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LiFePO4 is an effective battery material which has gained global focus. In this study, we prepared a novel
Cu*-doped Li[Fep oCug1Lig1]PO4/C cathode material via a carbothermal reduction method using glucose
as carbon source. X-ray diffraction (XRD) patterns and Rietveld refinement on the samples are consistent
with the orthorhombic phase and showed that the substituting Cu* ions and excess Li* ions occupy the
Fe sites. The micro-morphology of the samples indicates that Cu™ doping can decrease the particle size
and maintain the crystal structure of LiFePO4/C. XP spectra confirmed that the surface oxidation states
of Fe and Cu are +2 and +1, respectively. The as-prepared Li[FegoCug1Lig1]PO4/C composite exhibits
enhanced initial discharge capacity (148.8 mA h g™) compared to the un-doped LiFePO,4/C. The
discharge capacity remains at 149.8 mA h g~ after 50 cycles at a rate of 0.2C, which displayed an

excellent cycling stability. Furthermore, the cyclic voltammetry (CV) and electrochemical impedance
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Accepted 7th March 2017 spectra (EIS) results showed that the Cu*-doped LiFePO4/C composite exhibits a higher lithium-ion

diffusion coefficient and lower charge transfer resistance than the undoped counterparts. This study

DOI: 10.1039/c6ra28827h presents a hovel Cu*-doped LiFePO,/C cathode material with enhanced electrochemical properties,
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1. Introduction

Since the first discovery of LiFePO, as a cathode material for
lithium-ion batteries by Padhi et al.' in 1997, the research of
LiFePO, has attracted global interest due to its advantages of
low cost, long cycle life, high theoretical capacity of 170 mA h
g~ ' and environmentally friendly properties when compared
with lithium nickel/manganese/cobalt-ion batteries.»* From the
perspective of kinetics, though the increment resistance related
much to the appearance of FePO, phase, the Li,FePO, system
shows a great rate capacity and cycling life, due to the coherency
strain that suppresses phase separation and makes a single-
phase transform at a very low overpotential.*” However, the
application of LiFePO, has been greatly limited by its low rate
capacity at room temperature resulting from low lithium
diffusion rate and electron conductivity.*® Tremendous efforts
have been made to overcome this shortage, such as carbon
coating,' metal ion or oxide substitution,”** nano-size crystal
particle refinement* and so on. The coating by carbon mate-
rials such as acetylene black, carbon nanotubes, graphene, and
glucose is a promising method to improve the conductivity.'®
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which could be potentially applied as a battery material.

However, carbon coating will also decrease the volumetric
energy density and tap density.”® Surface modification of
LiFePO, with metal ion substitutions, such as Cu*", Mg**, K%,
and Na' have been proven to be effective.'*** Meanwhile,
a suitable synthesis method, including solid state reaction,'” co-
precipitation,*® microwave assisted syntheses,” hydrothermal
syntheses,* solvothermal syntheses,* carbothermal reduction
method,* along with optimized synthesis conditions should
also gain attention to modifying the structure as well as elec-
trochemical properties of the LiFePO, cathode material.
Lithium ion can only pass through one-dimensional curved
channels through an anisotropic transport,” indicating that
every single atom should be put in order. Isovalent or aliovalent
substitution will lead to lattice dislocation or vacancies,
which can accelerate the lithium ion diffusion rate and conse-
quently enhance both the electronic conductivity and phase
transition.>* ¢

In this study, we prepared a novel Cu'-doped Li[FeoCug ;-
Lip1]PO,/C cathode material via a carbothermal reduction
method. Glucose was used as the carbon source because it can
be used as a reducing agent. In addition, glucose can hinder the
agglomeration of the products and control the particle size,
which is important for its electrochemical performance. We
characterized the structure, surface morphology, and chemical
valances of the samples and evaluated their electrochemical
performance.

