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consist of many nanoplates interweaved together with open 3D
porous microstructures, which has been proved to facilitate
electrolyte penetration into the electrode particles. A porous
and coarse LiFePO4/C nanocomposite was also obtained by a
simple and novel growth technique using LFP nanocrystals as a
seed crystal and presented a high initial discharge capacity of
155 mAh g−1 at 0.1C.29 The micro/nanostructure LFPs with
various morphologies ranging from cube cluster to rugby-like
structure were synthesized using poly(ethylene glycol) via
controlling the pH values of the precursor solutions and
exhibited a great high-rate capacity of 152 mAh g−1 at 0.1C.30

The structure and morphology of the LiFePO4/C cathode
material were also investigated using a divalent precursor of
Fe3(PO4)2·8H2O as the iron source in a polyol process and
subsequent surface modification via co-precipitation process
with variable reaction time. LiFePO4/C showed an excellent
rate capability (153 mAh g−1 at 1C) and cycle performance
(the capacity retention of 97% after 300 cycles at 10C).30 The
above-mentioned carbon coating can be carried out ex situ or
in situ. Basically, any organic compound with a high degree of
sp2-hybridized carbon atoms can be considered to improve the
electron migration of FePO4, as long as it can be transformed
into a carbon shell with a suitable degree of graphitization.

Additionally, it has been widely accepted that the electro-
chemical performance of LiFePO4/C is closely related to the
FePO4 precursor involving the influence of particle agglomer-
ation, morphology, crystallinity, etc.31−33 A large number of
amorphous or crystalline iron phosphates have been
synthesized in recent years using different co-precipitation
routes.34,35 Numerous nanostructures including hydro-micro
ball, fusiform, shuttle-shaped particles, and uniform core−shell
structures were synthesized by adjusting various parameters
such as solution pH, reaction and aging temperature, and
concentration and type of reactants.36,37 However, subsequent
water treatment is inevitably required for the reaction residue
in the co-precipitation process. Therefore, the development of
a cheap, efficient, and environmentally friendly FePO4 is a
promising utilization route for the innovation of the synthetic
method.

To the best of our knowledge, there are no reports about 3D
FePO4 architectures consisting of nanorods or nanosphere
particles assembled into a total particle size in the micron
range. This purpose was achieved by a novel economical and
environmentally benign way to synthesize FePO4 by iron
filings electrolytic anodic flocculation coupled with the solvent
heat treatment. It is a novel sustainable FePO4 preparation
method from iron filings waste with the advantages of no
discharge and recyclability of the bath liquid. This study
further presents an interesting approach to controlling the
morphology of the microspheres by tuning the complex
chemical processes of crystal nucleation and growth.
Subsequently synthesized LiFePO4/C exhibits high discharge
capacity and low electrode charge-transfer resistance for
lithium-ion batteries after being routinely coated by glucose
carbon based on the above FePO4 precursor.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. 2.1.1. Preparation of FePO4.

The FePO4 precursor was prepared through the electrolytic
anode flocculation method on iron fillings waste (Henan
Longxin Materials Co., Ltd.) in a two-electrode system with a
simple DC power supply. A graphite plate (Shenzhen Tailin
Graphite Co., Ltd.) and a titanium plate (Hebei Hongyun

Metal Materials Co., Ltd.) with the same size of 20 cm × 16
cm × 0.2 cm are used as the cathode and the anode with a
constant distance of 4 cm, respectively. A certain amount of
iron fillings was evenly distributed on the titanium plate and
fixed by a magnet plate (18 cm × 14 cm × 0.2 cm) outside of
the reaction tank. The reaction medium (30 mL) was aqueous
solvent continuously adjusted by a mixture of H3PO4 (AR,
85%) and H2O2 (AR, 30%) (1: 1) to pH of 1.0, 1.5, 2.0, and
2.5. Milky white precipitates (hydrated ferric phosphate) were
obtained at a current density of 11.4 mA cm−2 and a
temperature of 90 °C for 30 min. Finally, the precipitates were
collected by filtration, washed several times with distilled
water, and finally dried in a vacuum oven at 80 °C for 12 h.
Two samples from different pH values (1.5, 2.0, 1.0, and 2.5)
of the reaction solution were named FP-I, FP-II, FP-III, and
FP-IV, respectively.

