
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Fig.11 a CV curves of the
cell after 30 cycles at different
sweep rates. b The b values

of the electrode over various
cathodic peaks. ¢ The b values
of the electrode over various
anodic peaks. d Separation

of the capacitive and diftu-
sion currents at a scan rate of
0.5 mV s~!, and the capacitive
contribution to the total current
is shown by the blue region.
(Color figure online)
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Fig. 12 a, b Bode phase angle (a) (b)
and bode magnitude diagrams
for a-FeOOH electrode. ¢ EIS
of a-FeOOH electrode. The N &
inset is the equivalent circuit o g
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Fig. 13 a, b and ¢ Ex-situ TEM

images of a-FeOOH elec-

trodes after the 100th cycle at
100 mA g~!. d HRTEM image

of the a-FeOOH electrodes
taken from (b). Inset is cor-
responding FFT

4 Conclusions

In summary, a-FeOOH CTPs with a length of about 1 pm
and a width of about 200 nm are obtained by hydrother-
mal treatment. The single-crystalline a-FeOOH CTP is

enclosed by six symmetrical side facets, two {020} and four
{110}. Depending on the reaction time, two different top-
endings (one flat or two canted facets) are obtained. Phase
transformation from tetragonal $-FeOOH to orthorhombic
a-FeOOH is observed during the growth process. When
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evaluated as anode materials of LIBs, the a-FeOOH elec-
trode delivers a stable capacity of 870, 760 mAh g~! at
100, 500 mA g~!, respectively. The synthesized CTP con-
tributes to structural stability during Li* insertion/extrac-
tion process. Moreover, porous pulverized morphology is
found during the charge/discharge process, which exhibits
surface-controlled capacitive behavior in the electrode sys-
tem. These advantages contribute to the improvement of
the electrochemical properties of a-FeOOH.
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