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ABSTRACT: Application of LiFePO4 (LFP) to large current power supplies is
greatly hindered by its poor electrical conductivity (10−9 S cm−1) and sluggish Li+

transport. Carbon coating is considered to be necessary for improving its
interparticle electronic conductivity and thus electrochemical performance. Here,
we proposed a novel, green, low cost and controllable CVD approach using solid
glucose as carbon source which can be extended to most cathode and anode
materials in need of carbon coating. Hydrothermally synthesized LFP nanorods with
optimized thickness of carbon coated by this recipe are shown to have superb high-
rate performance, high energy, and power densities, as well as long high-rate cycle
lifetime. For 200 C (18s) charge and discharge, the discharge capacity and voltage
are 89.69 mAh g−1 and 3.030 V, respectively, and the energy and power densities are
271.80 Wh kg−1 and 54.36 kW kg−1, respectively. The capacity retention of 93.0%,
and the energy and power density retention of 93.6% after 500 cycles at 100 C were
achieved. Compared to the conventional carbon coating through direct mixing with glucose (or other organic substances)
followed by annealing (DMGA), the carbon phase coated using this CVD recipe is of higher quality and better uniformity.
Undoubtedly, this approach enhances significantly the electrochemical performance of high power LFP and thus broadens greatly
the prospect of its applications to large current power supplies such as electric and hybrid electric vehicles.
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■ INTRODUCTION

Olivine-structured LiFePO4 (LFP) is regarded as a very
attractive candidate cathode for large scale batteries for electric
and hybrid electric vehicles (EVs and HEVs) because of its low
cost, environmental friendliness, high safety, high energy
density (578 Wh kg−1.), and long cycle lifetime since its
discovery.1−3 However, poor electronic and ionic conductivity
is the greatest challenge for its practical applications in this
field.4 To address this issue, a variety of methods, such as cation
doping,5,6 surface coating, introduction of conductive
agents,7−12 and size optimization,13,14 were attempted or
combined in most cases to overcome the ionic and electronic
transport limitations.
Of these methods, carbon coating is recognized as a very

effective and commonly used way for improving the electronic
conductivity and thus the electrochemical performance of
LFP.15−19 A uniform carbon coating of LFP with moderate
thicknesses is considered to be essential for excellent rate
capability and long cycle lifetime, as normally required by the
application to EVs and HEVs, which however are often difficult
to achieve.20,21 At present, there are two main ways to realize

the carbon coating: one is the conventional direct mixing
glucose (organic substances containing carbon: sucrose etc.)
with LFP followed by annealing (DMGA)15−19 and the other is
the chemical vapor deposition (CVD).22−27 CVD is generally
recognized as a simple and effective method capable of realizing
uniform carbon coating as the carbon - contained vapor flows
across LiFePO4 to deposit carbon on its surface. In reality,
according to the difference of source supplies this approach can
be categorized into two types. One is to use gases, such as
C2H4, C2H2, or other carbon-rich gases, mixed with H2 or Ar as
carrier and protective atmosphere, and metal salts as
catalyst.22−24 The metal salts introduced usually bring
impurities, and these gases are not benign to environment
and expensive. The other is to use volatile organic liquids as
carbon sources, such as pyrrole monomer,25 methylbenzene,26

or benzene,27 which are carried by the flow of Ar or air. The
organic steams flow across LiFePO4 to form conductive layers
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directly25 or carbon sources26,27 to be carbonized subsequently.
However, these volatile organic liquids are normally both toxic
and expensive.
Therefore, an effective, safe, low cost and controllable CVD

for uniform carbon coating is highly desired. Moreover, the
availability of high quality carbon with uniform and moderate
thickness would ensure sufficiently good electronic conductivity
on one side and not retard the migration of Li+ across an
electrode material on the other side, which consequently makes
it far more promising to explore high power LFP applicable to
EVs and HEVs.
Here we developed a green, effective, low cost, and

controllable CVD recipe using solid glucose as carbon source
and Ar as carrier to carbon coat LFP nanorods uniformly which
were hydrothermally synthesized at low temperature.28 The
carbon coated LiFePO4 nanorods thus obtained are shown to
have both high energy and power densities, excellent rate
capability and long cycle lifetime even at very high charge and
discharge rates such as 100 C (1 C = 170 mA g−1). By
controlling the weight percentage of coated carbon the
electrochemical performance of LFP was optimized, which
was drastically enhanced compared to the optimized perform-
ance of LFP carbon coated through the conventional DMGA.
The influence of the carbon weight percentage on the structure
and electrochemical performance of LFP nanorods is discussed
in detail.

