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Olivine-structured LiCo;xFexPO4/C (0.2<x<0.5) materials were rapidly synthesized via a microwave
solvothermal method at 200 °C for 20 min. According to the XRD and SEM mapping results, partial
Co sites are successfully substituted with Fe to form a solid solution and expand the Li* diffusion
channel. Both the discharge capacity and cyclic capacity retention as well as the rate capacity of the
LiCo1xFexPO4/C (0.2<x<0.5) samples increase with increasing x. Furthermore, the optimized Fe
substitution content should be x=0.4 with respect to the energy density. The LiCogsFeqsPO4/C exhibits
the highest capacity retention of 87.7% after 50 cycles at 0.5 C, which could result from its high
lithium ion diffusion coefficient (Dy;) of 1.48x10™*® cm? s™* and low charge transfer resistance (R of
74 Q based on the EIS results. According to the XPS analysis, Fe®* and a small amount of Fe** coexist
in LiCogsFeosPO4/C. The substitution of Fe* in the Co?" sites produces Co vacancies accompanied by
conduction electrons to maintain the neutrality of the lattice in LiCoPO4, which improves Dy; and the
bulk electronic conductivity.
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1. INTRODUCTION

The excellent performance of LIMPO, (M=Fe, Mn, Co, Ni) has attracted great attention since
discovery by Padhi in 1997 [1]. Olivine-structured LiCoPO, is often considered one of the most
promising cathode materials for LIBs due to its high potential plateau (4.8 V) and high theoretical
energy density (802 Wh kg™) [2]. However, the low initial discharge capacity and poor cycling ability
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of LiCoPOy limit its application [3-8]. Several methods, such as particle downsizing [7, 9-12], carbon
coating [6, 13-15] and ions substitution [9, 14, 16] have been employed to solve the above problems.
Modification of LiCoPO, with metal ion substitutions, such as Mn?*, Ca?*, Mg?*, Zn?* and Fe®", has
been proved an effective way [4, 9, 17-19]. Many studies have examined the substituting Fe in the Co
site [9, 20-22], which could improve the cycling ability of LiCoPO, by enlarging its lattice parameters
and broadening the lithium ion channel. LiCo;.xFexPO4 materials have been synthesized by solid phase
[23-26], citrate complexation [2, 27], solvothermal [21, 22], sol-gel [20] and template methods [9].
Han [26] synthesized LiCoggsFeq0sPO4 With a discharge capacity of 120 mAh g™ at 0.05 C by ball-
milling coupled with microwave heating. Yang [25] obtained Li; ¢2[C0o.9F€0.1]0.90sPO4 With a discharge
capacity of 130 mAh g™ at 0.1 C by using a solid-state reaction. Allen [2] prepared Lig.92C00.sFeo-PO4
via a citrate complexation route with microwave drying, which possessed a discharge capacity of 120
mAh g'1 at 0.1 C. Liopg73(Fe01C0009)1.014PO4 was prepared at 240 °C over 65 h by a solvothermal
method, which had a discharge capacity of 120 mAh g™ at 0.1 C [21]. Singh [20] adopted a
microwave-assisted non-aqueous sol-gel method to produce LiCo;.xFexPO, cathode materials, which
required only 65 min at 270 °C. Recently, Fang [9] reported that LiCoggFe,PO,4 nanoplates prepared
by a template method showed a discharge capacity of 147 mAh g™ at 0.1 C with a 93.8% capacity
retention after 300 cycles. When employed in solid-state method, citrate complexation method or sol-
gel method, microwave-assisted heating has proved effective at reducing the synthesis time. The
microwave solvothermal method has been used successfully to produce LiCoPO,. Jennifer Ludwig
[28] synthesizing LiCoPO4 at 250°C in 30 min by using a microwave solvothermal method. Christoph
Neef [29] produced LiCoPO, via a microwave-assisted hydrothermal method in only 30 s at 220°C.
Research has seldom been reported using a microwave solvothermal method to synthesize LiCo;-
xFexPOg.

In this work, we rapidly synthesized LiCo;.xFexPO,; (0<x<0.5) by a microwave solvothermal
method within 20 min at 200°C. The effects of Fe substitution on the crystal structure and
electrochemical properties of the LiCo;.xFexPO4 samples were investigated and discussed in detail.

