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Li-ion batteries have been put forward a huge demand for further developing rate performance and
cycle stability. Under the new emerging industrial revolution and the accelerating pace of life, the
addition of carbon in the electrode active material has been proven an effective way to improve its rate
performance and cycle life. In the review, the current researches on the morphology of LiFePOs,
adding carbon, carbon sources and modified carbon (such as doping, ordered porous, etc.) on the
performance of LiFePO4 have been summarized. In general, the coating and mixing of carbon greatly
promote the improvement of the rate performance and cycle stability of LIBs. The doping of various
single element and multi-element atoms in carbon has great prospect for surface modification of
electrode materials.
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1. INTRODUCTION

In the past few decades, the consumption of non-renewable energy was became seriously
consumed with the fast development of the global productivity. The demand to petrol-powered cars is
shifting to electric cars. Rechargeable batteries have become the most populative energy in
contemporary society. Rechargeable lithium-ion batteries (LIBs), featured by light weight, high
capasity density, high voltage and environmental friendliness, have applied on laptops and mobile
phone, what” more, the vehicles also uses electricity due to their high specific energy and cycle
stability. The commercialized Li-ion battery (LixCe/Li*/Li1.xC0O2 [1]) was first applied to
electronic equipment by Sony Corporation in 1991. Now lithium-ion batteries are widely used all over


http://www.electrochemsci.org/
mailto:xuhaiyan@ahjzu.edu.cn

Int. J. Electrochem. Sci., 16 (2021) Article ID: 210655 2

the world [2]. Huge advances that the anode of Li metal was replaced by graphite had been made in
safety of LIBs. As is known to all, lithium metal as the anode material is more likely to produce
lithium dendrite [3], which punctures the separator and causes the battery short circuit compared with
the anode of graphite. Furthermore, graphite anode has reasonably low potential versus lithium.
However, the cathode material has always been a limiting factor to LIBs. More and more researches
focused on the ways to optimize the electrochemical performance of the cathode electrode. The crystal
structure, morphology, size and modification of electrode material have attracted much attention to
improve the cathode material performance.

As a stable, inexpensive and safe inorganic material, carbon has been used in various places
because of high conductivity of graphene, various controlled morphology and wide source of raw
materials. The addition of carbon is of great significance to the field of electrochemistry. In
rechargeable LIBs, carbon materials are coated and mixed to modify the rate performance and cycle
life of electrode materials. This review takes lithium iron phosphate as an example to review the effect
of carbon materials in the performance of the cathode materials in LIBs.

LiFePO4 (LFP) [4] has the obvious advantages of its olivine structure, such as high safety,
environmental friendliness, nontoxic, and low cost. However, it also has poor electronic conductivity
and slow lithium ion deintercalation speed during charging/discharging owing to non-continuous FeOe
octahedral network to transmit electrons over Fe-O-Fe, and its one dimensional tortuous Li-ion
channels [4]. Reducing particle size, designing LFP morphology and coating carbon on the surface of
LFP have been well developed to improve the electrochemical performance of LFP [5]. Carbon coating
is the best mode to modify lithium iron phosphate at present. It is beneficial to optimize the electronic
conductivity of the material [6] and the rate performance. Moreover, reduction of the particle size of
LFP [7,8] is also a successful way to optimize its electrochemistry performance. Different carbon
sources and morphologies show different characteristics [9-13].

In the review, the current researches on LFP have been summarized in light of above technical
challenges. The structural characteristics, morphological features and the electrochemical performance
of various LFP/C with different carbon sources have been reviewed and compared, as shown in
Figurel. In addition, the capacity storage mechanisms of different carbon-based composite electrodes

of LFP/C have also been described.

&

%,
%
& z
& %
S %,
¢ %
2,

three dimensional

The doping carbon

Figure 1. The Schematic diagram of the morphology of LFP and carbon addition
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2. ENERGY STORAGE MECHANISMS

2.1 Structural features

The olivine lithium iron phosphate consists of distorted FeOs, LiOs, and PO4 units, and The
olivine lithium iron phosphate consists of distorted FeOes octahedra, LiOe octahedra, and PO4
tetrahedron units, and the absence of continuous FeOs octahedral connections results in low electrical
conductivity [14]. Therefore, the olivine compound displays lower electrical conductivity. The 3D
delocalized chemical bond of LFP is formed by a strong P-O covalent bond, so LFP has
thermodynamic and dynamic stability even at temperatures higher than 200°C.

2.2 Electrode features

The energy transfer mechanism of LFP is the insertion/extraction of Li* in the active material.
During charging, the Li* enter the cathode material from the electrolyte and lithium metal in the
negative electrode loses electrons to form Li* that diffuses into the electrolyte to keep the charge
balance of the electrolyte host materials. Discharge is the opposite (Figure 2) [15]. LFP cathodes and C
anodes can be formulated as follows:

Anode:CyLi — xe 2 CgLi;_, + xLi* (1)
Cathode: Li,_,FePO, + xLi* + xe 2 LiFePO, (2)
Overall: CgLi+Li,_,FePO, 2 CgLi;_,+ LiFePO, 3)

charge
I

discharge
——

Figure 2. Olivine structures of LFP and FePO4 phase removed Lithium.