■ EXPERIMENTAL SECTION
Synthesis of Carbon-Coated LiFePO4 Nanorods. LiFePO4

nanorods were hydrothermally synthesized at low temperature using
tetraglycol as surfactant in which the mixture of tetraglycol and
deionized water (80/20, v/v) was used as a reaction medium. The
details can be found in ref 28. The preparation process of carbon
coated LFP nanorods is schematically illustrated in Figure 1. From

Figure 1b the carbon coating using the CVD recipe was carried out in
a quartz tube horizontally located in the furnace. The crucible with
glucose powder as carbon source was placed upstream close to the
crucible with hydrothermally synthesized LFP (labeled by sample H).
The quartz tube was heated up to 550 °C at a rate of 10 °C min−1 and
maintained for 1 h in an Ar flow of 200 cm3 min−1. The furnace was
cooled down naturally with the Ar flow. The weight ratios of 1:1, 2:1,
and 4:1 for glucose to bare LFP nanorods (labeled by C-1, C-2, and C-
3, respectively) were attempted to explore the influence of carbon
content on the structure and electrochemical performance. In addition,
the direct mixtures of hydrothermally synthesized LFP nanorods with
glucose in different weight ratios were also treated under the same

conditions above, and an optimum glucose weight percentage, 15 wt %
(labeled by sample G-15) was obtained.

Structural Characterization. The structure, morphology, carbon
content, and properties of the above samples were studied using X-ray
diffraction (XRD, Rigaku 2400, Rigaku company, Japan), scanning
electronic microscopy (SEM, NanoSEM 430, FEI company, USA),
transmission electronic microscopy (TEM), high resolution trans-
mission electronic microscopy (HRTEM, Tecnai G2 F20 S-Twin, FEI
company, USA), carbon and sulfur analysis (CSA, CS-344, LECO
Company, USA), and Raman spectra (Renishaw Invia, UK),
respectively. The XRD data were collected with a Cu Kα radiation
at 50 kV and 200 mA. The data for Rietveld refinements were
recorded from 15° to 130° with a step size of 0.02°, and a step time of
2s.

Nitrogen adsorption/desorption isotherms were acquired at 77 K
using a Micromeritics TriStar II 3020 instrument (USA). Specific
surface areas and cumulative pore volumes of LFP were calculated by
the Brunauer−Emmet−Teller (BET) and the density functional
theory (DFT) methods, respectively. To evaluate the quality of
coated carbon for samples C-2 and G-15 micro-Raman spectra were
acquired at room temperature with a laser beam size of about 1 μm, an
argon ion laser operating at 632.8 nm and a resolution of 1 cm−1.

Electrochemical Measurements. The active material, acetylene
black and polyvinylidene fluoride (PVDF) with a weight ratio of
70:20:10 were mixed with N-methyl-2-pyrrolidinone (NMP) as the
solvent. The resulting slurry was pasted on an aluminum foil and dried
under vacuum at 100 °C for 12h, which then was punched into circular
cathode and pressed under 20 MPa. The loading density is about 2.0
mg cm−2. The CR 2025 coin cells were assembled in an Ar-filled
glovebox with a lithium metal as counter electrode and Celgard 2316
as a separator. The electrolyte was 1 mol/L LiPF6 dissolved in a
mixture of EC ethylene carbonate (EC), ethyl methyl carbonate
(EMC), and dimethyl carbonate (DMC) with a volume ratio of 1:1:1.
Electrochemical measurements were carried out on a battery test
system (BTS, 5 V; Neware Company, China) at room temperature
(25 °C). The same rates were employed for both charge and discharge.
Electrochemical impedance spectra (EIS) were collected using an
electrochemical workstation (CHI660D, Shanghai Chenghua Com-
pany, China).

■ RESULTS AND DISCUSSION

The XRD patterns of samples H, C-1, C-2, C-3, and G-15 are
presented in Figure 2. All the samples show very similar
patterns in which the reflections can be identified as LiFePO4
except for some minor impurities in sample H. Compared to
samples C-1, C-2, C-3, and G-15 with comparable reflection
intensities the reflections for sample H are weaker, which could
be ascribed to its relatively poorer crystallinity due to lack of
annealing upon carbon coating. To obtain the details of their

Figure 1. Schematic illustration of the preparation process of carbon
coated LFP nanorods. Hydrothermal synthesis (a) and carbon coating
using a CVD method (b).