2. EXPERIMENTAL

2.1. Material preparation

The LiCo;xFexPO4/C (0<x<0.5) samples have been synthesized by microwave solvothermal
method following the route presented in reference [30]. However, CoSO4-7H,0 (AR,99.5%) was used
as a cobalt source, and the reaction temperature was increased to 200 °C from 160°C. The carbon
content of the LiCo;xFexPO4/C (0<x<0.5) materials was kept at 2+0.05%.

2.2. Structural and morphological characterization

The crystalline phase of the obtained powder was identified by XRD (X-ray diffraction
experiments, TD3200) using Cu Ko radiation (1.5406 A) at 40 kV and 30 mA. The XRD data were
collected in the range of 6=15-70° with a scanning speed of 0.02°/s. The morphology of the obtained
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spherical porous materials was examined using SEM (scanning electron microscope, JEM-6700F). The
element distribution was probed by EDS mapping (energy dispersive X-ray spectroscopy, Bruker
XFlash 4010). The elemental carbon analysis of the samples was performed by using C-S analysis
equipment (HIR-944B).

2.3. Electrochemical tests

The properties of the obtained cathode materials were evaluated with CR2032 coin-type cells
using Li metal as the anode. The LiCo;.xFexPO4/C composite was mixed with super P and
polyvinylidene fluoride (PVDF) with a weight ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP).
The cathode slurry was coated on Al foil and dried at 120 °C for 12 h in vacuum. The dried cathode
material was pressed and punched into disc with a diameter of 12 mm. The coin-type cells were
assembled in a glovebox filled with dry Ar atmosphere. A polypropylene membrane (Celgard 2400)
and 1 M LiPFg (EC:DEC=1:1, vol.%) were used as the separator and electrolyte. The assembled coin-
type cells were left for 8 h. Galvanostatic charge/discharge tests were determined under different rates
ranging from 0.1C to 10C and cycling performances were carried out in a Land Battery test system
(CT2001A, wuhan LAND, China) at a working voltage of 2.5-5.0 V vs. Li*/Li at room temperature.
Electrochemical impedance spectroscopy (EIS) was measured on the electrochemical workstation
(Autolab PGSTAT302N) in a frequency range of 500KHz to 0.05 Hz with an amplitude of 5 mV.

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the LiCo;.xFexPO4/C (0 < x < 0.5) samples prepared by the
microwave solvothermal method. According to the patterns of the LiCoPO, and LiCoggFe1PO4
samples, the dominant diffraction peaks could be indexed into the orthorhombic structure of LiCoPO4
with a Pnma space group (PDF#32-0552). In addition, there were some weak impurity peaks, which
could be indexed to LizPO4 and Cos(PO4)2(OH)s. When x > 0.2, the curves of the LiCoj.xFexPO4/C
samples could be indexed into the single LiCoPO, (PDF#32-0552) phase, and no obvious impurity
peak was observed. The diffraction peaks corresponding to crystal plane (311) of the LiCo;.xFexPO4/C
(0 <x <0.5) samples were amplified in Fig. 1. The diffraction peaks of the (311) crystal plane shifted
to left with the Fe content increasing. The specific lattice parameters and unit-cell volumes, determined
by the Rietveld refinement method, of all samples are shown in Table 1. It could be found that the
crystal lattice parameters and cell volumes mostly decreased with the increasing Fe content from
Table.1, which was due to the larger radius of Fe?* (0.78 A) than Co?* (0.75 A) [9], indicating that Co**
was successfully substituted by Fe®* to form the solid solutions, resulting in the expansion of the
channel for Li* migration.
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Figure 1. XRD patterns of the LiCo;xFexPO./C (0<x<0.5) samples. Inset image: Diffraction peaks of
crystal face (311).