There are both faraday process and pseudocapacitive faraday process in LFP/C. In cyclic
voltammetry, the relationship between current i and scan rate v usually reflects the pseudocapacitive
faraday process (i=av® [16], where a and b are adjustable parameters, suitable for single electron
system). When the value of b is 0.5, ion diffusion dominates the entire electrochemical process.
However, when the value of b increases to about 1, the charge and discharge process is mainly
controlled by the pseudocapacitive faraday process. The larger the value of b, the higher the
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pseudocapacitive capacity, and the faster the charge transfer speed, resulting in a better rate capability.
In order to further explore the electrochemical reaction kinetics, the contribution of faraday and non-
faraday currents to the overall reaction can be calculated according to the following formula (4) by
Dunn's group[17-20].

L,/vY? = kyv'/2 + kv (4)

For example, Kisu and co-workers [21] found that the high rate capability was owing to the
existence of Fe** in the surface of LFP crystal structure. The fast pseudocapacitive process explained
the high rate performance of the LFP/graphitic carbon composite, and 25% of the total capacity is
mainly contributed by it. Guan et al. [22] synthesized LFP coated with activated carbon and graphene.
The specific capacity retained 66 mAh-g* at 100 C due to a 3D carbon network built to deliver
capacitance.

3. THE MORPHOLOGY AND RATE CAPABILITY OF LFP

In this section, the influence of morphology of LFP on the rate capability is going to be
introduced. The rate capabilities of one-dimensional, two-dimensional, three-dimensional LFP are
going to be discussed in detail.

3.1 One dimensional LFP

According to Lim’s work [23], the one-dimensional (nanowire and nano hollow wire) LiFePO4
cathodes were synthesized using the hard templates KIT-6 and SBA-15. The electrochemical cycling
performance test of one dimensional LFP cathodes showed fantastic rate performance (89% of the
initial capacity is retained) even at 10 C. The rate capability of the nano hollow wire cathode at 15 C
was 6 % higher than that of the nanowire cathode because of its higher specific surface area [24].

Huang et al. [25] synthesized 1D LFP nanorods through a facile hydrothermal process at 220
°C for 18 h. The nanorods with a preferred orientation along b axis were beneficial to transport lithium
ions. The 1D LFP nanorods delivered a discharge specific capacity of 132 mAh-g* at 0.5 C after 20
cycles.

Liu et al. [26] synthesized LFP nanorods using FePO4 nanorods as the raw material. The pre-
synthesized FePOs nanorods, LIOH-H2O, and polyethylene glycol (PEG: The average molecular
weight is 10,000, 250g PEG/mol FePQO4) powders were mixed completely in an agate mortar, heated at
700 °C for 8h under flowing nitrogen, and then the final product was obtained when the temperature
dropped to room temperature. 150, 141, 94 and 80 mAh-g* were the first discharge capacities at the
5, 10, 50 and 60 C, respectively. The Coulomb efficiency remains above 98 %.

Ma et al. [27] synthesized nanorods with rectangular prisms and hexagonal prisms by a
solvothermal process in glycerol and water system. The LFP with the rectangular prism nanorod
morphology has better advantages in electrochemical performance. The nanocrystalline grain size and
more exposed (010) crystal planes greatly shorten the migration path of Li* inside the LFP. At a low
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rate of 0.2C, it has 96.4%(163.8 mAh-g 1) of the theoretical capacity of LFP. When the rate was
increased by 100 times to 20C, 75 mAh-g* could be retained, and the coulombic efficiency remains
stable.

To sum up the description of the electrochemical performance of one-dimensional lithium iron
phosphate with the addition of carbon, the capacity and rate performance were improved. Based on the
results mentioned above, the relative capacity of LFP coated with carbon at 5 C reported by Liu was 14
% higher than that of LFP electrode without carbon at 0.5 C reported by Huang. Even the rate was
increased up to 10 C, the former capacity still retained 7 % higher than the later one at 0.5 C.

3.2 Two dimensional LiFePOq4

LFP nanosheets with a single crystal plane (010) are synthesized by Zhao et al. [28], which
provided the highest ion channel for lithium-ion insertion/extraction by charge/discharge. The two
dimensional LFP delivered a high specific discharge capacity of 120, 85, and 72 mAh-g* at the 5, 10,
and 20C, respectively, although the nanosheets exhibited normal capacities, 151 and 140 mAh-g* at
0.5 C and 1 C. Due to the shorter lithium ion diffusion distance of the two-dimensional LFP, it exhibits
excellent rate performance during charging and discharging.

The rate performance and cycle life of 2D LFP cathode coated with carbon can be further
increased, compare with the above-mentioned bare 2D LFP electrode.