2.1.2. Preparation of LiFePO4/C. The LiFePO4/C compo-
site samples were synthesized using Li2CO3 (AR, 99.5%) as the
lithium source for the FePO4 precursor with a Li/Fe molar
ratio of 1.02 and C6H12O6 (AR, 10%) as the carbon source.
After being well mixed, the slurry was dried in a vacuum drying
oven at 80 °C for 12 h and then transferred to a tube furnace
by calcination at 750 °C for 10 h using a reducing gas
atmosphere. The obtained LiFePO4/C using precursors I, II,
III, and IV were defined as LiFePO4/C-I, LiFePO4/C-II,
LiFePO4/C-III, and LiFePO4/C-IV, respectively.

2.2. Characterization. The phase purity and crystalline
structure of the samples were determined by X-ray diffraction
using Cu K� radiation (XRD, D/max 2200/PC, Rigaku, 40 kV,
20 mA, 1.5406 Å) in an angular range (2�) from 10 to 80°.
The thermal stability of hydrous FePO4 was studied using a
Mettle Toledo thermogravimetric/differential scanning calo-
rimetry (TG/DSC) under an N2 atmosphere at a heating rate
of 10 °C/min. The specific surface area and pore size
distribution were obtained via a high-performance automatic
mercury porosimeter (Micromeritics. Auto pore IV 9500). The
morphology and microstructure of the samples were observed
using scanning electron microscopy (SEM) (Sigma-300) and
high-resolution transmission electron microscopy (HRTEM,
JEOL JEM200PLUS), respectively. Particle size was averaged
by more than 210 particles from SEM images. Fourier
transform infrared spectroscopy (FT-IR) spectra were
measured on a Thermos IS10 FT-IR spectrometer. The
chemical composition of the precursors was analyzed by X-ray
photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB
250Xi).

2.3. Electrochemical Measurement. The electrochem-
ical performances were evaluated by a 2016-coin-type button
cell assembled with the cathode electrode, a metal lithium foil
as both reference and anode electrodes, polypropylene film
(Celgard 2400) as a separator, and a solution of 1 M LiPF6 in
ethylene carbonate and dimethyl carbonates (1:1 in volume) as
the electrolyte. The cell assembly and sealing were carried out
in an argon-filled glovebox under an atmosphere with
concentrations of moisture and oxygen below 1 ppm. For
the preparation of the cathode electrode, the active materials
(LiFePO4/C-I and LiFePO4/C-II, loading amount of 1−1.2
mg cm−2), acetylene black, and poly(vinylidene fluoride)
(PVDF) binder were uniformly mixed with a weight ratio of
80:10:10 using N-methyl-2-pyrrolidinone (NMP) solvent. The
mixtures were coated on an aluminum foil with a thickness of
0.025 �m and then dried in a vacuum oven at 120 °C for 10 h
before cell assembly. The galvanostatic charge and discharge
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tests were performed in a voltage window between 2.3 and 4.2
V at 25 °C on a multichannel battery testing system (LAND
CT2001A). Electrochemical impedance spectroscopy (EIS)
measurements were carried out in two-electrode cells on a
CHI660E electrochemical workstation, using a ±5 mV AC
signal amplitude and frequency range from 0.1 to 100 HZ. The
cycling voltammetry (CV) results were obtained in the range
of 2.3−4.2 V on the same station.

3. RESULTS AND DISCUSSION
Figure 1a shows the XRD patterns of hydrated ferric phosphate
precursors obtained at different reaction solutions of pH 1.5
and 2.0. The XRD patterns of precursors I and II show obvious
signals of crystalline characteristics and all diffraction peaks
demonstrate a monoclinic structure with a space group P21/n
(JCPDS card No. 72-0471). The patterns also reveal a clear
increase in the intensity of (110) to (002) planes with the
decreasing solution pH during electrolytic anodic flocculation
of iron fillings. Figure S1a XRD shows that the precursors
prepared from solutions at different reaction pH values of 1.0
and 2.5 are amorphous.