Figure 2. Experimental, simulated and different XRD patterns of
samples H, C-1, C-2, C-3, and G-15.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01891
ACS Appl. Mater. Interfaces 2015, 7, 11377−11386

11378

http://dx.doi.org/10.1021/acsami.5b01891


structures, we performed Rietveld refinements on the XRD data
using an orthorhombic structure model with space group of
Pnma.29 Their experimental and simulated patterns are found
to agree very well. The refined parameters are outlined in Table
1 from which one can see a lattice contraction along both a and
c but an expansion along b after carbon coating through CVD.
This change was also observed for the samples carbon coated
through DMGA.28 The sizes along the directions normal to
(200), (101), and (020) were estimated according to the
Scherrer equation,30 suggesting a rod-like morphology.28 After
carbon coating the size of nanorods for all samples tends to
increase with a decreased aspect ratio. However, the sharp
corners of bare LFP nanorods appear to be spheroidized due to
carbon coating, which will be shown by the following TEM
images. The changes occurring in morphology and size of LFP
subject to carbon coating through CVD and DMGA are quite
similar. Upon Rietveld refinements the occupancies of Li at the

Fe site and of Fe at the Li site were refined as well. Thus, the
refined formulas could be derived to be (Li0.957Fe0.043)-
(Fe0.944Li0.056)PO4 (Li1.013Fe0.987PO4), (Li0.960Fe0.040)-
(Fe0.941Li0.059)PO4 (Li1.019Fe0.981PO4), (Li0.960Fe0.040)-
(Fe0.939Li0.061)PO4 (Li1.021Fe0.979PO4), (Li0.961Fe0.039)-
( F e 0 . 9 3 6 L i 0 . 0 6 4 ) PO 4 ( L i 1 . 0 2 5 F e 0 . 9 7 5 PO 4 ) , a n d
(Li0.964Fe0.036)(Fe0.936Li0.064)PO4 (Li1.028Fe0.972PO4) for samples
H, C-1, C-2, C-3, and G-15, respectively. The Li site is found to
be occupied by around 4% Fe and the Fe site by around 6% Li
for all samples, also consistent with the results reported in ref
28. All of this clearly reveals that differing carbon coatings had
little influence on the size, morphology and crystal structure of
LFP.
TEM, HRTEM images, and their corresponding fast Fourier

transformation (FFT) for these samples are shown in Figure 3.
TEM observations show a rod-like morphology as well, in
accordance with the XRD results. The combination of HRTEM

Table 1. Refined Parameters for Samples H, C-1, C-2, C-3, and G-15

parameters H C-1 C-2 C-3 G-15

a (Å) 10.3143 10.3080 10.3091 10.3084 10.3116

b (Å) 5.9884 5.9951 5.9954 5.9954 5.9989

c (Å) 4.6991 4.6929 4.6939 4.6928 4.6942

crystallite size 200 56.5 67.5 68.6 64.6 60.5

101 89.7 103.0 107.1 102.9 94.1

020 44.4 70.0 64.2 66.4 71.9

reliability
factors

Rwp 12.8% 11.3% 11.1% 11.1% 11.3%

RB 3.055% 3.119% 3.010% 2.960% 3.252%

S 1.749 1.587 1.552 1.552 1.044

refined formula (Li0.957Fe0.043)(Fe0.944Li0.056)
PO4 Li1.013Fe0.987PO4

(Li0.960Fe0.040)(Fe0.941Li0.059)
PO4 Li1.019Fe0.981PO4

(Li0.960Fe0.040)(Fe0.939Li0.061)
PO4 Li1.021Fe0.979PO4

(Li0.961Fe0.039)(Fe0.936Li0.064)
PO4 Li1.025Fe0.975PO4

(Li0.964Fe0.036)(Fe0.936Li0.064)
PO4 Li1.028Fe0.972PO4

impurities −2.46%

Figure 3. TEM (a, c, e, g, i), HRTEM images (b, d, f, h, j), and their corresponding FFT of samples H, C-1, C-2, C-3, and G-15. LFP is rod-like and
one short axis is along [010], favoring the Li+ diffusion. Note different thicknesses of carbon layers and carbon distribution.
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and corresponding FFT allows one to conclude that one short
axis is along [010], which would undoubtedly favor the
migration of Li+.31−34 Close inspection reveals that LFP
nanorods were uniformly coated with carbon layers with
different thicknesses for samples C-1, C-2, and C-3. By
comparing Figure 3 d, f and h, with the increased weight
ratio of glucose to bare LFP the thickness tends to increase
from 1.8 nm through 2.0 to 2.8 nm, consistent with the
increased weight percentages of carbon as determined by the
CSA, such as 2.25 wt % for sample C-1, 2.35 wt % for sample
C-2, and 3.09 wt % for sample C-3. In sharp contrast, some free
carbon and nonuniform coatings were observed for sample G-
15 with a weight percentage of 3.40% through lots of LFP
nanorods inspection, and even carbon layer as thick as 3.6 nm
was seen, as shown in Figure 3i and j. Though the carbon
coating is not uniform for sample G-15 the thickness of carbon
layer tends to increase with increased weight percentage of
coated carbon. For the hydrothermally synthesized bare LFP
there is no carbon layer at the surface of LFP nanorods, as
shown in Figure 3b. As far as the more macroscopic scale is
concerned, the morphologies for those samples are quite similar
and uniform, as shown in Figure S1 (Supporting Information).
Nitrogen adsorption/desorption isotherm measurements