Zhang et al. [29] synthesized LFP microplates with exposed (010) faces by a solvothermal
approach. After coated carbon, the LFP/C microplates delivered the first discharge capacity at 0.1 C
was 157 mAh-g-1. Increasing the current density to 10 and 20 C could still maintain 63.7% and 51.6%
of the first discharge capacity, respectively. After 100 cycles at 1C and 5C rates, there was still no
obvious capacity degradation, the reversible discharge capacities remained approximately 139 and 118
mAh-g !, respectively. The capacity under 10 C and 20 C increased by 17.6 % and 12.5 %,
respectively, compared with the above result of Zhao et al.

Zou et al. [30] prepared LFP nanosheets with abundance (010) faces and extremely low antisite
defect with SA (sodium alginate)/r-GO (reduced graphene oxide) assisted. They obtained a
multilayered structure which was formed by Van der Waals forces and hydrogen bonds between the
Li-Fe-P-alginate molecules and 2-dimensional r-GO nanosheets. The LFP-NS/r-GO cathode exhibited
a capacity of 98.6 mAhg™ at 100 C. The reversible capacity of LFP-NS/r-GO-10 (10, mass ratio (%)
of r-GO/SA) retained 130.6 mAh-g* at the C-rate of 10 after 2000 cycles and the capacity was
99.55% of the initial discharge capacity. It was far higher than above work of Zhao et al (90 mAh-g™*
after 1000 cycles at 10 C).

3.3 Three dimensional LFP

It is well known that controllable the b-axis of LFP is the rapid diffusion channels to the
lithium ions. Kim [31] reported 3D porous microsphere LFP by a supercritical and spray-dry
combination method. Controlling the direction of crystal growth is considered to be a promising
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method to greatly increase the transfer efficiency of Li* [32]. The porous LFP reported by Kim with
high contact area with electrolyte and high tap density (1.7 g-cm™) displayed abundant 3D channels,
which was beneficial to reduce the resistance of the contact between the electrolyte and the electrode,
and improved the diffusion performance of lithium ions. The optimized 3D LFP composite with
carbon coating (3.3wt.%) displayed remarkable electrochemical performances of a high specific
capacity (153.4 mAh-g 1 at 0.2 C) and a high rate performance (133.7 mAh-gt at 1 C). The porous 3D
LiFePOs is generally coated with carbon to improve its conductivity. Goodenough’group [33] reported
3D porous microspheres flower-like LFP/C, to which polypyrrole (ppy) was attached through
polymerization reaction to further improve its rate performance. Because of its good crystallinity and
conductivity, there were still 110 mAh-g* and 86 mAh-g* at the C-rate of 5 and 10 after 1000 cycles,
respectively. Table 1 summarizes the synthesis method, crystal morphology and specific capacity
based on the literature of LFP preparation in recent years.

Table 1. The relationship between morphologies and capacities

Materials Preparation Performances Ref.

Nanowire and hollow LiFePO4 Templates method 147 mAh-gtat15C [23]

Nanorods LiFePO4 Annealing+hydrothermal 122mAh-gtat5C  [34]

process

Nanorods LiFePO4 Heat method 80 mAh-gtat60C [26]

Rectangular prism nanorod Solvothermal method 75 mAh-gtat20C [27]
LiFePOs@C

Nanosheets LiFePO4 Solvothermal method 72 mAh-gtat20C [28]

Microplates LiFePO4/C Solvothermal method 81 mAh-gtat20C [29]

Ultrathin nanosheets LiFePO4 Sol-gel method 98.6 mAh-g* at [30]

100C

3D porous microspherical Hydrothermal method 115 mAh-gtat 10C [35]

LiFePO4/GA

Due to the unique one-dimensional ion channel of LFP, the above researches achieved rapid ion
extraction and insertion to improve its rate performance through shortening the [010] directional path
of the ion channel by various methods. However, the internal electronic conduction characteristics of
LFP limited by its own structure decide that the electronics can only migrate along the Fe-O-Fe
direction [36]. Unfortunately, there is no continuous FeOs octahedral network in the structure at all. At
this point, the rate performance of the low-dimensional LFP cathodes is definitely limited to its poor
electronic conductivity. The three dimensional porous materials in this aspect can provide more Li-ion
channels owing to the close contact with electrolyte, and relatively lower charge transfer resistance
[37]. It means that less channel-clogging defects in 3D porous LFP particles result in high capacity
[38]. However, no matter how the morphology is tailored, the rate performance of LFP is still far away
from the ideal. Therefore, modification of LFP is urgently required to further improve the
electrochemical performance.
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4. THE EFFECTS OF CARBON ON LFP BASED COMPOSITES

Recently, there are more and more reports on LFP-carbon cathodes. On the one hand, different
sources of carbon, such as biomass [39], polymer, and MOFs [40], have been investigated to prepare
carbon coated LFP cathodes. On the other hand, carbon materials with various morphologies,
including carbon nano tubes, graphite sheets and so on, have been used to obtain LFP/carbon
composite cathodes. The related performance parameters of LFP cathodes coated with carbon are
showed in Table 2.