The FT-IR spectra display the characteristic vibrations of
PO stretching, water hydroxyl stretching, and water HOH
bending in hydrated ferric phosphate (Figure 1b). Two bands
around 3469 and 3269 cm−1 were observed for the water OH

stretching vibration, indicating the role of hydrogen bonding to
bind the neighboring primary nanoparticles together.38−40 The
water HOH bending mode region (�2 symmetric bending
mode) occurs near 1630 cm−1, indicating both coordination
water and chemically bonded water. The band at 807 cm−1 is
ascribed to the liberational mode vibration of the strongly
hydrogen-bonded water molecules. Furthermore, a band near
1043 cm−1 is assigned to the antisymmetric stretching
vibration of PO and other frequencies observed below 1000
cm−1 are assigned to the �1 and �4 modes of the PO4 group.
Thus, FT-IR analysis reveals the molecular structure of
hydrated ferric phosphate particles and proves the potential
function of the hydrogen bond for a three-dimensional
framework assembled from one-dimensional nanoparticles or
nanorods.41

Figure S3 shows the TG−DSC curves of FP-I and FP-II
hydrate precursors. These two TG curves basically showed the
same trend. The weight loss occurred primarily below 190 °C
and terminated at about 380 °C. The total weight loss is found
to be 22.5 and 21.59%, respectively, which remains essentially
the same after 380 °C. The weight loss was due to the removal
of crystal water from the precursors, indicating that both
samples were dehydrated iron phosphate and the weight loss
was consistent with the stoichiometric ratio of FePO4 and H2O
of 1:2, which is in accordance with the observation
elsewhere.9,42−45 This conclusion can be strengthened by the

Figure 1. XRD patterns (a) and FT-IR spectra (b) of FePO4·2H2O precursors.

Figure 2. SEM images of FePO4·2H2O precursors I (a, b) and II (c, d). Elemental mapping of FePO4·2H2O precursors I (e−h) and II (i−l).
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DSC curves of the samples. Two exothermic peaks imply that
FP-I and FP-II lost two molecules of water at 182.2 and 141.9
°C, respectively. Two endothermic peaks at 547.45 and 553.64
°C just mean that precursors underwent a crystal structure
transformation.

The SEM images of two kinds of FePO4·2H2O precursors
are depicted in Figure 2a−d. Elemental mapping images show
that two FePO4·2H2O precursors contain Fe, O, and P
elements, which are evenly distributed on the particles (Figure
2e−l). Both precursor I and II show a microspherical
secondary structure (Figure 2a,c) with certain nanosized
surface cracks, in which precursor I (d50 = 3.92 �m, Figure
S4) is self-assembled from a considerable number of
overlapped nanorods (Figure 2b), while precursor II (d50 =
5.69 �m, Figure S4) is composed of numerous interlinked
nanoparticles (Figure 2d). As illustrated in Figure S5, FePO4·
2H2O has two-dimensional layer characteristics through an
infinite one-dimensional sawtooth chain structure along the b-
axis by bridging the (FeO6) octahedral group with a (PO4)
tetrahedral group in an angle-sharing manner. The three-
dimensional structure is formed by complex physical cross-
linking of hydrogen bonding.38,46 The continuous nano-
particles and nanorods act as nuclei in the FePO4·2H2O
precipitate. As the reaction proceeds, neighboring nuclei have
enough time to come together at planar interfaces, forming an
infinite layer parallel to the ac surface. However, unlike I and
II, precursors III and IV show a mutually superimposed
structure during their formation, supporting the information in
S2. At solution pH equal to 1.0 and 2.5, the nuclei become
more interconnected and grow along the b-axis of FePO4·
2H2O.47

FePO4·2H2O has an experimental value of 3.04 and a
theoretical value of 2.95 for the zero charge point. At the
beginning of anodic iron fillings electrodissolution, the surface
of FePO4 nanoparticles contains both positive >FeOH2+ sites
and negative >PO− sites.48 The smaller the solution pH is, the
greater the net charge of FePO4 nanoparticles and the stronger
the electrostatic interaction between the two sites.49 Therefore,
at lower particle volume fractions at pH 1.0, nanoparticles form
nanospheres with rapid aggregation of the reaction. During the
aggregation of particles at pH 1.5 and 2.0, short nanorods and
nanoparticles are formed through positive and negative end
connections. During aging at large volume fraction, a more
complex 3D interconnected “particle network” structure is
formed by the electrostatic interactions (including hydrogen
bonds). The decrease in the solution solubility at pH 2.5
weakens the electrostatic interactions between the two sites
and forms nanospheres with a mesoporous structure.