Table 1. Lattice parameters of the LiCoixFexPO4/C (0<x<0.5) composites obtained from the XRD
Rietveld refinement

Cell parameters(A)

Samples a b c Volume

LiCoPO, 10.2061 5.9223 4.7012 284.1574
LiCogoFeo1PO4 10.2136 5.9290 4.7056 284.9544
LiCog sFeg,PO4 10.2165 5.9365 4.7044 285.3230
LiCog 7Feg3PO4 10.2232 5.9469 4.7102 286.3630
LiCogFeo4PO4 10.2286 5.9483 4.7108 286.6182
LiCogsFegsPO4 10.2298 5.9523 47132 286.9907

A Bruker-AXS 133 eV Xflash 4010 Detector attached to the SEM is used to observe the
elemental distribution of the LiCogsFeqsPO4/C sample. The monodisperse spherical particles with a
size distribution ranging from 1pm to 18um are observed from Fig. 2 (a). In Fig. 2(b)-(f), the different
colors represent different elements. The results illustrate that the elements (Co, Fe, P and O) are
uniformly distributed in the LiCogsFeqsPO4/C sample. Combined with the XRD results, it can be
inferred that Fe enters the crystal lattice of LiCoPO,/C to form a solid solution.
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Figure 2. SEM images (a,b) and the elemental mappings of Co (c), Fe (d), P (e) and O (f) for the
LiCogsFeqsPO4/C sample

The charge/discharge curves of LiCo1.xFexPO,/C (0.2<x<0.5) at 0.1 C are depicted in Fig. 3(a).
Obviously, there are two platforms at 3.5 V and 4.7 V emerging from the discharge curves of all the
samples, which are ascribed to the Fe**/Fe?* and Co®*'/Co®* redox couples, respectively. The redox
couple of Fe**/Fe?* occurs at a higher potential in LiCo;4Fe PO, than in LiFePO, (3.4 V) [31], and the
Co>*/Co* reduction potential is lower than that in LiCoPO,4 (4.8 V) [2] A similar result was reported
by Kosova [24], and it was mentioned that the substitution of the more electropositive Fe?* for Co**
increases the Co-O covalence due to the inductive effect, and thereby raising the Fe*/Fe** redox
energy and decreasing the voltage of the Co?*/Co®* pair. This phenomenon may give rise to a super
exchange interaction between Fe-O-Co ions [32]. Furthermore, the discharge capacity of LiCo;.
xFexPO4/C increases with increasing x. The discharge capacities of the LiCoggFeq2.PO4/C and
LiCog7Feq3P0O4/C are 69.8 mAh g'1 and 75.7 mAh g'l. When x further increases, the discharge
capacity of LiCoggFeq4PO4/C increases up to 102.1 mAh g™, which is close to the value of that of the
LiCoosFeosPO4/C (102.7 mAh g™). The discharge capacity increasing with Fe content could result in
the enlargement of the 1D Li" diffusion channels by Fe substitution [24, 25]. This inference is
consistent with the XRD results. Fig. 3(b) exhibits the energy density of the LiCo;.xFexPO4/C
(0.2<x<0.5) samples. At first, the energy density of the LiCojxFexPO4/C (0.2<x<0.4) increases with
increasing x. The energy density of LiCoggFeq2PO4/C is 306.7 Wh kg™. When x=0.4, it achieves the
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highest value of 422.2 Wh kg™ for the LiCoogFeo4PO4/C. Then, for LiCogsFeqsPO4/C, it decreases to
405.8 Wh kg*. Although LiCogsFeqsPO4/C exhibits a higher discharge capacity than that of
LiCogsFeo4PO4/C, it is not enough to compensate for the energy density loss caused by the shortening
of the voltage platform at 4.7 V. From the perspective of energy density, no benefit is observed when
the amount of Fe substitution is larger than 0.4.
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Figure 3. The first charge/discharge profiles of LiCo;xFexPO4/C (x<0.5) at 0.1C (a) capacity-voltage
(b) energy-voltage
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Figure 4. (a) Cycling performance of LiCo;.xFexPO4/C (0.2<x<0.5) at 0.5C, (b) rate performance of
LiCo1.xFexPO4/C (0.2<x<0.5) samples at different current densities