Table 2. The related performance parameters of LFP cathodes coated with carbon

Carbon Max capacity  Ip/lc Diffusion Ret BET Pore Ref.
thickness (mAh-g?1) coefficient Q) (m?-gh) size
(nm) (cm2.s7) (nm)

2.8 150 0.9 190 13.6 15.5 [41]

35 165 0.89 120 204 164  [41]

168 4.73x1013 112 268.95 5 [35]

151.1 1.18 1.17x1013 350 43.45 34 [42]

169.3 1.12 1.07x1012 137 92.75 0 [42]

2.4 165 8.72x1012 57.08 [43]

162 0.872 91 3-30  [44]

1-2 161.5 0.89 74.2 [45]

10 139 1.06x 10 216 85953 342  [46]

162 1.04 9.06x101! 289 90.92 10 [47]

20-30 163 1.08 2.16x1012 103 197.2 [48]

3 155.5 9.05x10%2 265.5 [49]

4.1 LFP/C composites

Table 3. The performance of LFP/carbon cathodes from different carbon precursors

Carbon types Performances

(0.1C)
Amorphous Carbon 150.3 mAh-g*
Carbon nanotubes+ Amorphous Carbon 155.7 mAh.g*
Graphene+ Amorphous Carbon 159.7 mAh-g*
Amorphous Carbon+ Carbon nanotubes+ 164.5 mAh-g*

Graphene

Cai et al. [50] synthesized high performance LFP cathode materials using amorphous carbon
(C), carbon nanotubes (CNTs), and graphene (G) as conductive materials via sand milling and spray
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drying processes and followed by calcination. The performances of LFP/carbon cathodes from
different carbon precursors are listed in Table 3.

By adding graphene and carbon nanotubes to LFP/C, the charge transfer resistance was reduced
from 248Q (LFP/C) to 50, and the charge transfer resistance was reduced by 80%. The initial
columbic efficiency of LFP/C/G/CNTSs (96.5 %) was 5 % higher than that of LFP/C (91.9 %).

Graphene has drawed much attention owing to its high specific surface area, high theoretical
capacity and good mechanical properties [51, 52]. However, it's quiet hard to achieve dispersion in
homogeneity. It has been confirmed that adding carbon nanotubes to graphene is beneficial to enlarge
the spacing between graphene sheets to avoid aggregation[53].

So far, mixed LFP with 1-dimensional (1D), 1-dimensional(2D), or 3-dimensional (3D) carbon
as electrodes for Li-ion battery have been synthesized.

Du et al. [35] prepared 3-dimensional porous microspherical LFP/graphene aerogel (LFP/GA)
composite for LIBs by one-step hydrothermal. In composite materials, graphene sheets were entangled
together to form a three-dimensional network frame due to van der Waals forces and hydrogen bonds.
Three-dimensional microspheres of LFP were composited on the frame. The graphene frame improves
the electronic conductivity and lithium ion migration rate. The optimized LFP/GA composite displayed
a excellent electrochemical performance of a high specific capacity (168 mAh-g™, 0.1 C), 14 % higher
than that of pure LFP (147 mAh-g%, 0.1 C). The charge transfer resistance dropped from 664Q(LFP)
to 112Q (LFP/GA). The Li* diffusion coefficient (D/cm?-s™t) of LFP/GA was 4.73x10°3, much higher
than that of LFP (8.88x1071%). LFP/GA also showed a high rate performance (115 mAh-g %, 10 C), and
a high capacity retention (96.3 % even after 800 cycles at 1C).

In Huynh’s work, using the hydrothermal method, the carbon nanotubes and the electrode
material were combined to obtain LFP/C/10%CNTSs, which aimed to improve the electrochemical
performance of the electrode [54]. After charging and discharging tests, LFP/C/10%CNTs as an
electrode active material released 190 mAh-g™* at a rate of 0.1C after 200 cycles. The diffusion
coefficient of LFP/C/10%CNTs (8.29x10°!) increased 72 % than that of LFP/C (D-glucose)
(2.28x1071). Carbon nanotubes also can store energy [55-57]. Therefore, the capacity of the composite
material of LFP and carbon was larger than the theoretical capacity of LFP.

Wu and co-workers [58] reported that integrating the advantages of porous carbon and active
particles (LFP) at the nanometer scale. The composite electrode materials of excellent electrochemistry
performance were obtained by dispersing LFP nanoparticles into nanoporous carbon .Complete charge
and discharge in less than 30 seconds, in the first 15 cycles, at the rate of 0.9C, the specific capacity
gradually increased and finally stabilized at 145 mAh-g™. The power density increased by about 50
times (from 38 Wk-g™ to 1875 Wk-g™), its capacity still retained about 60 % (from 145 mAh-g* to 85
mAh-g?).

