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Abstract
We prepared mono/bi-layer iron phosphate two-dimensional (2D) materials with 0.74 nm/1.52 nm
thickness by means of a simple chemically induced precipitation method and post-processing. The
mechanism of growth of the atomically thin 2D-sheet crystals was investigated by experimental
measurements and theoretical calculations. The crystalline 2D sheets were easily oxidized to the
amorphous phase in air, and LiFePO4 nano-crystals self-nucleated from amorphous 2D sheets in the
charge/discharge process. The 2D sheets show excellent performance properties as cathode
materials: high initial discharge capacity of 185 mAh g�1 at 0.1 C, stable cycling (98% capacity
retention over 400 cycles), and high rate capability (107 mAh g�1 at 20 C) for Li-ion storage. A model
for self-nucleation of the LiFePO4 nano-crystals involving double-center diffusion is discussed.
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Introduction

Since first reported by Goodenough in 1997 [1], LiFePO4, has
been commercially used as the cathode material of Li-ion
batteries (LIB) because of its high theoretical capacity with
high voltage, capacity retention under long charge/dis-
charge cycling, safety, low toxicity, and low cost. Many
methods, such as metal doping [2–5], carbon coating on
particle surfaces [6–10], and particle scaling to nano-size
[11–17] have been developed to improve the electrochemi-
cal properties of LiFePO4 to overcome its low electronic
conductivity and low Li-ion transportability. The approach
of forming nano-sized LiFePO4 particles has been intensively
investigated to create shorter paths and larger implantation
surface areas for fast Li-ion diffusion to enhance the
charge/discharge rate for high-power density applications,
such as electric vehicles [18].

Since graphene was reported by Geim and Novoselov et al.
[19] in 2004, two-dimensional (2D) layered materials (sheets)
that are a few layers thick, such as metal chalcogenides
[20–21], transition metal oxides [22], and other two-
dimensional compounds [23], have rapidly risen to be one of
the hottest topics in material science due to their attractive
properties for various applications [24–27]. These 2D sheets
can be combined with weak interactions between adjacent
layers (e.g., van der Waals interactions and hydrogen bonds)
and with strong interactions (e.g., covalent bonding within a
layer) [28]. These 2D sheets with one to a few atomically thin
layers display interesting properties due to their strong
anisotropic features with high specific surface areas and are
being explored for various applications such as optoelectronics
[29], catalysts [30,31], supercapacitors [32], solar cells
[33,34], and lithium-ion batteries [35–37].
Figure 1 Schematic for formation of atomically thin 2D sheets of
precursor to Fe3(PO4)2 � 8H2O crystal by water treatment, exfoliati
ethylene glycol (EG), formation of new hydrogen bonds with the EG
further washed by ethanol to generate Fe3(PO4)2 � 8H2O thin films w
Results and discussion

For this paper, we synthesized mono/bi-layer iron phos-
phate in 2D sheets with 0.74–1.52 nm thickness, and inves-
tigated the mechanism of growth of the atomically thin 2D-
sheet crystals by experimental measurements and theore-
tical calculations. Self-nucleation of LiFePO4 nano-crystals
from the oxidation amorphous 2D-sheets in the air during
charge/discharge process is found with ex-situ by transmis-
sion electron microscopic (TEM) and in-situ by electroche-
mical impedance spectroscopy (EIS). These 2D-sheets also
show high performances as cathode materials for LIBs.

These atomically thin amorphous 2D sheets are control-
lably prepared through a simple chemically induced pre-
cipitation method and post-processing (see Experimental
section for details). The formation mechanism was deter-
mined by experimental measurements and theoretical cal-
culations. The three main fabrication steps are represented
in Figure 1 and discussed below.