The cycling performance of the LiCo;xFexPO,4/C (0.2<x<0.5) samples at 0.5 C is presented in
Fig. 4(a). The LiCoggFeg,PO./C sample delivers an initial discharge capacity of 62.9 mAh g*. With a
retention of 62.2% after 50 cycles. As the value of x increases, the discharge capacity and cyclic
stability of the LiCo;«xFexPO4/C (0.2<x<0.5) samples increase continually. The discharge capacity of
LiCogsFeqg4PO4/C increases to 92.0 mAh g'1 at 0.5 C and remains at 74.1 mAh g'1 after 50 cycles.
LiCogsFeqsPO4/C exhibits an initial discharge capacity of 94.0 mAh g'1 at 0.5 C with a retention of
87.7% after 50 cycles, which is superior to the value (78% after 20 cycles at 0.1 C ) reported by Lecce
[21]. According to Kosova’s work [24], the volume changes from 7.0% for LiCoPO4 to 3.7% for
LiCogsFeosPO4. The extended cycle life may result from the reduction of the cell volume change and
the expansion of the Li* diffusion channels in LiCo...Fe,PO4/C during the Li extraction/insertion
process, which is caused by the Fe substitution.
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Table. 2 Comparison of the electrochemical properties of LiCoFePO,/C obtained from references [2,
9, 21, 24, 26] and this work

Samples First discharge Capacity retention Voltage  Reference
/ mAh g range / V

LiCogsFeosPO, 102.7 (0.1 C) 87.7% after 50 cyclesat 0.5 C  2.5-5 this work
Fe doped LiCoPO, 147" (0.1 C) 97.9% after 50 cyclesat 0.1 C  2.5-4.95 [9]
nanoplate
LiCogsFeosPO, 124 (0.1 C) 86.3% after 15 cyclesat0.1C 3-5 [24]
Li0_973(Feo_1000_9)1_014PO4 120 (01 C) 78% after 20 CyC|ES at0.1C 3.5-5 [21]
LiC0g.95F€0.0sPOs4 120% (0.05 C) — 3.5-5.2 [26]
LiCog.oFeq1POy4 1094 (0.05 C) — 3.5-5.2 [26]
Lig.02C00.8Fe€02PO4 1207 (0.05C)  80% after 500 cycles at 0.05C 2.5-5.3 [2]

“obtained from the second cycle; ~obtained from the third cycle; *obtained at 30 °C

The results in this paper were compared with the results of the references, as shown in Table 2.
Recently, Fang [9] reported that Fe-doped LiCoPO, nanoplates synthesized by a template method
exhibited an extremely high capacity of 147 mAhg™ with 97.9% capacity retention after 50 cycles at
0.1 C, and its synthetic process was complicated. LiCogsFeosPO, prepared by Kosova [24] showed an
initial discharge capacity of 124 mAhg™ at 0.1 C, which is higher than our result (102.7 mAh g* at 0.1
C), but it remained at 86.3% of its initial capacity after 15 cycles at 0.1 C. Liog73(F€0.1C00.9)1.014PO4
synthesized by Lecce [21] exhibited an initial discharge capacity of 120 mAh g™ with 78% retention
after 20 cycles. According to our work, LiCogsFeqsPO, displays a capacity retention of 87.7% after 50
cycles at 0.5 C. The LiCoggsFeposPOs and LiCoggFeo PO, synthesized by Han [26] displayed
discharge capacities of 120 and 109 mAhg™, respectively, which were tested at 0.05 C and 30 °C.
These results were tested at a lower rate and a higher temperature than that of this work. In addition,
their capacity retention was not mentioned. Allen [2] reported that Ligg,C0ogFeq2PO4 had a discharge
capacity of 120 mAh g™ at the third cycle with a retention of 80% after 500 cycles at 0.05 C. However,
they did not exhibit suitable electrochemical properties at a high rate.