Long and co-workers [10], synthesized a novel c-LFP/graphere in which LFP/C nanorods
embedded in a matrix built of interweaved graphene nanosheets. The electronic conductivity of C-LFP
(5.6x107°S-cm) increased 2.5x102 than that of C-LFP/graphene (1.39x107t S-cm).The surface of LFP
nanorods was coating carbon film, which size was about 1.5-2.0 nm. It delivered 100 mAh-g?, 80
mAh-g* at 20 C ,50 C, respectively and preserved a high tap density of 1.76 g-cm?.
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4.2 The carbon coating

4.2.1 The biomass-derived carbon

Xu et al. [49] demonstrated a Simple one-step synthesis route to coated LFP particles with
nitrogen-doped graphite carbon (NGC). The coated carbon layer was about 3 nm. They used chitosan
successfully obtained the nitrogen-doped carbon through the method of freeze-dried and annealed. It
delivered a specific capacity of ~ 155.5 mAh-g* with columbic efficiency ~ 97 % at 0.1C,
63.2 mAh-g ! at 5 C, and columbic efficiency and capacity retention ratio ~ 100 % after 100 cycles.
LFP@NGC cathodes reduced the resistance by 80 % from 1343.0 Q (LFP) to 265.5 Q. The calculation
results from Eq. (5) showed that The LFP @ NGC cathode increases the lithium ion diffusion
coefficient by (9.05x107*? cm?-s) 2000 times than that of the LFP cathode (4.24x10 *5cm?.s™?).

Zreat = Re + Ree + ow™ /2 ®)

Different precursors of biomass have been investigated on LFP by Xiao et al. [59] In the report,
a-D-glucose (aDG), pyromellitic anhydride (PA), soluble starch (SS), citric acid (CA), polyacrylamide
(PAA) and sucrose (SC) were chosen as carbon precursors. The precursors of carbon and LFP were
ball-milled, and then heated in an inert atmosphere. The capacities of carbon coated LFP from different
carbon precursors are listed in Table 4.

Table 4. The capacity of different carbon precursors with LFP

Carbon source Preparation Performances( Ref.
0.1C)
Chitosan Freeze drying te(_:hnology and 155.5 mAh-g-L [49]
annealing

a-D-glucose Ball-milled+ sintered method 138mAh-g*! [59]
Pyromellitic . . L

Anhydride Ball-milled+ sintered method 131mAh-g [59]

Soluble starch Ball-milled+ sintered method 140mAh-g? [59]

Citric acid Ball-milled+ sintered method 148.3mAh-g? [59]

Polyacrylamide Ball-milled+ sintered method 95.4mAh-g*! [59]

Sucrose Ball-milled+ sintered method 153mAh.g [59]

Fructose Hydrothermal treatment 98 mAh-g* [11]

Glucose Carbothermal reduction + 159.3mAh.g 2 [60]
sintering method

In a similar report, Pratheeksha and co-workers [11] investigated in-situ carbon coated LFP
with different carbon sources (glucose/ sucrose/fructose). The raw materials were dissolved in ethanol
solution followed by hydrothermal treatment at 180°C to obtain carbon coated LFP. The carbon coated
LFP from fructose (called C-LFP-F) showed better electrochemical performance in terms of energy
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density and long cyclic, compared with carbon coated LiFePO4 from glucose (called C-LFP-G) and
sucrose (called C-LFP-S). The carbon layer of C-LFP-F was about 5nm, while that of C-LFP-G was
too thickness, and the layer of C-LFP-S was discontinuous. C-LFP-F delivered a discharge capacity of
98 mAh-g %, 48 mAh-gtat 0.1 C, 1 C, respectively.

Liu et al. [60] prepared LFP/C by a carbothermal reduction method, and the glucose was used
as carbon source by sintering. The particle size of lithium iron phosphate got smaller with the more
amount of carbon content. It delivered a high capacity of 159.3 mAh-g* at 0.1C, and the capacity
decreased about 2.2 % after 30 cycles.

Wi et al. [61] reported a porous-carbon/LFP nanocomposite by sol-gel process and the citric
acid was used as the carbon network source. The LFP was coated by porous carbon and the pores were
filled with electrolyte. On the view of the authors, the best performance of electrochemical was a
carbon content of 13.7 wt %, which thickness was about 2.0 nm. At 5 C, it delivered a capacity of 96
mAnh-g. In previous report [62], the BET surface of about 25 nm-size LFP nanoparticles was about 7
m?.g%, while the BET of porous carbon/ LiFePO; of this article was 92 % larger than that reported in
Ref. 62.

In general, biomass is a kind of convenient and easy carbon source to achieve carbon coated
LFP, and the coating method is simple, safe, and environment friendly.