XPS is employed to characterize the composition and the
oxidation state of iron in each precursor. The full survey XPS
spectra confirm the presence of Fe 2p, Fe 3s, Fe 3p, O 1s, O 2s,
P 2s, and P 2p (Figure S6a), corresponding to molecular
components of FePO4.

50,51 Deconvoluted XPS spectra of Fe
2p in Figure S6b,c show peaks at 710.8 and 723.8 eV attributed
to the presence of Fe2+ and peaks at 713.5 and 727.4 eV related
to Fe3+, which is the result of oxidation after the addition of
H2O2. The contents of ferrous species are observed to decrease
from 30.5 to 20.3% with the increasing solution pH. Thus, as
confirmed by various characterizations, the crystal structure
and morphology of the precursor can be successfully controlled
by varying the solution pH.

The XRD patterns in Figure 3 reveal that all LiFePO4/C
products synthesized by the carbothermal reduction were

identified as a single phase of LiFePO4 with an ordered olivine
structure, indexed to the orthorhombic Pnma group (JCPDS.
Card No. 81-1173). Figure S1b indexed to the orthorhombic
Pnma group (JCPDS. Card No. 80-2092). Carbon could not
be found in the XRD profiles, reflecting that the coated carbon
layer was amorphous with negligible influence on the LiFePO4
structure. The Rietveld refinement of the XRD data was
applied to extract unit cell parameters (Figure S5 and Table
S1). Obviously, the lattice parameters of all LFP samples were
indexed to the representative olivine structure with a Pnma
space group (orthorhombic crystal structure) in accordance
with olivine LiFePO4 (Card No. 81-1173, a = 1.033 nm, b =
0.601 nm, c = 0.469 nm).

Clearly, nanosized primary particles (40−200 nm) that form
solid spheres of 1−5 �m as second particles promote highly
crystallized olivine place.52,53

SEM images show that carbon-coated LiFePO4 samples are
of a relatively smooth and 3D near-spherical structure (Figure
4a,b), with an average particle size of <3 �m due to structure
collapse during the generation of LiFePO4 from microspherical
FePO4 particles. TEM images clearly show carbon-encapsu-
lated LFP particles covered by an amorphous carbon layer with
a uniform thickness of 2−3 nm (Figure 4c−f). HRTEM images
(Figure 4e,f) show that the d-spacing values of the adjacent
lattice are 0.302 and 0.431 nm, corresponding to the (211) and
(101) planes of the crystal phase LFP with an amorphous
carbon shell. Energy dispersive X-ray spectroscopy of LFP
confirms the uniform distribution of particles in LFP (Figure
4g−j). Figure S2a,b shows the SEM images of mesoporous and
spherical FP precursors, respectively, and Figure S2c,d shows
the SEM images of LFP, with element mapping images
showing that LFP has a uniform distribution of C, O, Fe, and P
(Figure S2e−n) on the particles. The thin carbon layer not
only facilitates electron migration for the reverse Fe3+ to Fe2+

reaction by increasing the electron conductivity but also
effectively inhibits the particle growth of LiFePO4, thus
improving the morphology and structure of the LiFePO4
core. As the insertion and delamination of electrochemical
lithium are usually limited by the diffusion rate, the structure of
the cathode material is an important factor in determining the
electrochemical performance, with structural changes facilitat-
ing adequate contact between the electrode and the electrolyte.