were carried out to further investigate the size of pores
involved in the samples. Their isotherms and curves of
cumulative pore volume versus pore size are shown in Figure
4. It can be found from Figure 4 a that the isotherms of samples

H, C-1, C-2, and C-3 are different from that for sample G-15.
The formers have a hysteresis loop with P/P0 spanning between
0.9 and 1.0 and the latter has one with P/P0 between 0.5 and
0.8 shown in the inset. Therefore, the formers’ isotherms imply
the presence of very large pores and/or the simple aggregation
and packing of LFP nanoparticles whereas the latter’s one
suggests the presence of some meso- and macropores.35−38

Indeed, Figure 4 b shows that a faster volume increase of pores
smaller than 20 nm takes place for sample G-15 and the

increasing rates of the volumes of pores below 20 nm for
samples H, C-1, C-2, and C-3 are slow and almost same,
whereas the volume of pores larger than 20 nm for sample H
increases even more slowly. The BET surface areas for samples
H, C-1, C-2, C-3, and G-15 are 27.91, 27.39, 29.36, 28.46, and
31.04 m2 g−1, respectively. On the basis of the sizes of LFP
nanorods in Table 1 their corresponding BET surface areas
were figured out to be 28.54, 21.56, 21.94, 22.37, and 22.81 m2

g−1, respectively. The calculated (28.54 m2 g−1) and measured
(27.91 m2 g−1) BET surface areas for sample H are found to
agree well. However, the calculated ones for the carbon coated
samples are all smaller than the measured ones, obviously,
which can be ascribed to their carbon coatings. On one side, the
size increase of LFP nanorods after carbon coating results in a
decrease of the BET surface area, on the other side the
introduction of pores smaller than LFP nanorods leads to its
increase. Thus, the BET surface areas for the carbon coated
samples resulted from the competition between the two
opposite effects in which, therefore, the incorporation of
smaller pores for sample G-15 carbon coated through DMGA
led to a higher surface area.
To gain further insights into the coated carbon the typical

micro-Raman spectra for samples C-2 and G-15 are shown in
Figure 5. Samples C-1 and C-3 exhibit spectra similar to those
of sample C-2 which are therefore not presented. For each
sample we acquired eight spectra at eight different points
selected randomly in which one of them is given in Figure 5
and the others are given in Figure S2 (Supporting
Information). Because of the strong effect of the resonant
enhancement of the carbon coating, its Raman bands dominate

Figure 4. Nitrogen adsorption/desorption isotherms (a) and
cumulative pore volumes versus pore size (b) of samples H, C-1, C-
2, C-3, and G-15.

Figure 5. Raman spectra of samples C-2 and G-15.
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over the bands of LFP.39,40 To analyze the nature of the bands
associated with carbon, the experimental spectra were fitted by
combining four Gaussian−Lorentzian bands. After determining
the baselines the fittings of the bands were carried out by
refining their full widths at half height (fwhm), positions and
intensities, as outlined in Table 2. The bands at around 1330
and 1590 cm−1 are the characteristic bands of carbon assigned
to the D- and G-bands, respectively.41,42 The bands at around
1200 and 1500 cm−1 are considered to arise from poorly
organized carbon materials and defects outside the plane of
aromatic layers.43−45 The intensity ratio of the D- to G-band,
R(λL = ID/IG) related to a laser excitation wavelength, gives
important information on the nature of carbon phase. For
crystalline graphite simply the G-band is present. In fact, R(λL)
can be related to an in plane correlation length Lab, which
quantifies the mean basal plane diameter of graphite parallel to
(001) through a modified Tuinstra−Koenig relation Lab =
C(λL)/R(λL) (400 < λL< 700 nm).46,47 C(λL) is correlated to
the exciting wavelength through C(λL) = C0 + λLC1 with C0=
−12.6 nm and C1 = 0.033.46,47 R(λL) was calculated to be from
1.19 to 2.02 and thus 4.10 nm ≤ Lab ≤ 6.99 nm for sample C-2,
and from 1.9 to 3.86 and thus 2.1 nm ≤ Lab ≤ 4.37 nm for
sample G-15. This clearly suggests that the coated carbon for
sample G-15 was more disordered than that for sample C-2. As
a consequence, the carbon coated using the CVD recipe
reasonably has a better electronic conductivity than that
through DMGA, which would expected to have a different
effect on the electrochemical performance of samples.
To investigate the influences of the ratio of glucose to bare