4.2.2 The polymer-derived carbon

Mo and co-workers [63] constructed a unique core-shell architecture to overcome the
disadvantages of conventional LFP material, like low electronic conductivity, poor Li* diffusion
coefficient and so on. The specific resistivity of the LFP@PAB-C (1, 3-diethynylbenzene-derived
carbon) with continuous PAB-C layer was as low as ~ 0.01 Q-cm, and the carbon layer was only 2.5
nm. Even at a considerable discharge rate of 50 C after 200 cycles, the capacity was still remained at
120.2 mAh-g?, which was 88 % higher than that of LFP@GC (carbon from glucose), owing to its
core-shell architecture. Meanwhile, the LFP@PAB-C nanocomposites also showed excellent long
cycling stability, and the capacity remained about 100.6 % at 20C after 1000 cycles.

Zhou et al. [64] synthesized LFP/C by carbothermal reduction method using polystyrene (PS)
spheres as carbon source. With the addition of carbon content increased, the particle sizes of LFP/C
reduced from 1 um to 0.2 um. The electrochemical performance of LFP-3.0%C (carbon content was
3.0 % wt) was the best and delivered 147 mAh-g* at 0.1C. It presented a homogeneous coating with a
thickness of 2.5 nm.

The performances of lithium iron phosphate are related to not only its own morphology and
crystallization degree, but also the thickness of coating carbon film [65], carbon source, pore size and
degree of graphitization of carbon. Cho et al. [66] investigated the relationship between carbon
thickness and capacity, as shown in Table 5.

The thickness of the membrane to a certain extent determined the capacity of the lithium iron
phosphate. Greater than 2V [67], carbon almost could not allow any lithium ion cross, as it became a



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210655 11

natural barrier between lithium iron phosphate and electrolyte [38]. At this point, the ion migration rate
limited the LFP capacity and led to the battery polarization, internal resistance increase, and severe
self-depletion.

In summary, the performance improvement of single factor of morphology is not satisfactory
yet so far. The combination of carbon addition and morphology controlling can build a better
conductive network. Moreover, the degree of graphitization of carbon also affects its performance
[68]. The higher the degree of graphitization, the lower the charge transfer resistance [50]. The dense
graphitized carbon layer can protect the electrode from the electrolyte in some certain extent, but it
also becomes a barrier against the free diffusion of lithium ions. Therefore, it is very important
effective controlling the graphitization and thickness of the surface carbon coating. Some of the data
on the degree of graphitization are showed in Table 6.

Table 5. The comparisons of the conductivity, carbon content, carbon thickness, and discharge
capacity of samples.

Electronic Carbon Carbon Discharge

Materials conductivity  content thickness capacity ggg;?ﬁgﬁ
(S-cm?) (Wt.%) (nm) (mAh-g?)
Pure LiFePOs  5.88x10® 0.02 0 7th=99
Product-0 6.42x10* 1.25 2-6 7th=137
Product-1 6.99x10* 1.67 2-15 7th=141 873hk
12
Product-2 7.11x10* 2.28 4-8 7th=151
Product-3 8.76x10* 2.54 10-25 7th=143
Table 6. The effect of carbon
Carbon content Discharge capacity
(Wt%) (mAh-g1) In/lc Ret () Ref.
9.3 165 0.89 120 [41]
4.7 150 0.9 190 [41]
6.2 163 1.08 103 [48]
6.89 169.3 1.12 137 [42]
7.48 151.1 1.18 350 [42]

4.2.3 MOFs-derived carbon

Due to the great advantages of carbon materials, optimizing MOFs-derived nanoporous carbon
materials (the nanoporous carbons successfully gained by carbonization of MOFs under high
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temperature annealing ) has attracted more and more attention. A stable porous structure can be
obtained from MOFs derived carbon, which can meet the needs of electrochemical applications and
the preparation method is generally convenient and cheap [23]. Introduction of MOFs-derived
nanoporous carbon will greatly improve electrical conductivity of LFP.

Xu et al. [69] reported a method to obtain LFP/Cz-s by in-situ growth ZIF-8 on commercial
LFP and then carbonization of the ZIF-8. The graphite-like carbon layer with metal zinc on the surface
of the samples was approximate 10 nm thick. The discharge capacity and energy were 159.3 mAh-g*
at 0.1 C, 141.7 mWh-g* after 200 cycles at 5.0 C, respectively (the capacity remained about 99 % ).
The performance optimization was mainly owing to the ZIF-8 derived porous graphite-like carbon
layer on the surface of LFP. The LFP/Czr-s had a hierarchical pore structure (size distribution in 1.9-
244.7 nm). The interlaced hole structure was beneficial for electrolyte wetting, charge transfer, lithium
ion diffusion (shorten the path of mass and charge transfer) and volume change of higher degree of
freedom during electrochemical reaction cycle like charge, discharge and so on. The working
mechanism of the coating layer of the LFP/C-ZIF-8 cathode materials was that the ions passed through
the holes on the carbon coating layer to achieve mass transfer, and then the electrons achieved
electricity transfer along the coating layer. Larger holes made up for the shortcomings of traditional
carbon coatings that were relatively dense and affected the entry of electrolyte and subsequently
affected ion transmission. The lithium diffusion coefficient of LFP/C ZIF-8 cathode (1.1708x103
cm?-s1) was about 20 times higher than that of LFP cathode (6.7553x10°cm?-s). Moreover, the Re
of LFP/Czir (188.9 Q) was 57% less than that of the bare LFP (439.3 Q).