Figure 3. XRD patterns of LFP/C-I and LFP/C-II.
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The vibronic density of the electrode material is directly
related to the volumetric energy density of the battery, which
can reach approximately 1.211 g·cm−3 for LFP-I and 1.240 g·
cm−3 for LFP-II. This property allows for a higher volumetric
energy density of the carbon-coated lithium iron phosphate
cathode material.54,55

Figure 5a shows the initial charge/discharge profiles of the
LFP/C-I and LFP/C- II composites in the range of 2.3 to 4.2
V at a 0.2C (0.034 A g−1) rate. Two samples exhibit a typical
flat voltage plateau between 3.5 and 3.4 V (vs Li+/Li), caused

by the Fe2+/Fe3+ redox couple during the lithium-ion
extraction and insertion process. The initial charge plateau is
slightly broader than the discharge one for two samples, which
results from slightly overused lithium salt in the carbothermal
reduction process, and then more lithium ions are extracted
from the LFP/C crystal structure during the first charge.56

LFP/C-I delivers a higher discharge capacity of 162 mAh g−1

compared to 144 mAh g−1 for LFP/C-II. Additionally, the
voltage difference between the charge/discharge plateau of
LFP/C-I (45 mV) is smaller than that of the LFP/C-II

Figure 4. SEM (a, b) and HRTEM images (c−f) of LiFePO4/C synthesized by the carbon thermal reduction process. (g−k) Selected area electron
diffraction patterns and (l) EDS energy spectrum of LFP/C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07838
ACS Omega 2023, 8, 12707−12715

12711



electrode (67 mV) indicating superior electrochemical kinetics
for LFP/C-I.57 This should be attributed to the fast reaction
and lithium-ion diffusion kinetics of the submicron secondary
particles in the single orthorhombic phase consisting of more
homogeneous primary nanoparticles.

The discharge curves at various rates (0.2C to 10.0C)
revealed the superb rate capabilities of the LFP/C-I electrode,
as shown in Figure 5b. As the discharge current density
increases from 0.2C to 10.0C, rate capacities accordingly
decrease from 162.8 to 85.5 mAh g−1. This normal and
frequent phenomenon is a result of the increase of the internal
resistance at a high C rate at unreachable thermodynamic
equilibrium and is found elsewhere.58 The LFP/C-I electrode
exhibits a better rate performance, and the higher capacities of
162.8, 151.4, 134.7, 116.2, 85.5, and 47.7 mAh g−1 were
obtained at 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0C, respectively.

The cycling performance of LFP/C-I and LFP/C-II was
measured at 1C for 300 cycles, as shown in Figure 5c. The
LFP/C-I and LFP/C-II electrodes displayed capacities of 104.1
and 99 mAh g−1 coupled with Coulombic efficiencies of 85.5
and 84.7% after 300 cycles, respectively, which indicates a
stable cyclic performance. The satisfactory electrochemical and
cyclic performance could be first attributed to the 3D
mesoporous structure. LFP/C-I has a larger mesopore (Figure
S8) and a smaller particle size (shown in BET images), which

is favorable for diffusion Faradic reaction with fast ion
transportation and further improves the rate performance of
LFP/C.59 Higher crystallinity and homogeneous carbon
coating in LFP/C-I are also conducive to electrolyte
immersion and lithium-ion and electron transfer. For
comparison, the electrochemical properties of LiFePO4
synthesized by different methods are listed in Table S2. This
confirms the good electrochemical properties of LiFePO4
synthesized in this work and shows a promising alternative
approach to preparing the LiFePO4 material.

CV scans were implemented to further study their
electrochemical properties to explore more information on
the enhanced electrochemical performance of LFP/C-I and
LFP/C-II (Figure 6). Figure 6a shows the CV curves at a scan

rate of 0.1 mV s−1 over a potential range of 2.3−4.5 V (vs Li+/
Li), where sharp and symmetric anodic/cathodic peaks imply
the two-phase charge/discharge reaction of LiFePO4 and
FePO4. LFP/C-I shows a higher peak current intensity and a
smaller potential difference (216 mV) between the charging
and discharging peaks, indicating improved electrode kinetics
and reversibility. Figure 6b,c shows the variation trend of CV
curves at different scan rates from 0.1 to 2.0 mV s−1. The

Figure 5. Electrochemical properties of LFP/C-I and LFP/C-II. (a)
Galvanostatic charge and discharge profiles at 0.2C. (b) Rate
performance at current densities from 0.2 to 10.0C. (c) Cycling
performance and Coulombic efficiency at 1C in 300 cycles.