This journal is © The Royal Society of Chemistry 2017
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2. Materials and methods
2.1. Preparation of LiFePO,/C and Cu’-doped LiFePO,/C

p-(+)-Glucose was obtained from Heifei Bomei Biotechnology
Co. Ltd. (China). LiCH;COO, Cetyltrimethyl Ammonium
Bromide (CTAB), Cu(CH3COO), and silicon (1-3 mm) were
supplied by Shanghai Aladdin Industrial Corporation (China).
FePO,-2H,0, ethanol, and NH,H,PO, were purchased from
Shanghai Sinopharm Chemical Reagent Co. Ltd. (China). All
reagents were used without further purification.

In a typical procedure, FePO, - 2H,0, LiCH;COO, p-(+)-glucose,
CTAB, and ethanol were mixed in stoichiometric proportions and
were ground using a ball-milling (DROIDE, China, PMO0.4L)
method at 600 rpm for 12 h. The percentage dosage of CTAB was
2% of the final product. Then the samples were dried in a fuming
cupboard for about 2 days to avoid the carbonization of glucose,
and were ball milled again for 2 h without adding anhydrous
ethanol. The obtained products were heated at 300 °C for 2 h,
and 650 °C for 4 h under an argon atmosphere. Finally, we ob-
tained LiFePO,/C composites, and the samples were named
according to the percentage dosage of glucose, where glucose
dosage of 10% and 20% indicate the sample name of LFP/G10
and LFP/G20, respectively.

The Cu'-doped LiFePO4/C composite was prepared by add-
ing excess LiCH3;COO, Cu(CH3COO),, and NH,H,PO, during
ball-milling, while all other procedures were kept constant. The
ratio of Li: Cu: Fe: Pwas 1.1:0.1:0.9: 1, and the elemental
composition of this composite is Li[Fey 9Cuy 1Liy;]PO4/C. The
percentage dosages of glucose and CTAB were 10% and 2% of
the final product, respectively. The obtained sample was named
as LCu'FP/G10.

2.2. Characterizations

The crystal structure of the samples was determined by an X-ray
diffractometer (XRD, D/max 2550, Rigaku, Japan) with Cu Ka
radiation at a scan rate of 1° min~'. The micro-morphology was
observed by a Field-Emission Scanning Electronic Microscope
(FE-SEM, 650 FEG, Quanta, USA) at an accelerating voltage of
10-20 kV and Field-Emission Transmission Electronic Micro-
scope (FE-TEM, 2100F, JEOL, Japan) at an accelerating voltage
of 200 kV. The valence states of Fe and Cu were examined by an
X-ray Photoelectron Spectroscopy (XPS, ESCLAB 250Xi, Thermo
Scientific, England) with Al Ka (hv = 1486.6 €V) and 30 eV pass
energy at a step size of 0.1 eV. The carbon content was deter-
mined by a carbon and sulfur analyzer (CS320, YANRUI, China).

2.3. Electrochemical analysis

The electrochemical performance was evaluated in CR2430 coin
type cells. The cathode films were prepared by dissolving
80 wt% as-prepared product and 15 wt% acetylene black in
anhydrous ethanol under ultrasonic stirring. Then 5 wt% pol-
ytetrafluoroethylene (PTFE) was added to form a clay which was
rolled into an 8 mm thick-film. The films were vacuum dried at
120 °C for 1.5 h and then the obtained product was transformed
into an argon-filled glove box for 8 h. Li foil was used as the
counter electrode with Celgard 2500 as the separator. The
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electrolyte was composed of ethylene carbonate and dimethyl
carbonate with a volume ratio of 1:2. The charge/discharge
analysis was performed using a battery testing system
(CT2001A, LAND, China) from 2.3 to 4.2 V at room temperature.
The cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed on an elec-
trochemical workstation (CHI660E, ChenHua, China).