Liu et al. [70] synthesized a porous hierarchical composite (LFP/CNWSs) of LFP combined
with MIL-100 derived carbon networks. MIL-100 was used as iron source to generate lithium iron
phosphate in situ, and the ligand was carbonized and coated. The porosity of the CNWs gave the LFP a
larger specific area, so as to better contact with the electrolyte. The LFP/CNWSs with electrical
conductivity of 6.01x102S-cm™ delivered remarkable specific capabilities of 158.1 and 80.4 mAh-g*
at 0.1 C and 20 C, respectively.

There are plenty of types of MOFs, porous, varied in shape and diverse in center ions [71]. It is
highly reasonable to believe that it is feasible using MOFs’ central ions as a raw material to directly
obtain interesting porous electrode materials by an in-situ synthesis method, in addition to using MOFs
material to achieve a porous electric coating on the electrode material that can assist both matter and
charge to transfer. For example, MIL-100(Fe) could be used as an iron source to synthesize porous
lithium iron phosphate.

4.2.4 The doping carbon

Using biomass and MOFs carbon source is convenient to realize in-situ doping carbon with
heteroatoms (e.g., Boron, Phosphorus, Sulfur, and Nitrogen) by a simple treatment process, then the
electrochemical performance of the LFP/C electrode has been further optimized.

In recent years, the doping carbon has been widely investigated. Among all the heteroatoms, N
is the element that attracted the most attention of researchers. Its atomic radius is similar to carbon
atoms which can more easier to achieve doping[72]. The possible presence forms of nitrogen in carbon
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materials include pyridinic N [73], pyrrolic N [74], oxidized pyridinic N [75], and quaternary N [75] as
shown in Figure 3. Some MOFs (ZIF-8, ZIF-67, etc.) can also obtain heteroatom-doped porous carbon
materials by in-situ calcination process owing to their containing heteroatoms (like N) [76, 77]. Sulfur
atom has greater electronegativity and atomic radius than N atom, as the result, the structure defects of
the carbon framework and the free electrons are all remarkably increase [78]. Therefore, both of the
electron conductivity and ion diffusion are greatly improved. The reported advantages of doping
carbon layer are as follows.

O
Q0
R -

9 Quatemary? 8 O

Figure 3. Possible forms of nitrogen in the carbon skeleton

Pyridinic N

&

Pyridinic-N-Oxide

i. A amount of defects in the carbon structure of sp? by nitrogen-doping are contribute to Li*
diffusion in the interface [79].

ii. The electrnic conductivity in electron device can be remarkably increased by nitrogen-doped
carbon [80, 81].

As mentioned above, Yuanyuan Liu et al. [70] coated an N-doped carbon layer on the LFP. The
N-Carbon decreased the R¢t from 62.4 Q to 52.7 Q. The N-doped carbon coated LFP electrodes
delivered super discharge capabilities of 161.5 and 93.6 mAh-g? at the C-rate of 0.1 and 20
respectively, 16.4% and 2.1% more than non-N-doped carbon layer. Xu et al. [49] reported that
LFP@NGC cathodes reduced the resistance by 80 %, and the lithium diffusion coefficient was 2000
time larger than bare LFP. Ou and co-workers [82] obtained N-doped carbon from egg white. The Rt
value for LFP@ N-doped carbon was 20.5 Q less than bare LFP. At the charge and discharge
processes, the Li* diffusion coefficients for LFP@N-doped carbon were estimated to be 1.66x107° and
1.23x101% cm?-s?, respectively.

For other dopants, phosphorus can produce the highest electron modulation efficiency. Because
of P atom has lower electronegativity by it has lone pair electrons in the 3p orbital , and atomic radius
than N atom. the bond length of P-C of is long than the C-C, as the result the deformation of the local
carbon structure [83]. Dan et al. [83] synthesized P-doped carbon from a flake Co-based MOF
(Co2(H20)2[O3PCH2 (CsH4)CH2 PO3]) by heating and then through HCI acid leaching method. Chunlei
Li et al. [84] prepared LFP/C-P electrode with P-doped carbon coated LFP. The value of R¢t was 35.5
Q for LFP/C-P less than LFP/C (371.8 Q). The Li* diffusion coefficient of LFP/C-P



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210655 14

(1.78x10 cm?.s71) was improved by 14 % compared with non-P-doped LFP/C (1.56x10° % cm?.s71).
Zhang et al. [85] synthesized phosphorus-doped carbon layers on the particle surface to increase the
conductivity of LFP, the charge transfer resistance was significantly reduced by 68.6% from 156.5 Q
to 49.1 Q and the lithium ion diffusion coefficients increased from 1.15x1023 to 1.72x10%® cm?.s%. It
also showed the excellent rate capability that the discharge capacity was 124.0 mAh-g* at the rate of
20 C.