Figure 6. (a) CV curves of LFP/C-I and LFP/C-II at a scan rate of
0.1 mV s−1. CV curves of LFP/C-I (b) and LFP/C-II (c) at different
scan rates. The insets are the corresponding plots of Ip and � 1/2.
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potential separation between the oxidation and reduction
peaks increases with the scan rate manifesting enhanced
polarization at higher charge/discharge current densities. It
was found that the peak current densities were proportional to
the square root of the scan rate, signifying a reversible
oxidation/reduction reaction. The Randles−Sevcik equation
describes the relationship between Ip/mass and � as follows

(1)

where n is the number of electrons transferred per molecule
(here n = 1), A is the active surface area per unit mass of the
electrode (cm2 g−1), and C is the initial concentration of
lithium ions in the LFP crystal (mol cm−3), which is deemed to
be the same for LFP/C-I and LFP/C-II, and D is the Li+
diffusion coefficient (cm2 s−1).

Based on the above equation, it can be concluded that the
electrochemical reaction on the cathode is more efficient as the
slope of the plot of Ip and � 1/2 is larger. The insets in Figure
6b,c shows that the LFP/C-I cathode has a larger slope of 4.0
than that of the LFP/C-I cathode (3.3), which is consistent
with the higher rate performance of LFP/C-I in Figure 4b.

To gain an intuitive understanding of the lithium-ion
transport kinetics and the involved resistances, EIS is used to
further determine the electrode impedance of LFP/C-I and
LFP/C-II. As shown in Figure 7, the semicircle in the high-

frequency region represents charge-transfer resistance. The
straight line in the low-frequency region is ascribed to the
diffusion of the lithium ions into the bulk of electrode material.
The equivalent circuit model in Figure 7a includes
uncompensated resistance (Re), charge-transfer resistance
(Rct), double layer and passivation film capacitance (CPE),
and Warburg impedance (Zw). The fitting values from this
equivalent circuit are presented in Table S3. It shows a much
smaller depressed semicircle of LFP/C-I electrodes compared
to LFP/C-II. Thus, the charge-transfer resistance of LFP/C-I

may be much smaller than that of the LFP/C-II composite,
resulting in a higher electronic conductivity of LFP/C-I. In
addition, the lithium-ion diffusion coefficient can be calculated
according to the following equation

(2)

where R is the gas constant; T is the absolute temperature
(298 K); F is the Faraday constant; A, n, and C are given in eq
1; and � � is the real Warburg impedance coefficient (Hz1/2)
related to the real part of impedance Z′. In the low-frequency
range, Z′ can be written as

(3)

where f is the frequency and R is the ohmic resistance. Thus � �
can be calculated from a plot of Z′ and f(−1/2). Figure 6b shows
that the slope of LFP/C-II is 2.4 times greater than that of
LFP/C-I. Therefore, the AD1/2 of LFP/C-I is 2.4 times that of
LFP-II. The lithium-ion diffusion coefficients for I and II are a
and b, respectively. Clearly, LFP/C-I has a smaller Rct and a
high lithium-ion diffusion coefficient DLi

+. Therefore, it can be
illustrated that LFP/C-I exhibits higher electrochemical
activity.

4. CONCLUSIONS
In this work, micron-sized spherical FePO4 particles were
synthesized by the iron fillings electrolytic anodic flocculation
method, which is simple, economical, highly productive, and
green and does not require any surfactants or templates. We
have demonstrated the variation of the precursor particle size
and shape by modulating the pH of the solution. The high
electrochemical capacities of the as-synthesized LiFePO4/C
composites were 162.8, 134.7, 116.2, 85.5, and 47.7 mAh·g−1

at discharge rates of 0.2, 1, 2, 5, and 10C, respectively. The
excellent capacity retention after 300 cycles was attributed to
the high performance of secondary microspherical particles
with primary nanostructure and high exposure to large ac
crystal surfaces of the particle surfaces for lithium diffusions.
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