3. Results and discussion

3.1. Characterizations of the samples

Fig. 1 shows the XRD patterns of the as-prepared samples.
Silicon was artificially added to calculated the variation of
diffraction peaks of the samples (the mass ratio between silicon
and sample was 1 : 4). All the diffraction peaks of the samples
can be indexed as an orthorhombic phase with a Pmnb (62)
space group (JC PDF#40-1499). It is indicated that we have
successfully synthesized a Cu'-doped Li[Fe,oCugLig1]PO4/C
composite through a ball-milling method.

After Cu" doping, the XRD patterns exhibited slight changes
due to the similar radiuses (90 pm) of Cu" and Fe*". Calculated
from Rietveld refinement (FullProof: Version: July 2001), as
shown in Table 1, all the samples show comparable lattice
parameters. It is suggested that the doped Cu’ occupied the
sites of Fe. The conductivity of LiFePO, cathode is greatly
limited because of the separation of FeOy octahedron by PO,
tetrahedron and the hexagonal closest packing of oxygen that
restricts the free diffusion of Li".*! The Cu'-doping will cause
lattice defection and enhance the free diffusion of Li'. On the
other hand, the addition of excess Li* ions into Fe sites can
greatly increase the electrochemical conductivity.”

Fig. 2 shows the SEM images of the samples under different
magnitudes. All the samples exhibit comparable surface
morphologies. The obtained LFP/G10 is mainly composed of
spherical particles with diameters ranging from 0.1 to 3 um. The
surface morphology LCu'FP/G10 demonstrates smaller particle
size with a diameter of 0.05-0.2 um. In addition, the Cu*-doped
sample presents narrower particle size distribution. This result
indicates that Cu* doping can decrease the particle size as well
as modify the surface morphology, which is potential for
improving its electrochemical application as cathode materials.

*Si

(111)(201)
(211) (020)

(101)

Intensity(a.u.)

10 20 30 40 50 60 70 80
24/(°)
Fig. 1 XRD patterns of (a) (LCu*FP/G10), (b) (LFP/G20) and (c) (LFP/

G10). Si was artificially added as a reference material to normalize the
diffraction peaks of the samples.
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Table 1 Lattice parameters of LFP/G10 and LCu*FP/G10. The stan-
dard LiFePO, (PDF#40-1499) was also shown for comparison

a (A) b (A) c(A) v (A%)
PDF#40-1499 6.0189 10.3470 4.7039 293.00
LFP/G10 6.0157 10.3408 4.7056 292.72
LCu'FP/G10 6.0149 10.3392 4.7054 292.63

500 nm

500 nm

Fig. 2 SEM images of (a and b) LFP/G10, (c and d) LCu*FP/G10.

Fig. 3 shows the TEM, high-resolution TEM (HRTEM) and
selected area electronic diffraction (SAED) images of LFP/G10
and LCu'FP/G10. Both the as-prepared samples were coated
with a 3-4 nm transparent film of carbon layers. They also show
identical lattice spacing of 0.245 nm and 0.183 nm, which are
corresponding to the (101) and (201) crystal planes of the
orthorhombic LiFePO,. It is suggested that the Cu'-doping
didn't significantly change the crystal structure of LiFePO,.
SAED images of the samples revealed the crystalline nature as
predicted by XRD results. The LCu'FP/G10 sample with

100 nm

(d)

200 nm
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a shorter b-axis and uniform lattice spacing assures its better
electrochemical performance than the un-doped sample,
because the Li* ions mainly diffuse along the b-axis in the
orthorhombic LiFePO,.> The coating of conductive carbon on
the particles provides an effective diffusion path for electrons
and decreases the particle size. Meanwhile, there were no Cu'-
related peaks observed or any appreciable change of diffraction
peaks in XRD patterns, indicating a quite low amount of
impurities.