In step 1, the iron phosphate precursor is formed with
ethylene glycol (EG) coated around the surfaces. To begin,
FeSO4 � 7H2O, H3PO4, and LiOH �H2O are mixed by stirring for
about 6 h at room temperature, resulting in an amorphous
cotton-like material (“precursor” shown in Figures 1 and
S1). The X-ray diffraction (XRD) pattern shows that the
precursor is amorphous and exhibits no crystalline diffrac-
tion peak (Figure 2a). Inductively coupled plasma-atomic
emission spectrometry (ICP-AES) shows that the elements of
the amorphous cotton-like precursor has a Li/Fe/P atomic
ratio of ca. 0.2:1.4:1, while gas chromatography–mass
spectrometry (GC–MS) indicates the precursor has a large
amount of EG molecules. This was confirmed by fourier
transform infrared (FTIR) spectra, in which the peak around
amorphous iron phosphate. The process involves conversion of
on of Fe3(PO4)2 � 8H2O molecules by the mixture of water and
molecules, and formation of the 2D sheets. The 2D sheets are
ithout agglomeration.



Figure 2 (a) XRD of samples for different treatments of the original precursor: water wash one time, water wash two times, and
water wash two times plus ethanol wash one time. (b) SEM images of the product after washing with deionized water one time,
Fe3(PO4)2 � 8H2O nano-crystalline particles. (c) High-resolution TEM (HR-TEM) image of Fe3(PO4)2 � 8H2O particles showing the lattice
fringes of (020) and (200) planes. (d) SEM images of the product after deionized water wash two times and ethanol washing one
time. (e) TEM image of the atomically thin 2D-sheets. The inset is selected area electron diffraction image of the 2D sheets. (f) AFM
image of a typical nanosheet with a thickness of 0.74 nm, corresponding to one atomic layer.
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2860–2960 cm�1 is related to the C–H stretching vibration
and that at 3200–3400 cm�1 is related to the O–H stretching
vibration (Figure S2). Meanwhile, thermogravimetric (TG)
analysis (Figure S3) shows that the total weight loss of about
34.7% takes place mainly around 30–400 1C, which can be
attributed to the evaporation of EG around the surfaces of
the precursor. Note that the evaporation point of EG is only
about 190 1C, but the temperature of the weight loss for the
EG-coated precursor occurs near 400 1C. This difference
may be due to the stronger interactions at the precursor-EG
interface with chemical coordination bonding occurring
between OH groups of EG and Fe(II) cations of the precursor.

In Step 2, Fe3(PO4)2 � 8H2O nano-crystalline particles are
generated when the precursor is washed with deionized
water for the first time (Figures 1 and 2a and b). The XRD
measurement confirms that the nano-crystal is tetragonal
Fe3(PO4)2 � 8H2O, matched with the standard JCPDS card no.
30-0662 (space group I2/m (12), a = 10.034 Å, b=13.449 Å,
c=4.707 Å). The Fe3(PO4)2 � 8H2O crystal has a layer struc-
ture, in which the layers of Fe3(PO4)2 are constructed by Fe–
O octahedra linking to phosphate P–O tetrahedra. The
interlayers of Fe3(PO4)2 are linked with hydrogen bonds
through eight water molecules, which are coordinated with
an iron atom through an oxygen atom as shown in Figures 1
and S4. The high-magnification transmission electron micro-
scopy (TEM) images (Figure 2c) reveal two kinds of obvious
lattices in the Fe3(PO4)2 � 8H2O nano-crystals. The interpla-
nar distances of 0.67 nm and 0.50 nm fit well with the plane
distance of d020 and d200, respectively. We also observed
that the surfaces of the Fe3(PO4)2 � 8H2O nano-crystals are



Figure 3 (a) Model of the growth of Fe3(PO4)2 � 8H2O
nanosheets. The green units represent Fe–O octahedra, and
the purple units represent P–O tetrahedra. The section bounded
by dashed lines is amplifed in images below: (b) Model I of
H-bond network and (c) Model II of H-bond network.
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coated with EG molecules to form Fe3(PO4)2 � 8H2O@EGx

(subscript x is the molar ratio of EG to Fe3(PO4)2 � 8H2O,
equaling 2.7). That observation is confirmed by the GC–MS
and FTIR spectra, as well as the TG data (Figures S5 and S6).
Note that the value of x is directly proportional to the
surface area of the nano-crystals.