LFP and of the coating way on the rate performance, rate
capability and discharge curves of samples C-1, C-2, C-3, and
G-15 at different rates are displayed in Figure 6 and Supporting
Information Figure S3, respectively. All samples show quite
similar discharge capacities at 0.1 C, such as 161.32, 161.76,
161.63, and 163.85 mAh g−1 for samples C-1, C-2, C-3, and G-
15, respectively. However, the rate capability of these samples
increasingly differs with increased rates. At the rate of 1 C,
sample G-15 shows lower capacity compared to other samples.
From 50 C on, obviously poorer rate capability was observed
for sample C-3. At 80 C, sample C-1 also begins to have a lower
discharge capacity than that of sample C-2. Nevertheless, all the

samples have quite superior high rate performance. At 100 C,
samples C-1, C-2, C-3, and G-15 have capacities of 108. 64,
111.95, 101.55, and 91.96 mAh g−1, respectively, and still retain
capacities of 47.54, 71.27, 42.48, and 38.35 mAh g−1,
respectively, with the rate up to 250 C. So superior high-rate
performance with a percentage of carbon black additive as low
as 20% is of great practical significance to the application of
LFP to large current power supplies, such as EVs and HEVs,
which is the very goal for researchers to keep pursuing.20,21

More importantly, the discharge curves with well-defined
voltage plateaus for these samples even at very high rates still
are characterized by a typical Li+ insertion dominated process
instead of a Li+ accumulation process at the surface being of a
capacitor-like behavior which LFP usually performs at high
rates, as shown in Supporting Information Figure S3.48 This is
extremely important for its practical use as power supplies of
large current.
To gain further insight into the electrochemical performance

of these samples, their voltages at 50% depth of discharge
(DOD), polarizations, power, and energy densities are shown
in Figure 7. Samples C-1, C-2, C-3, and G-15 exhibit quite
small polarizations of 13.0, 12.3, 11.6, and 14.0 mV at 0.1 C,
respectively, and very high discharge voltages of 2.886, 2.965,
2.906, and 2.880 V at the rate of 250 C, respectively. Sample C-
2 has the highest energy and power densities, such as 358.45

Table 2. Parameters of the D- and G-Band Fitted Using the Four Gaussian−Lorentzian Bands Spectra Recorded at Different
Points of Samples C-2 and G-15a

samples parameters point 1 point 2 point 3 point 4 point 5 point 6 point 7 point 8

C-2 band position (cm−1) D 1325.69 1332.00 1330.92 1334.28 1331.32 1326.69 1329.69 1332.05
G 1592.58 1590.01 1592.82 1590.84 1592.34 1591.21 1593.14 1594.71

FWHF (cm−1) D 193.77 195.17 190.67 176.95 184.77 180.81 210.79 183.98
G 96.49 95.43 95.61 88.33 93.40 98.20 94.79 90.68

intensity (a.u.) D 280996 1896330 733063 1007130 1484980 421197 369376 275216
G 157469 1019460 493188 566183 1007580 355441 182644 167207

ID/IG 1.78 1.86 1.49 1.78 1.47 1.19 2.02 1.65
Lab (nm) 4.64 4.45 5.57 4.66 5.62 6.99 4.10 5.03

G-15 band position (cm−1) D 1337.48 1336.81 1337.65 1338.15 1339.22 1337.39 1343.33 1333.71
G 1594.37 1590.65 1589.58 1589.53 1594.67 1595.01 1593.65 1592.99

FWHF (cm−1) D 221.69 194.97 192.48 183.53 183.89 235.04 173.54 199.37
G 75.98 76.45 74.62 74.22 80.15 78.95 82.58 72.97

intensity (a.u.) D 464577 2248340 2039900 1787210 386666 354327 237646 702918
G 125051 715385 528415 514862 155184 101335 125255 214105

ID/IG 3.72 3.14 3.86 3.47 2.49 3.50 1.90 3.28
Lab (nm) 2.23 2.64 2.15 2.39 3.32 2.37 4.37 2.52

aThose spectra are reported in Figure 5 and Supporting Information Figure S2.