3.2. XPS studies

XP spectra were applied to testify the surface oxidation states of
Fe and Cu in the Cu'-doped composite. Fig. 4 shows the binding
energy of Fe 2p, Cu 2p spectrum and the kinetic energy of Auger
Cu LMM spectrum calibrated by assigning the C 1s peak to
284.9 eV. The Fe 2p spectrum consists of Fe 2p;/, and Fe 2py,
components and each component contains a main peak and
a related shake-up satellite resulted from spin-orbit coupling.?®
The binding energy and kinetic energy position of the main
peak closely related to the valence of Fe and Cu. In the standard
sample of Fe;0,,> the Fe 2p;/, spectrum consists of nine peaks,
where 708.3, 709.3, and 710.4 eV binding energies are associ-
ated with Fe®" valence state and the peaks at 710.2, 711.3, 712.4,
and 713.6 eV relate to the Fe*" valence state. For a Fe* ion in
LiFePO, sample,”® the Fe 2p;, and Fe 2p,, main peaks are
located at 710.5 eV (explained by multiple effects, rather than
the presence of Fe** ion) and 724 eV, respectively. For a Fe*" ion,
the FePO, sample®® shows a higher binding energy at 712.5 eV
for Fe 2p;/, and 726 €V for Fe 2p,,,, on the premise of C 1s at
284.6 eV. Fig. 4a shows four peaks at the binding energies of
709.88, 710.18, 710.58, and 710.78 (main peak) eV for Fe 2ps/,
and 724 eV for Fe 2p,,,, which are related to Fe>* valence state.
The slightly shifting to a higher binding energy than Fe;O,
mainly results from the higher electronegativity of phosphorus
for forming the bonds Fe-O-P than Fe-O-Fe.*

201)
(100) == [ (101)
B g

~(001)
T

(000)

(201
(001

QUL

(000 )»=
(010)—=
(020) >+

Fig. 3 TEM, HRTEM, and SAED images of (a, b, and c) LFP/G10 and (d, e, and f) LCu*FP/G10.
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Fig. 4 Fe 2p and Cu 2p spectra of LCu*FP/G10.

The XP spectrum of Cu 2p is composed of two mean peaks at
about 932.8 eV (Cu” or Cu®) and 935.3 eV (Cu®") with a charac-
teristic shake-up satellite at 938-945 eV and 958-965 eV, on the
premise of C 1s at 284.9 eV.** Many authors use the presence of
the strong characteristic shake-up satellite to indicate the pres-
ence of Cu®>*.**> Auger Cu LMM spectra with larger chemical
shift were also collected to identify the valence of Cu, where the
Wagner plot indicates the presence of Cu’ at a kinetic energy of
916.8 eV, Cu’ at 918.6 eV, and Cu*" at 917.7 eV.*** Fig. 4b shows
a main peak at the binding energy of 932.58 eV and a wake shake-
up satellite at 938-945 eV and 958-965 eV that associated with
Cu" or Cu’. Meanwhile, Fig. 4c exhibits the main peak at kinetic
energy at 916.8 eV that related to Cu'. These results indicate that
the Fe*" and Cu®" in the raw materials have been reduced to Fe**
and Cu’ during sample preparation.

3.3. Cyclic voltammetry

Fig. 5 shows the CV curves of the as-prepared samples at
a potential range of 2.8-4.0 V and a scan rate of 0.1 mV s " vs.
Li"/Li at room temperature. All the samples exhibit a charge
voltage peak at around 3.5-3.6 V and a discharge voltage peak at
around 3.2-3.3 V, corresponding to the insertion and extraction
of Li" ions in the Li,FePO, system, respectively. The symmetry of
charge-discharge peaks demonstrates the delithiation/
lithiation reversibility of the as-prepared active materials and
the voltage space between charge-discharge peaks indicates the
polarization degree of the electrode.*® The charge-discharge
potential space of the LCu'FP/G10 sample is lower and the

3.0r

——LFP/G20

N 20l —LFP/?10
< —— LCu"FP/G10
€ 1.0t
S 00
2
S -1.0F
O

20F

28 30 32 34 36 38 40

Potential (V)

Fig. 5 CV curves of the samples at a scan rate of 0.1 mV s 1.
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redox intensity is higher than other samples, indicating
improved kinetic properties and accelerated lithium ion diffu-
sion, which enhance the reaction reversibility and electro-
chemical properties of the electrode. The CV results testified
that Cu" doping can enhance the lithium ion diffusion kinetics
and related electrochemical properties.