In Step 3, atomically thin iron phosphate 2D-sheet
crystals and amorphous material are formed (Figures 1
and 2a). For this step, the Fe3(PO4)2 � 8H2O@EGx nano-
crystals are washed by deionized water to become
Fe3(PO4)2 � 8H2O@EGy thin films (y should be less than x
due to the water washing), followed by washing with
ethanol to generate Fe3(PO4)2 � 8H2O@EtOHz thin films with-
out agglomeration, as shown in Figure 2d (see discussion
below). By measurements with an elemental analyzer, as
well as TG and energy dispersive X-ray spectroscopy (EDS)
mapping, the values of y and z in Fe3(PO4)2 � 8H2O@EGy and
Fe3(PO4)2 � 8H2O@EtOHz were estimated to be 0.606 and
0.767, respectively (see Table S1 and Figures S7 and S8).
The TEM images in Figure 2e indicate that the as-prepared
thin films with ethanol washing are amorphous sub-
nanometer sheets without electron diffraction spots in the
selected area. High-resolution TEM images clearly illustrate
no crystal lattice (Figure S9) to further prove the amorphous
structure of the as-prepared thin films. The thicknesses of
the thin films measured by atomic force microscopy (AFM)
are �0.74 nm and �1.52 nm, as shown in Figures 2f and
S10. These films are thus 2D sheets with mono/bi-layer
thickness of the Fe3(PO4)2 � 8H2O along (020). To determine
the 2D-sheet material composition, we employed XRD, soft
X-ray absorption spectroscopy (XAS), and X-ray photoelec-
tron spectroscopy (XPS). The XRD pattern shows no crystal-
line diffraction peak, indicating an amorphous material. The
soft XAS shows that the 2D-sheet materials contain Fe(II)
and Fe(III) peaks (Figure S11). The XPS (Figure S12) is in
agreement with the soft XAS. The proposed mechanism is
that the Fe(III) signal results from the oxidation of Fe(II) in
Fe3(PO4)2 � 8H2O to produce Fe(III)3(PO4)2(OH)3, in which for
the conservation of charge, Fe(III) must alter to coordinate
with the OH– to replace H2O. According to the ICP-AES result
of Fe/P atomic ratio of ca. 3.05:2.07, the composition
of the amorphous 2D sheets is Fe(II)3(PO4)2 � Fe(III)3
(PO4)2(OH)3 �nH2O@EtOHz. Because of the oxidation, the
original crystal structure of the Fe3(PO4)2 � 8H2O thin films is
broken up to become amorphous 2D sheets.

We now turn to the mechanism that accounts for the
growth of the mono/bi-layer 2D-sheet crystal of
Fe3(PO4)2 � 8H2O during the water washing process. Experi-
mental results show that the EG on the 2D-sheet surfaces is
stable and not washed away by water, indicating the strong
interactions between EG and the 2D sheet. First-principle
theoretical calculations show two possible models for one
EG molecule with two H2O molecules on the crystal inter-
face, as shown in Figure S13. For model I in Figure S13a, one
hydroxy of the EG molecule in the interface region connects
with two H2O molecules bonded with different Fe(II) atoms
on the (020) surface of Fe3(PO4)2 � 8H2O crystal. This forms
two kinds of H-bonds, with H-bond length dO–H 1.734 Å and
1.780 Å, respectively. For model II in Figure S13b, both
hydroxyls of one EG are adsorbed to form three types of
hydrogen bonds with the two H2O molecules, and the
related dO–H lengths are 1.792 Å, 1.700 Å, and 1.714 Å,
respectively. The binding energies of the two adsorption
models are �1.13 eV and �1.20 eV, respectively. The
binding energy of absorption with one H2O on the (020)
surface of Fe3(PO4)2 � 8H2O is �0.77 eV, which is much less
than that of the former two models with EG. Therefore,
EG can be strongly bonded on the crystal surface to
replace H2O.