Similarly, boron doping is the same as nitrogen doping, the size of boron is near to carbon atom
and the atom of Boron and carbon can form a strong bond, due to the three valence electrons on the
periphery of the boron electron layer [86]. The good natures of B-doped carbon are as follows.

i. The electroneutrality of sp? carbon is destroyed and it creates many active sites [87].

ii. B-doped graphene-based materials show enhanced electrical properties [88, 89].

iii. Boron doping increases amounts of hole-type charge carriers and reduce the resistance [90].

Furthermore, Stadie et al. [91] discovered the Ip/lc decreased with boron content by the direct
synthesis route of benzene and boron tribromide in a fully enclosed instrument at elevated temperature.
Therefore, the degree of graphitization can be increased by doping with boron in carbon in the method.

Dong et al. [92] synthesized boron-doped carbon coated LFP. The discharge specific capacity
of 126.8 mAh-g* at 10 C. At 0.5 C were delivered, the specific capacity reached 160.3 mAh-g. It was
related to its high ion diffusivity and high electrical conductivity. The EIS results showed that charge-
transfer resistances of LFP@B-C composites got smaller that of LFP@C composite, and reduced with
B content.

The researchers would sometimes dope dual elements to modify the carbon, like nitrogen and
phosphorus, boron and nitrogen, etc. Boron and nitrogen co-doped carbon was researched to coat LFP.
The coating of N and B co-doped carbon observably enhanced the performance of electrochemical
because of the atom of nitrogen and boron provide a large number of electron and hole-type carriers.
Zhang et al. [93] reduced the charge transfer resistance of LFP/C-N+B to 1.36x10 S-cm™, which was
much lower than the undoped LFP/C (2.56x102S-cm™). By the way, using the negative direction to
modified LiFePO4 /C-B with nitrogen (to obtain LFP/C-B+N), the electronic conductivity was only
1.30x102 S-cm™. Although it had the highest Ip/lg ratio of 1.30, the dope of boron and nitrogen
facilitated more active sites of electrochemical for lithium ion passage, which generally enhance the
charge and discharge performance.

Moreover, a large number of stable oxygen on phosphorus groups strengthen the surface
wettability of the electrodes, and the improved surface wettability and ion diffusivity are also favorable
for the fast reversible redox reactions [94]. Phosphorous-Nitrogen co-doped carbon (P-N-C) materials
could directly derive from MOFs. Fu et al. [72] used post synthetic modification (PSM) through one-
step pyrolysis to synthesis P-N-C from phosphorus-doped UiO-66-NH>. However, few studies have
reported the nitrogen-phosphorous co-doped carbon to coat lithium iron phosphate. P-N-C modified
electrodes may also be interesting in high rate performance.

On the whole, these doped atoms play important roles in carbon. The performances of lithium
iron phosphate particles modified with doped carbon are much improved. The doped carbon derived
from MOFs is quite convenient to synthesize. One can modify the ligand with substances containing
the target atoms or directly choose the suitable metal-organic frameworks that contain the target atoms
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to achieve the doped carbon by a simple in-situ heat treatment. Moreover, the double elements co-
doped carbon derived from MOFs can be achieved expediently by being infiltrated in a solution
containing the target heteroatoms.

5. CONCLUSIONS

The mechanism and pseudocapacitance characteristics of LFP show that the existence of
pseudocapacitors may provide a possible direction for the actualization of lithium iron phosphate rapid
charge and discharge. For non-coated LFP, the exposure of more (010) face and the greater contact
area with the electrolyte often have a great effect on improving its rate performance and specific
capacity. The application of carbon in lithium iron phosphate has been extensively researched to
enhance the correlation property, including various morphologies of LFP/C composites, carbon
sources and dope-carbon etc. Based on the above researches, carbon film thickness, porosity, specific
surface area and doped heteroatoms have been proved providing the feasibility of quick charge for the
future. Especially, in recent years, the combination of the porous carbon derived from MOFs has been
found a new effective way to enhance the electrochemistry performance of charge and discharge for
LFP electrode, owing to its controllable pore size and properties, convenient synthesis processing (for
example, ZIF-8, MIL-100 and ZIF-67 can be synthesized at room temperature), and in-situ doping
with heteroatoms. However, among the existed researches on porous carbon materials at the lithium
iron phosphate, there is few literatures on MOFs derived carbon modified lithium iron phosphate. The
carbon derived from MOFs has great advantages for mass and electricity transfer and improving the
performance of electrode materials. By the way, the central ions of MOFs also play a certain role in
carbonized MOFs. For example, there is cobalt in ZIF-67 [95], which can improve the conductivity of
carbon [96]. The excellent lithium iron phosphate with appropriate modification will be believed
having a lot of good effects on people's life in the near future.
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