To discover the rate capability, different charge/discharge current densities were used for the
LiCo1.xFexPO,4/C (0.2< x <0.5) samples, and the results are shown in Fig. 4(b). As the Fe content
increased, the discharge capacities of the LiCo1.xFexPO4/C samples increased at all rates ranging from
0.1 C to 10 C. When the x value increased from 0.2 to 0.3, the discharge capacities of the
LiCog 7Feo3PO4/C were slightly higher than that of the LiCoggFeq,PO4/C. When x=0.4, the discharge
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capacity of LiCoggFeo4PO4/C at each rate was significantly higher than that of the LiCog 7Feq3PO,/C.
The superiority of LiCoggFep4PO4/C held when the rate was no more than 5 C and dropped at 10 C,
implying that there might be two different rate-determining factors at low and high rates, respectively,
and requiring further study in the following. LiCogsFeqsPO4/C exhibited the highest discharge
capacity at each rate with a value of 104.0, 100.9, 93.2, 88.9, 80.3, 67.4, and 52.6 mAh g
corresponding to 0.1 C, 0.2 C, 0.5 C, 1 C, 5 C and 10 C, respectively. Compared to the discharge
capacities of LiCoggFe4PO,4/C, its superiority was slight at low rates and became obvious when the
rates increased, implying that partial substitution of Fe for Co may not only result in the expansion of
Li* path in the LiCoPO, but also enhance the bulk ionic and electronic conductivity [9, 26, 27].

To get further verify the influence of Fe substitution on the lithium ion diffusion coefficient
(Dvi), electrochemical impedance spectroscopy (EIS) was performed. The results are given in Fig. 5.
Fig. 5(a) shows the Nyquist plots and fitting lines of the LiCo;.xFexPO/C (0.2<x<0.5) samples after 5
cycles at 0.1 C, and the equivalent circuit is shown in the insert of Fig. 5(a). All the curves are consist
of a single semicircle in the high-medium-frequency range and a straight line in the low-frequency
range. The intercept of the semicircle on the Z" axis in high frequency indicates the electrolyte
resistance (Rs), the diameter of the semicircle indicates the charge transfer resistance (R on the
interface of the electrolyte/electrode, CPE represents the double-layer capacitance and passivation
membrane capacitance and Z,, represents the Warburg impedance. As shown in the Table 3, the
simulation parameters of the equivalent circuit are obtained by the electrochemical workstation
(Autolab PGSTAT302N). R is an important kinetics parameter of the electrochemical reaction, which
is influenced by the ionic diffusion, the electronic conductivity, the reaction temperature, and so on
[33]. The charge transfer resistance (R.) of the LiCo;.xFexPO,/C (0.2<x<0.5) samples decreased from
121 Q of the LiCopgFep,PO4/C to 74 Q of the LiCogsFeysPO4/C as the x value increased,
corresponding to the continuously decreasing semicircle diameter. That trend indicates that the Fe
substitution could greatly improve the conductivity of LiCo;.xFexPO,/C and might enhance both the
electronic and ionic transport during the lithiation/delithiation reaction. The sloping line at low
frequency is associated with the diffusion in the solid phase. The lithium ion diffusion coefficient (Dy;)
can be calculated according to the following equation [30]:

RZTZ
Du T PRI Cg ™
Z = B+% )

where R represents the gas constant, T is the absolute temperature, A is the electrode area, n
represents the number of electrons transferred in the half-reaction for the redox couple, F is the
Faraday constant, C is the concentration of lithium ion, B is a constant, w is the angular frequency, and
o is the Warburg factor, which is related to Z’. The linear fitting of Z vs. »™? in the low-frequency
region from which the slope of & can be obtained is shown in Fig. 5b. According to Egs. (1) and (2),
the Dy; values of the LiCo;.xFexPO4/C (0.2<x<0.5) samples are calculated and listed in Table 3. The
Dy of LiCog7FeqsPO./C is 9.02x10™ cm? s, which is one order of magnitude higher than that of the
LiCoogFeo-P04/C (8.13x10™ cm? s™). The Re; of LiCop7FeysP04/C, 102 Q, is 19 Q lower than that of
LiCoosFeo2P0O4/C, which may be attributed to a significant enhancement of Li* diffusion. When x=0.4,
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the Dy; of the LiCog gFeq4PO4/C is 1.43x10™ cm? s, which is 1.6 times of that of LiCog7Feq3PO./C.