As shown Figure 3, the Fe3(PO4)2 � 8H2O molecule at the
edge of the crystal/EG interface is named “Cluster A”, while
that in the solution is called “Cluster B”. One EG molecule
would become the “co-center” for many H-bonds to link
“Cluster A” and “Cluster B” for the thin film crystal growth
along the “crystal/EG/solution interface template”. Note
that the Fe3(PO4)2 � 8H2O molecules without EG covering the
edges of the nano-crystals could be corroded during the
water washing, and then diffuse nearby to the crystal/EG/
solution interface to grow along the surface layer directions
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of the nano-crystals, generating 2D-sheet crystals as shown in
Figure 3. We hypothesized that the growth of atomically thin
crystals is the result of three key factors. The first concerns
the Fe3(PO4)2 � 8H2O/EG interface with the H-bond network:
the OH groups of EG molecules strongly H-bond with H2O
molecules in Fe3(PO4)2 � 8H2O (see Figure 3a). Second, the
strong H-bond network of EG and H2O in solution is also built
around the crystal/EG interfaces. The third concerns the
“template” for the 2D-sheet crystal growth: according to
factors (1) and (2), the hydrated Fe3(PO4)2 in the solution, as
a growing unit, diffuses to the “template”, while the
“template” also supplies the seed surface for crystal growth
continuously along the (200) and (002) direction. By theore-
tical calculations and experimental measurements, we deter-
mined that the crystal/EG/solution interface template
controls the 2D-sheet crystal growth along the interface of
the crystal and EG, in which one EG as the co-center bridges
one H2O molecule from Cluster A at the crystal surface and
another H2O molecule from Cluster B in solution with multi-
ple H-bonds.

The 2D-sheet crystals are agglomerated in EG, which can
be attributed to the H-bond network of EG to link the sheets.
The 2D sheets can be de-agglomerated by washing with
ethanol. The mechanism was investigated by expertiments
and theortical calculations as below. After being washed with
ethanol, these 2D sheets are coated with ethanol in
a proportion of about 6.56% (Fe3(PO4)2 � 8H2O@EtOHz,
z=0.767) of the total weight, as confirmed by the elemental
analyzer and TG (Table S1 and Figure S14). Forthermore, the
high-resolution C1s X-ray photoelectron spectroscopy (XPS)
spectrum of the composite (Figure S15) was used to measure
different chemical environments of carbon atoms, such as C–
C (284.6 eV) and C–O (286.2 eV), indicating that the percen-
tage of carbon with C–C and C–O of the 2D sheets is 47.5% and
44.4%, respectively. Thus, the surface material coated on the
2D sheets is ethanol, which can replace EG during the
washing. By first principles calculation, the binding energy
of the ethanol molecule on the (020) surface of
Fe3(PO4)2 � 8H2O is strong, �1.19 eV, which is greater than
�1.13 eV (model I) and close to �1.20 eV (model II) for EG
molecules. Thus, ethanol can replace EG to become the
coating molecules to generate the Fe3(PO4)2 � 8H2O@EtOHz

for 2D sheets.
The surface of the nano-crystals of Fe3(PO4)2 � 8H2O and

2D sheets of Fe3(PO4)2 � 8H2O@EtOHz is oxidized in air from
Fe(II) in Fe3(PO4)2 � 8H2O to Fe(III) in the new composition,
as confirmed by the measurements of soft XAS and XPS
(Figures S11 and S12), respectively. As a result, the original
2D-sheet crystals are easily changed into amorphous 2D
sheets, which we used for investigation of the electrochem-
istry and performance of cathode materials in Li-ion
coin cells.

To fully explore the electrochemical performance, we
mixed the atomically thin 2D sheets with carbon black by
ball milling for about 4 h with the mass ratio of 5:3. The SEM
images and EDS mapping show that the 2D sheets and
carbon black had been fully mixed together as Fe
(II)3(PO4)2 � Fe(III)3(PO4)2(OH)3 � nH2O/C (“FP@C”) (Figures
S16 and S17). The electrochemical performance of the
FP@C composite was tested as a cathode in a coin cell, in
which lithium metal was used as the counter electrode.
Figure 4a shows that the first discharge capacity was
high, about 185 mAh g�1 at the 0.1 C. Note that because of
the absence of lithium ion, Fe(II) in FP@C is oxidized to Fe
(III) in the first charge with a capacity of about 49 mAh g�1.
However, after the second charge/discharge cycle, the
electrode delivers a stable reversible capacity of 184, 182,
174, 142, 127, and 109 mAh g�1 at 0.1 C, 0.5 C, 1 C, 5 C,
10 C, and 20 C, respectively. The cell also shows good
cycling stability: the capacity rises to 175 mAh g�1 at 1 C
after cycling from 0.1 C to 20 C (Figure 4c). The long-term
cycling stability at a 10 C rate is also excellent; as shown in
Figure S18, the capacity retention is about 97%, declining
only slightly from 122 mAh g�1 at the 1st cycle to 118 mAh g�1