3.4. EIS measurements

EIS was performed with an AC voltage amplitude of 5 mV and
a scanning frequency range of 0.1 Hz to 100 kHz to further
explore the effect of Cu’ doping on the cell impedance. As
shown in Fig. 6a, an intercept is observed in high frequencies
along with a semicircle and a straight line in middle and low
frequencies, respectively. The ohmic resistance (R) of the cell
including electrode and electrolyte resistance corresponds to
the intercept observed in the high-frequency region at the Z’
axis. The charge transfer resistance (R.) occurring at the
electrode/electrolyte interface attributes to the semicircle
diameter at the Z' axis.***® The straight line in the low-
frequency range is known as Warburg impedance (Z), which
is associated with the diffusion of the lithium ions between
electrode active material and electrolyte. The exchange current
density (i,) indicates the polarization and reversibility of the
electrode. The lithium-ion diffusion coefficient (Dy;-) was
calculated using the following equation:

R*T?
Dy = 282t F4cto,?

(1)

where Dy is the lithium-ion diffusion coefficient (cm® s™"), R is
the ideal gas constant (8.314 J mol ™' K %), T is the absolute
temperature (K), S is the surface area of cathode (cm?), n is
number of electrons (n = 1), F is the Faraday constant (96.5 X
10° C mol™"), C is the lithium-ion concentration (2.29 x
102> mol cm?) and o, is the Warburg factor (Q cm s ') which
has a relation with Z' as follows:

Z =R+ Ry + ayw

(2)

The exchange current density (i,) was calculated using the
following equation:
RT

‘o= LFR, (3)

RSC Adv., 2017, 7, 16984-16990 | 16987
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(a) EIS and the equivalent circuit of the as-prepared samples and (b) relationship plot between Z’ and the reciprocal square root of

Table 2 EIS parameters of the as-prepared samples obtained from equivalent circuit fitting

Sample Rs (Q) Rt (Q) oy (Qcms™) Dy (em® s i, (MA cm™?)
LFP/G20 1.37 159.90 106.24 2.51 x 107 1.61 x 10
LFP/G10 3.08 120.90 55.19 9.29 x 10 ** 2.12 x 107*
LCu'FP/G10 0.32 98.62 48.89 1.18 x 10 ™ 2.60 x 10°*

The EIS parameters of equivalent circuit calculated using eqn
(1)—(3) are recorded and shown in Table 2. Fig. 6b shows the
relationship between Z' and the reciprocal square root of
frequency (™) in the low-frequency region. The LCuFP/G10
sample exhibits the highest lithium-ion diffusion coefficient
(D) (1.18 x 107** ecm? s ") and the lowest charge transfer
resistance (R.) (98.62 Q) among all the samples. This result
indicates that Cu' doping improved the electronic conductivity
and electrochemical performance of LiFePO, cathode material.

3.5. Discharge capacity and cycle performance

Fig. 7 presents the initial charge-discharge curves of the
samples at a rate of 0.2C between 2.2 V and 4.2 V at room
temperature. Table 3 lists the carbon content of the samples.
Carbon coating can increase the conductivity, but it also can
decrease the volumetric energy density and tap density.'® The
initial discharge capacity of LFP/G20 (105.2 mA h g~ ') is smaller

40f

S 35

(0]

(@]

S 30t

(@]

= — LFP/G20
251 — LFP/G10

—LCu*FP/G10

0 2IO 40 60 8|0 160 1é0 14|10 160
Discharge capacity/mAh/g

Fig. 7 Initial charge—discharge curves of LFP/G20, LFP/G10, and
LCu*FP/G10 at a rate of 0.2C.
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than that of LFP/G10 (130.8 mA h g™"), indicating that with 15
wt% acetylene black taking into account, the addition of 10% b-
(+)-glucose of theoretical product had an obvious advantage
over 20% to enhance the electrochemical properties of samples.
The LCu'FP/G10 shows the highest initial discharge capacity
148.8 mA h g at 0.2C, consistent with the statement that the
doping of Cu” and excess Li* ions in the Fe sites can enhance
the electrochemical capacity of the samples.