Figure 6. Rate performance of samples C-1, C-2, C-3, and G-15.
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Wh kg−1 and 35.85 kW kg−1 for 100 C, and 271.80 Wh kg−1

and 54.36 kW kg−1 for 200 C, which are quite fascinating for its
practical applications to the large current field. Small polar-
izations are normally the prerequisite that cathode materials
have good electrochemical performance. The very small
polarizations, the very high discharge voltages and the very
high energy and power densities for sample C-2 with a low
percentage of carbon black additive particularly at high rates
here are extremely outstanding among the literature.34,49−52 In
contrast, sample G-15 has the worst performance, which
however still is quite good compared to the literature.53,54

Cycle lifetime is a very crucial parameter for evaluating the
performance of a cathode material, which is extremely
important for applications to EVs and HEVs. Therefore, the
cycling tests of samples C-1, C-2, C-3, and G-15 at the rates of
10 and 100 C at room temperature were carried out. The
dependences of their discharge capacities, energy and power

densities on cycle numbers are shown in Figure 8. Their
capacity retentions after 500 cycles are 92.7%, 96.2%, 97.2%,
and 94.9% for 10 C respectively, and 82.9%, 93.0%, 86.8%, and
73.6% for 100 C, respectively. More importantly, their energy
and power density retentions after 500 cycles are 92.6%, 97.2%,
98.1%, and 94.7% for 10 C, respectively, and 83.3%, 93.6%,
88.1%, and 74.4% for 100C, respectively which are even higher
than their corresponding capacity retentions. The energy and
power density retention actually is a more rigorous evaluation
of the cycling performance of a cathode material as it reflects a
change of the product of discharge capacity and voltage against
cycle number. Sample C-2 has the highest energy and power
density retention after 500 cycles for the rate as high as 100 C
(36 s), which is indeed exciting for its application to large
current power supplies. Though sample G-15 shows the lowest
energy and power density retention at 100 C, it is still quite
good. Due to the unavailability of the cycling performance at

Figure 7. Polarizations, discharge voltages at 50% DOD (a), power and energy densities versus C rates for samples C-1, C-2, C-3, and G-15 (b).

Figure 8. Cycling performance of discharge capacity (a), power and energy densities for the rates of 10 C (b) and 100 C (c) for samples C-1, C-2, C-
3, and G-15.
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high rates, such as 100 C, it is quite difficult to make
comparison to the literature. However, these retentions after
500 cycles at 10 C for all the samples are very high compared to
the reported ones.51,52

To estimate the resistances of samples C-1, C-2, C-3, and G-
15, their EIS were acquired in Figure 9. The parameters derived

from the equivalent model proposed in Figure 9a and the
diffusion coefficients of Li+ calculated from the relationships
between the resistances versus ω−1/2 in Figure 9b are given in
Table 3. In the model, Rs is the resistance of the electrolyte and

electrode, Rf and Rct are the resistances of the films and the
charge transfer, CPEs are the capacities, and Zw is the Warburg
impedance. Samples C-1 and C-3 have the lowest and highest
charge transfer resistances, respectively, and samples C-3 and
G-15 have the lowest and highest film resistances, respectively,
as outlined in Table 3. Sample C-2 has the lower resistances of
both the films and charge transfer. The diffusion coefficients of
Li+ for samples C-1, C-2, C-3, and G-15 are 1.82 × 10−14, 2.25
× 10−14, 2.07 × 10−14, and 0.65 × 10−14 cm2 s−1, respectively,
which seem to be dependent on the resistances of both the

films and charge transfer and are comparable to the values
reported.55−57 The diffusion coefficient of Li+ decreases in the
sequence of samples C-2, C-1, C-3, and G-15, and the rate
performance shows the same change sequence. This implies
that the rate performance is closely related to the diffusion
kinetics of Li+ in the sample. However, the cycling performance
appears not to be directly dependent on the diffusion
coefficient of Li+.
One should bear in mind that the diffusion coefficient of Li+

for sample C-2 with excellent high rate performance was not
higher than but comparable to other normally reported values,
as pointed out above. At 200 C (theoretically 18 s), the
discharge capacity was about 90 mAh g−1, which corresponds to
a real discharge duration of about 9.5 s. If it is reasonably
assumed that at very high rates Li+ insertion/deintercalation
occurred mostly across the outermost layer of LFP in which the
layer thickness is dependent on the real discharge capacity and
the length along [010]. For 90 mAh g−1 and 64.2 nm along
[010] shown in Table 1, the layer thickness for 90 mAh g−1