at the 400th cycle. The excellent rate capability and electro-
chemical reversibility can mainly be attributed to the cathode
material having atomically thin 2D-sheet features, in which the
blockage of Li-ion diffusion in the bulk electrode material is
broken through during the fast charge/discharge. The mechan-
ism of how and where to store Li-ions during charge/discharge
cycles for atomically thin amorphous FP@C 2D-sheets is further
investigated as below. The cyclic voltammogram (CV) curves
show significant differences between the first and the second
charge/discharge cycle (Figure 4b). The first cycle is an active
process for the electrode, in which the oxidation from Fe(II) to
Fe(III) occurs during the charging, and reduction from Fe(III) to
Fe(II) occurs with intercalating Li ions to the 2D sheets,
resulting in high polarization redox potential. After the second
cycle, the CV curves are stable with a pair of current peaks
positioned at 3.25 V and 2.87 V, respectively, corresponding to
the redox of Fe(III)/Fe(II).

The Li-ion diffusion kinetic features were investigated by
further CV testing with different scan rates from 0.1 mV s–1

to 5 mV s–1. The shapes of these CV curves (Figure 4d) are
similar without distortion whatever the scan rate, meaning
that the 2D sheets provide excellent rate capability. We
assume that the current obeys a power-law relationship
with the scan rate [38], Ip ¼ avb, where a and b are
adjustable values. A b value of 0.5 indicates that the
current is controlled by semi-infinite linear diffusion, while
a b value of 1 indicates that the current is surface
controlled like capacitance. We derived a b value of
0.819–0.912 through fitting the logarithmic relationship
between sweep rate and current at different voltages
(Figure 4d). Therefore, the 2D sheets as the Li-ion cathode
behave more like capacitance with surface-controlled cur-
rent during the charge/discharge process, which can be
attributed to the ultra-high interface areas and atomically
thin path of the 2D sheets for Li-ion diffusion (Figure S19).
Note that the reversible capacity at 0.1 C is about
185 mAh g�1 as shown in Figure 4a, which is higher than
the theoretical capacity of LiFePO4 (170 mAh g�1). Actually,
the reversible capacity of 2D-sheet cathodes consists of
three parts: lithium storage in amorphous 2D sheets, lithium
storage in LiFePO4 nano-crystals, and capacitance, so that
the extra-capacity could result from the part of contribu-
tion of capacitance due to the large surfaces of the 2D
sheets. Also note that the charge/discharge curve is the
slope, instead of the typical plateau of the olivine phos-
phate, which could result from the most part of the
reversible capacity contributed from “capacitance-like”
contribution of the amorphous 2D sheets.



Figure 4 (a) Galvanostatic discharging/charging profiles obtained at 0.1 C. (b) CV curves obtained at a scan rate of 0.1 mV s�1

(voltage window 2.0–4.2 V). (c) Capacity versus cycle number at different discharge rates. (d) CV curves conducted at scan rates of
0.1 mV s�1 to 5 mV s�1.
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Electrochemical impedance spectroscopy (EIS) was per-
formed after 1, 20, and 100 cycles at 1 C, as shown in
Figure 5a. The visible semicircles in the high and middle
frequency ranges reflect the solid-electrolyte interface
(SEI) resistance (Rsei) and charge transfer resistance (Rct),
respectively. The EIS plots for these 2D-sheet cathodes have
two features. The first is that the second semicircle appears
with charge/discharge cycles, indicating that a new “sec-
ond-phase” is generated. The second is the decrease of
resistance with cycling, which is different than the increase
of resistance during cycling typical of crystalline materials.