However, the R of the LiC

00.6F€0.4PO4/C is 23 Q lower than LiCog7Feq3P04/C, which may be due to

the improvement of both the ionic and bulk electronic conductivity by Fe substitution [9, 26, 27].
When the Fe content further increases, the Dy; of the LiCogsFeosPO4/C is 1.48x10™ cm? s, which is
1.03 times of that of the LiCogsFey4PO4/C. In addition, the R of the LiCogsFeqsPO4/C decreases 5 Q,
which may be due to the enhancement of the bulk electronic conductivity. Thus, both the ionic and
electronic conductivity could be the dominating factors at low rates (<5 C). In addition, the electronic
conductivity might be the rate-limit factor at 10 C.
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Figure 5. Profiles of electrochemical impedance spectroscopy (EIS). (a) Nyquist curve (b) linear
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Table 3. Resistance of EIS for LiCo;.xFexPO4/C (0.2<x<0.5)

Sample Rs(Q) Ret(Q) o(Qes'"?) Dui(cm®s™)
LiCog gFeq2P0,/C 5.19 121 142.18 8.13x10"°
LiCog 7Fey3P0O4/C 4.83 102 42.680 9.02x10
LiCog gFeq4PO./C 5.95 79 33.862 1.43x10%3
LiCoo.sFeysP0O4/C 5.62 74 33.298 1.48x10713

Intensity (a.u.)

Intensity (a.u.)

T T T T T T T T T
730 720 70 700 690 820 810 800 790 780 770 760

Binding energy (eV) Binding energy (eV)

Figure 6. (a) Fe2p and (b) Co 2p XPS spectra of the LiCog sFeqsP0O4/C

The chemical states

of Fe and Co in LiCogsFeysPO,4/C are performed in the Fig. 6(a).and Fig.

6(b) respectively. The Fe 2p is obviously resolved into Fe (2ps2) and Fe (2p12) contributions, focused
on 709.9, 714.6, 723.8 and 724.9eV. The binding energies 709.9eV and 723.8eV belong to the
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characteristic peak of Fe?*, and the others correspond to Fe®*. The clear weak peaks of the shake-up
feature in the high-resolution spectrum for Fe, as shown in Fig. 6(a), suggests that all Fe atoms are in
the structure of LiCoPO, [34]. The content of Fe** is approximately 15%, which may contribute to the
synthesis process. The Co 2p is obviously resolved into Co (2ps) and Co (2pi2) contributions,
centered at 781.8 and 798.1eV, respectively. These peaks belong to Co®*. When Co?®* is substituted by
Fe**, Co vacancies would be made to balance the valence. The valence balance model is described as
Eq. (3):

Fe,0, —2 5 2Fe_, +V,, +30, (3)

Fe®* substitution at Co®" sites increases the concentration of ionic vacancies according to Eq.
(3). To keep neutrality of the lattice in LiCoPQO,4, conduction electrons are produced to balance the
Fe**, facilitating Li-ion diffusivity and electron conduction during the charge/discharge process [9, 20,
34, 35].

4. CONCLUSIONS

In summary, LiC0;.xFexPO4/C (0<x<0.5) samples were rapidly synthesized by a microwave
solvothermal method at 200 °C for 20 min. According to the XRD and SEM mapping results, Co were
partially substituted by Fe to form the solid solutions. Based on the Rietveld refinement results, the
crystal lattice parameters and cell volumes mostly decreased with the increase in Fe content, which is
contributed to the larger radius of Fe®* (0.78 A) than Co® (0.75 A) and results in the expansion of the
channel for Li* migration. The discharge capacities of the LiCo;xFePO4/C (0.2<x<0.5) samples
increase with increasing Fe content. However, the optimized Fe substitution content should be x=0.4 in
the perspective of energy density. LiCogsFeosPO4/C exhibited outstanding cycle stability with a
capacity retention of 87.7% after 50 cycles at 0.5 C, as well as the highest rate capacity. According to
the EIS results, the Dy of the LiCo;«FePO4/C samples increased, and the R decreased with
increasing Fe content. LiCogsFeqsPO4/C shows the highest Dy; (1.48x10™ cm? s™) and the lowest Ry
(74 Q). Based on the XPS results, Fe** and a small amount Fe** coexist in LiCogsFeqsPO4/C. Fe®*
substitution at the Co®* sites lead to the production of Co vacancies with accompanying conduction
electrons to maintain neutrality of the lattice in LiCoPO,, which is beneficial for the improvement of
Dy; and the bulk electronic conductivity.
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