capacity is about 10 nm, whose discharge duration can be
calculated to be about 44.4 s based on the measured diffusion
coefficient of Li+, 2.25 × 10−14 cm2 s−1. Thus, a relatively large
discrepancy was found between the real (9.5 s) and theoretical
(44.4 s) discharge durations. This discrepancy may arise from
the following facts. First, several methods could be used for the
determination of diffusion coefficient of Li+, and it is hard to
justify which result is true. Normally the diffusion coefficients of
Li+ for LFP (usually determined in the state not subject to
charge or discharge) based on EIS data span a wide range
regardless of whether or not LFP has very good rate
capability.51,59,60 However, EIS is a quite popular method for
the determination of diffusion coefficient of Li+ and thus it is
reliable to make a comparison on Li+ diffusion coefficients for
different samples under the similar measurement conditions.
Second, the diffusion coefficient of Li+ usually varies with
discharge and charge depths,61 and the ionic conductivity is
usually better upon partial charge and discharge. Finally, LFP is
considered to undergo two kinds of phase transitions
dependent on different charge or discharge rates. For low
charge or discharge rates a two phase transition takes place and
for high charge or discharge rates a solid solution phase
transition occurs.62 The migration behavior of Li+ may be
significantly influenced by the modes of phase transition as well.
Therefore, in this case it may be questionable to use the
diffusion efficient of Li+ to calculate the migration time of Li+

with certain particle sizes. In fact, there are some cases that high
rate capability could not be well explained in terms of the
calculated time based on the diffusion coefficient of Li+.51,59,60

In reality, for LFP there are still lots of things to be unveiled,
such as kinetics related phase transition, especially in the cases
of very high rate charge and discharge. Much care should be
taken to assess the high rate performance of LFP based on the
measured diffusion coefficient of Li+.
Carbon coating has been recognized as an indispensible

process for LFP and some other cathode materials to improve
their electronic conductivity and furthermore their electro-
chemical performance.15−19 The quality, distribution, uni-
formity, and thickness of carbon closely related to its coating
way has a significant influence on the electrochemical
performance of cathode materials.58,63,64 In this study, the
CVD approach using glucose as carbon source has been
successfully applied to the carbon coating of LFP nanorods, and
their performance was significantly improved. A combination of

Figure 9. Experimental and simulated impedance spectra of samples
C-1, C-2, C-3, and G-15 (a) and the relationships between the
impedances versus ω−1/2 (b).

Table 3. Resistances Derived from EIS-Based on the
Proposed Circuit Model and the Diffusion Coefficients of
Li+ for Samples C-1, C-2, C-3, and G-15

sample Rs (Ω) Rf (Ω) Rct (Ω) D (cm2 s−1)

C-1 1.57 26.37 11.10 1.82 × 10−14

C-2 2.82 12.54 13.30 2.25 × 10−14

C-3 1.87 5.89 37.81 2.07 × 10−14

G-15 2.39 50.64 29.22 0.65 × 10−14
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TEM, HRTEM, Raman spectroscopy, and carbon weight
determination above revealed that samples C-1, C-2, and C-3
were uniformly coated with high quality carbon with increased
thickness and weight percentage. In sharp contrast, sample G-
15 through DMGA was nonuniformly coated with relatively
poor quality carbon with an optimized weight percentage. The
electrochemical performance of LFP is sensitive to the quality,
uniformity and thickness of carbon layer.
Sample C-2 has the best rate and cycling performance due to

the high quality, moderate and uniform thickness of coated
carbon. However, sample G-15 exhibits the worst rate
performance on account of the relatively poor quality and
nonuniform thickness of carbon. For the low rates (say 20 C)
samples C-1, C-2, and C-3 have both good enough electronic
and ionic conductivity and thus have the almost same rate
performance. With the rate up to 50 C sample C-3 with good
enough electronic conductivity begins to perform somewhat
poorly compared to sample C-2 because of its thicker carbon
layer retarding the insertion/extraction kinetics of Li+, which
results in a higher charge transfer resistance, as shown in Table
3.55 With a further increase of rate up to 100 C the rate
performance of sample C-1 also starts to get poorer due to its
slightly thinner carbon layer responsible for the insufficiently
good interparticle electronic conductivity.55 The cycling
performance of samples appears to be more dependent on
their electronic conductivities, especially for the low rate (say
10 C) with fast enough Li+ migration, as shown in Figure 8.
The unsteady changes of capacity, energy and power densities
with increased cycle number for sample G-15 are probably
related to the nonuniform distribution of carbon, as observed
by TEM and HRTEM.
Different processes of carbon coating resulting in the