To investigate the second phase generated after cycling,
we dismantled the coin cell after 1000 cycles at 10 C and
cleaned the electrode materials for TEM and XRD analyses.
Figure 5b shows the XRD patterns of the electrode materials
with strong reflection peak at 44.81, which corresponds to
the phase structure of (122) planes of crystalline LiFePO4.
The electrode materials were further characterized by TEM
(Figure 5c), in which many nano-crystal particles with
5–8 nm sizes are found inside of the 2D sheets. The high-
magnification TEM images revealed the obvious lattice
channels in the nano-particles with an interplanar distance
of about 0.21 nm. This finding is consistent with the d122
value (0.21 nm) calculated from the XRD pattern of LiFePO4

crystals. Thus, both TEM and XRD results strongly support
the contention that LiFePO4 nano-crystals can be self-
generated as new Li-ion storage centers from atomically
thin iron phosphate amorphous 2D sheets in the charge/
discharge process. The LiFePO4 nano-crystals are self-
nucleated only from domains with LiFePO4-like short-
ordering structures in the amorphous 2D sheets. However,
it is difficult to grow the nano-crystals larger due to the
higher mobility resistance of the iron phosphate group in
the solid amorphous region. Note that the ratio of LiFePO4

nano-crystals self-nucleated and amorphous part left with-
out nucleation cannot be defined. Although the ratio
between Fe and P in LiFePO4 is 1:1, the balance of Fe:P in
the amorphous part is difficult to clarify.

Hence, in the EIS curves, both the appearance of the
second semicircle and decrease of resistance during cycling
can be attributed to the generation of LiFePO4 nano-crystals
from the amorphous 2D sheets to make electrode materials



Figure 5 (a) Electrochemical impedance spectroscopy (EIS) for 1, 20, and 100 charge/discharge cycles. The inset is the enlarged
figure of EIS. (b) XRD pattern for crystallization of nanosheets after 1000 cycles. (c) HR-TEM image for crystallization of 2D sheets.
The inset is the enlarged figure of nano-crystals. (d) Schematic illustration for the transmission line model. The equivalent circuit is
characterized by the elements X1, X2, and ζ. The impedance X1 is that of the liquid paths, X2 is that of the solid network, and ζ is the
impedance of the solid/liquid interface.
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having amorphous and crystal phases, respectively. The
“transmission line model” (Figure 5d) is proposed to simu-
late EIS features, in which Li ions in the amorphous 2D
sheets can diffuse into the amorphous phase, electrolyte,
and LiFePO4 nano-crystalline particles during charge/dis-
charge. The EIS data in Figure 5a fit well with the
transmission line model, in which Li-ion diffusion inside of
the amorphous phase is different from that in the LiFePO4

nanoparticles. Therefore, the second semicircle of the EIS
curves occurs when LiFePO4 nano-crystals are nucleated as
second phases. Furthermore, Li-ion diffusion in the new
phase of LiFePO4 nanoparticles is faster than that in the
amorphous region, leading to the decrease of resistance
during cycling.

Conclusions

In summary, mono- and bi-layer Fe3(PO4)2 � 8H2O 2D-sheet
crystals have been formed by the mechanism of growth of a
“crystal/EG/solution interface template”. The Fe3(PO4)2 �
8H2O nano-crystals are etched while the 2D-sheet crystals
grow along the crystal/EG/solution interface. The
Fe3(PO4)2 � 8H2O 2D-sheet crystals coated with ethanol are
oxidized into the amorphous iron phosphate 2D sheets in air.
The thickness of the 2D sheet is about 0.74 nm and 1.52 nm
with one and two atomic layers, respectively. The formation
of only a monolayer or bilayer of 2D sheets can be
attributed to the stronger binding energy between crystal
and EG than that between crystal and water. In coin cell
tests, the 2D-sheet cathodes attained a high reversible
capacity of 185 mAh g�1 and 109 mAh g�1 at 0.1 C and
20 C, respectively. They also showed excellent rate cap-
ability. Interestingly, the new phases, LiFePO4 nano-crys-
tals, are self-nucleated with about 5 nm sizes during the
charge/discharge cycles, which become new Li-ion storage
sites. Hence, this work indicates that the atomically thin
2D-sheets can be used as novel electrode materials with
hybrid behavior of battery and supercapacitor for a super
performance Li-ion battery.