The cycle performance of the samples is shown in Fig. 8. All
the samples showed excellent reversible cycle performances.
Fig. 8a presents the cycle performance of the samples for 5
cycles at a rate of 0.2C, 0.5C, 1C, and 2C, respectively. Fig. 8b
presents the performance at a 0.2C rate for 50 cycles. The initial
discharge capacities of the modified sample LCu'FP/G10
exceeded that of LFP/G10 which was also higher than that of
LFP/G20 at all discharge rates. After 50 cycles, the LCu'FP/G10
sample remained a high discharge capacity of 149.8 mA h g™,
meanwhile, the LFP/G10 and LFP/G20 samples also raised to
132.4 mA h ¢ ' and 111.2 mA h g7, respectively. Lithium ion
can only pass through one-dimensional, curved channels
through an anisotropic transport,® meaning that every single
atom should be put in order. Cu” ions substitution will lead to
lattice misfit and vacancies on the lithium site, thus accelerate
the lithium ion diffusion and enhance both the electronic

Table 3 The carbon content of the samples

Samples LFP/G20 LFP/G10 LCu'FP/G10
Carbon content (wt%) 4.98 2.54 2.48
Initial discharge 105.2 130.8 148.8

capacity (mA h g ') at 0.2C

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 SEM images of (a) the original LCu*FP/G10 sample, (b) the electrode before cycling, and (c) the electrode after cycling.

conductivity and phase transition. All the results showed an
excellent cycling stability of the three samples while the modi-
fied sample LCu'FP/G10 displayed an obvious enhancement
concerning about the initial discharge capacity at all discharge
rates.

The SEM images of the LCu'FP/G10 sample after 50 charge/
discharge cycles were performed to examine the areal loading of
the active material and the corresponding electrolyte in a cell, as
shown in Fig. 9. The coin-cell was disassembled inside the glove
box to avoid the redox reaction of the active electrode material,
then the active electrode material was washed with ethanol and
stood still for 30 min. Comparing with the obtained SEM
images of the areal loading of the active material and the cor-
responding electrolyte before (Fig. 9b) and after cycling (Fig. 9¢),
it can be seen that the morphologies of as-prepared cathode
dispersed homogeneously in carbon stays intact after 50 charge/
discharge cycles.

4. Conclusions

In summary, we prepared a novel Cu'-doped Li[Fe oCug 1Lig 1]
PO,/C cathode material via a carbothermal reduction process
using glucose as carbon source. The XRD patterns, SEM, TEM,
and XP spectra showed that we have synthesized an ortho-
rhombic phase Cu'-doped Li[FeyoCuy1Liy1]PO4/C composite
with Cu" and Li" ions partly occupied the Fe sites. The Cu'-
doped Li[Fe, 9Cug 4Lio1]PO4/C composite delivered the best
initial discharge capacities at rates of 0.2C, 0.5C, 1C, and 2C
(148.8, 133.9, 124.2, and 116.2 mA h g, respectively). The

This journal is © The Royal Society of Chemistry 2017

electrochemical capacity remains 149.8 mA h g~ " after 50 cycles
at a rate of 0.2C, showing an excellent cycling stability. Based on
the CV and EIS results, the Cu" doping decreased the charge
transfer resistance (R.) of the sample. The lithium-ion diffusion
coefficient (Dy;-) of the Cu'-doped composite is the highest
among all the as-prepared samples because Cu" and some Li"
ions occupied the Fe site of LiFePO, composite. The enhanced
electrochemical property of Cu‘-doped Li[Feq.oCuyg 1Lig1]PO4/C
material makes it a potential efficient battery material.
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