different quality and distribution of carbon are readily
understandable. For the CVD approach when glucose is heated
to 550 °C it becomes a fluid in the state of liquid or semi−solid.
At this temperature, the substance containing carbon and
hydrogen can be evaporated to flow with argon to reach the
surface of LFP nanorods in the downstream where the vapor
would condense in the form of very small clusters composed of
carbon or carbon and hydrogen, as shown in Figure 1.65 With
the evaporation going on the carbon layers gradually form and
get thicker and thicker uniformly. Certainly, the higher the ratio
of glucose to bare LFP, the higher the concentration of vapor in
a constant volume of space and with a constant argon flow is,
the thicker the coated carbon layer within the same duration
gets. Therefore, it is reasonable that the weight percentage and
thickness of coated carbon increases in the sequence of samples
C-1, C-2, and C-3 with the increased weight ratios of glucose to
bare LFP, 1:1, 2:1, and 4:1. More importantly, the evaporation
is equivalent to a process of selection, that is, the more active
molecules containing carbon or carbon and hydrogen with
weak interactions to their surrounding can preferentially escape
from the local environment to form the vapor. These selected
molecules can condense on the surface of LFP nanorods to
form the high quality carbon phase. For the conventional
DMGA at 550 °C it is difficult for the glucose fluid in the state
of liquid or semisolid to form uniform layers over LFP
nanorods. To the contrary of the above CVD process, some
molecules with weak interactions to glucose are also evaporated
to form vapor to be taken away by the flow of argon. Thus, the
residues of glucose after evaporation would form the relatively
poor quality carbon phase on the surface of or in between LFP
nanorods. Therefore, it is natural to observe some free carbon

in between LFP nanorods shown in Figure 3i for sample G-15.
In a word, the essential difference for the CVD and DMGA
approaches is that the vapor from glucose forms the carbon
phase for the former, whereas the residues of glucose after
evaporation are carbonized for the latter.
Here, we should point out that the weight percentage of

acetylene black conductive agent for high-rate performance
tests is 20%, higher than normal weight percentage, 10% or
15%. However, in sharp contrast, the weight percentages of
conductive agents used for high rate capability tests were even
much higher in other reports, such as 35% or even 65%.34,50 In
fact, we also tried 10, 15, and 30 wt % conductive agents and
found that the addition of 30 wt % acetylene black did not
cause a significant improvement in high rate performance for
sample C-2. Consequently, 20 wt % conductive additive used in
this study was enough to ensure the sufficiently good electronic
conductivity between particles and thus to allow LFP to
perform very well. This also evidenced the good electronic
conductivity resulting from CVD carbon coating.
To sum up, samples C-1, C-2, C-3, and G-15 show excellent

rate performance and high rate cycling performance due to
good enough intraparticle electronic conductivity (Fe2+

replaced partly by Li+),28 small size along [010] and good
interparticle electronic conductivity as a result of carbon
coating. The more superior electrochemical performance for
sample C-2 can be ascribed to the higher quality, more uniform
and moderate thickness of carbon layer coated by the CVD
approach. Then, it opens up a way to enhance the
electrochemical performance of LiFePO4 by controlling the
synthesis recipes to suppress the occupation of Fe at the Li site
and maintain the moderate occupation of Li at the Fe site.

■ CONCLUSION
A novel, green, low cost and controllable CVD carbon coating
approach using solid glucose as source was proposed. The
coated carbon layer using this recipe is of higher quality and
more uniform thickness compared to the conventional method
through direct mixing with glucose (organic substances)
followed by annealing (DMGA). This approach is universal
which can be extended to most cathode and anode materials in
need of coating carbon. The hydrothermally synthesized LFP
nanorods carbon coated using this recipe show very small
polarizations, superb rate performance, long high-rate cycling
lifetime, and very high energy and power densities. The
electrochemical performance of carbon coated LFP nanorods is
quite sensitive to the weight percentage and thus thickness of
carbon layer. The thickness-optimized sample has a discharge
capacity of 71.98 mAh g−1 and a discharge voltage of 2.965 V
for the charge and discharge rate of 250 C (14.4s). Energy and
power densities as high as 358.45Wh kg−1 and 35.85 kW kg−1 at
100 C, as well as 271.80 Wh kg−1 and 54.36 kW kg−1 at 200 C,
were achieved. High capacity retentions of 96.2% and 93.0%,
and energy and power density retentions of 97.2% and 93.6%
after 500 cycles for 10 and 100 C, respectively were obtained.
This work will bring greater promise for high power LiFePO4
to be applied to large current demands, especially electric and
hybrid electric vehicles.
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