Materials and methods

Material preparation

All the reagents were purchased from Sinopharm Chemical
Reagent Co., Ltd., and used without further purifying.
Atomically thin two-dimensional nanosheet precursors of
amorphous iron phosphate were prepared by a chemically
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induced precipitation method. Firstly, 0.85 g of LiOH �H2O
and 1.10 g of H3PO4 were dissolved in 83.25 g and 16.67 g of
ethylene glycol, respectively. Next, 2.09 g of FeSO4 � 7H2O
and 0.11 g of ascorbic acid were dissolved in 66.67 g of
ethylene glycol. The solution of a FeSO4 � 7H2O and ascorbic
acid was added to a 250 ml three-necked flask under stirring
and aerated in a nitrogen atmosphere for 0.5 h to remove
the oxygen in the solution. Then, the H3PO4 solution was
added slowly to a FeSO4 � 7H2O/ascorbic acid solution under
vigorous stirring. After reaction for about 15 min, LiOH �H2O
solution was added slowly to the prior mixed solution. After
reaction for about 6 h, we obtained the precursor by
precipitation with a centrifuge.

Characterization

X-ray powder diffraction patterns were obtained by using a
Bruker D8 Advance diffractometer with Cu Kα
(λ=0.15418 nm). The diffraction data were recorded in
the 2θ range of 10–801 with a step of 0.021 and a count
time of 1 s. The morphologies of the materials were
observed by SEM (ZEISS Supra 55) and TEM (FEI Tecnai G2
F20 S-Twin). Also, EDS maps were recorded by using an
Oxford-Max20 detector attached to the SEM. Thermogravi-
metry analysis data were collected on a TGA/DSC1 system
at a heating rate of 10 1C/min under oxygen flow. The
thickness of the nanosheet was determined by AFM (Bruker
MultiMode 8). Infrared spectroscopy to verify the presence
of water and ethylene glycol was conducted on a SHIMADZU
IR Prestige-21. The presence of ethylene glycol was verified
by GC/MS, and the elemental components of the material
were analyzed by ICP-AES (Horiba Jobinyvon JY2000-2). The
surface area was determined by nitrogen adsorption/deso-
rption using the Brunauer–Emmett–Teller method (BET,
Micromeritics ASAP 2020 HD88).

Electrochemical measurements

Electrochemical characterization was carried out with 2032
coin cells. The working electrode was prepared by coating
aluminum foil with a slurry of active material (50 wt%),
carbon black (30 wt%), and poly(vinylidene fluoride) binder
(20 wt%) dissolved in N-methylpyrrolidine. The slurry was
dried in vacuum at 110 1C for 12 h. The electrolyte consisted
of 1 M LiPF6 in a mixture of ethylene chloride, diethyl
chloride, and dimethyl chloride with a volume ratio of
1:1:1. All the cells were assembled in a glove box with
water/oxygen content lower than 1 ppm and tested at room
temperature. The galvanostatic discharging–charging tests
were conducted on a NEWARE battery cycler in the voltage
range of 2.0–4.2 V (vs. Li+/Li) at room temperature. The CV
results were recorded by a CHI 604E (ChenHua Instruments
Co., China). The electrochemical impedance spectra were
recorded from 104 to 0.1 Hz, and the amplitude of the used
perturbation was 10 mV.

Modeling

Density functional theory (DFT) calculations were per-
formed using the projector-augmented wave methods
implemented in the Vienna ab initio simulation package
(VASP). The Perdew-Burke-Ernzerhof (PBE) form of the
generalized gradient approximation (GGA) was selected as
the exchange-correlation potential. The PBE+U approach
was employed to consider the strong on-site Coulomb
interaction (U) presented in the localized 3d electrons of
Fe, with the U value equal to 5.3, according to the website
(https://www.materialsproject.org). The plane wave
energy cutoff was set to 520 eV. The maximum residual
force was less than 0.02 eV/Å. A primitive cell of bulk
vivianite Fe3(PO4)2 � 8H2O was fully relaxed with a k-point
mesh of 3� 3� 3. For the calculation of adsorption energy,
the (020) surface was modeled by a slab with a vacuum
region greater than 20 Å. The k-point mesh was set to be
3� 1� 5. The adsorption energy is expressed by
Ea ¼ Ec=m�Ec�Em, where Ec=m, Ec and Em are the energy
of the adsorbed system, Fe3(PO4)2 � 8H2O crystal, and mole
cule (such as water, EG, and EtOH), respectively.
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