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Abstract: The Ti doped LiFePO, samples, i.e., LiFe; ,Ti.,PO,(X=0.01, 0.03 and 0.05), were prepared by a modified solid state method.
The obtained samples were thoroughly characterized by X-ray diffraction (XRD), scanning electron microscope (SEM) and transmission
electron microscope (TEM). XRD patterns indicated that an olivine-type LiFePO, was fabricated, and SEM images revealed that the parti-
cle size of LiFey.o9TigoPO4 was the smallest among the obtained samples. The charge-discharge curves showed that LiFey 9Tigo;POy4 de-
livered the discharge capacity of 153.5 mAh/g at 0.2 C, the largest one among the as-prepared samples, which is rather different from the
published report that LiFe ¢;Tip93P0, manifested the most promising cycling performance among the samples of LiFe, ,Ti,PO,(X=0.01,

0.03, 0.05, 0.07 and 0.09).
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1. INTRODUCTION

Olivine-type LiFePO, has been widely investigated as a cathode
material especially since its first publication by Goodenough and
its coworkers in 1997[1]. LiFePO,4 has many advantages, including
low environmental impact, low cost, and high thermal/chemical
stability, when compared to the conventional cathode materials
such as LiCoO,, LiNiO, and LiMn,04[2]. However, poor electrical
conductivity and weak rate capability have greatly limited its ap-
plication, especially in the fields of electric vehicles (EV) and
hybrid electric vehicles (HEV) [2]. Thus, many methods have been
developed to solve the above problems [3]. Generally, there are
two typical methods to improve the properties of LiFePO,. The
first one is to use carbon-coating or carbon-doping method to en-
hance the conductivity of the cathode materials. For example, Gu
et al.[4] reported the synthesis of LiFePO,-multiwalled carbon
nanotubes (MWCNTSs) composites prepared by a hydrothermal
method, where carbon nanotubes were employed as the carbon
sources. Peng et al.[5] published his work on the preparation of
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LiFePO,/carbon composites fabricated by a soluble starch sol as-
sisted simple rheological phase method. The second is to use
metal-element doping, i.e., using a substitutional metal doping for
Fe to improve the bulk electronic conductivity. For instance, Jang
et al.[6] probed the Cr-doped LiFePO, and pointed out that the
chromium doping can facilitate the phase transformation between
triphylite and heterosite during cycling, due to the fact that the
doped Cr can replace Fe and/or Li sites in LiFePO, Wang et al.[7]
investigated the Ni-doped LiFePO, and found that the doped Ni**
not only maintained the phospho-olivine structure of LiFePO,, but
also enhanced the electronic conductivity of LiFePO, greatly, in
which the reason to cause these phenomena was not presented.
Many metal elements such as Cu [8] and Mn[9] were also doped
into LiFePO,, with an intention to enhance the electrochemical
performance of LiFePO,.

Ti has been doped into LiFePO, by many different methods. For
example, Wu et al.[10] reported the preparation and characteriza-
tions of the Ti**-doped LiFe, Ti,PO,, in which Ti** was doped in
the form of TiO, and LiFe, Ti\PO, was synthesized via a solution
route followed by a heat-treatment at 700 °C for 8 hours under N,
flowing condition. The prepared LiFe(9;Tip03:POs powders were



64 Kegiang Ding et al. / J. New Mat. Electrochem. Systems

found to demonstrate the most promising cycling performance.
While, Okada et al.[11] reported that Ti doping was not effective to
improve the rate capability of LiMnPO,. Wu et al.[12] pointed out
that the TiO,-coating imposes a deteriorating effect on the cycle
performance of the LiFePO,/carbon composites, though the TiO,
coating reduces the capacity fading of the LiFePO./Li cells. Thus,
the discrepancy on the influence of Ti doping on the electrochemi-
cal performance of LiFePO, intrigued us to probe the Ti doping
further.

In the present study, a modified solid-state reaction without inert
gas protection was introduced to prepare LiFePO, doped with dif-
ferent Ti levels in a carbon-coated crucible. LiFe Ti,PO, with
three different Ti doping levels were synthesized (X=0.01, 0.03 and
0.05). The effects of Ti doping on the particles were investigated.
The electrochemical performance of the cells comprised of the
obtained samples at room temperature was well measured by cyclic
voltammetry (CV) and galvanostatic charge/discharge tests. The
possible mechanism of preparing the Ti-doped LiFePO, was also
proposed based on the results from FT-IR spectra and TG-DSC
measurement.

2. EXPERIMENTAL

2.1. Materials

All the wused materials, including a-Fe,O;, LiOH-H,O,
NH4H,POy,, TiO,, glucose and oxalic acid, were all purchased from
Tianjin Chemical Reagent Co. Ltd. All materials used in the elec-
trochemical measurement, such as acetylene black, polytetrafluoro-
ethylene (PTFE) binder, electrolyte of 1 M LiClO4 and the cell
were all supported by the Tianjin Lianghuo S&T Developing Co.
Ltd. All the chemicals are used as-received without any further
treatment.

2.2. Preparation of LiFe, ,Ti,PO,

Briefly, based on the molecular formula of LiFe, ,Ti,PO4 (x =
0.01, 0.03, 0.05), stoichiometric amount of o-Fe,O;, LiOH-H,O0,
TiO,and NH4H,PO4were mixed thoroughly with 9 wt% glucose
and 30 wt% oxalic acid, which was dissolved in distilled water to
form a brown-red suspension solution. The solution was then dried
at 150 °C for about 13 hours until fluffy powders were obtained.
After cooling down to room temperature, the resultant powders
were thoroughly ground in a mortar and placed in a crucible. And
then the crucible was covered by carbon powder (~10.0 g), leading
to a carbon-coated crucible, denoted as a carbon-coating method.
The carbon-coated crucible was transferred into an electric furnace
with temperature controlled at 700 °C for 3 hours without nitrogen
gas flow. As a result, samples of LiFeygoTigo; POy,
LiFeyo7TipsPOs and Li FeyosTiposPOs were prepared. For
comparison, pure LiFePO, was also prepared by following the
above procedures in the absence of TiO,. It should be mentioned
that the simplicity and the lower cost are the main advantages of
this developed carbon-coating method, when compared to the
traditional method using the inert gas as the protection gas.

2.3. Characterization

X-ray diffraction (Bruker AXS, D8 ADVANCE, Germany) was
used to examine the phase homogeneity. The particle morphology
was observed by scanning electron microscopy (HITACHI, SEM
S-570) and transmission electron microscopy (HITACHI, TEM H-
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Figure 1. XRD patterns of the as-prepared LiFePO, samples. (a)
LiFeo99Tio. 01PO4, (b)LiFeqgoTig. 03POs and (c)LiFeggsTig. 0sPOs.
The circled diffraction peaks are used for comparison.
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spectrometry  (FT-IR)
on a Hitachi FT-IR-8900
spectrometer (Japan). The thermal behavior of the precursor was
characterized with a thermogravimetric anylyzer (TGA7, Perkin-
Elmer, USA) and a differential scanning calorimetry (DSC7,
Perkin-Elmer, USA) under nitrogen flow. The sample was heated
from ambient to 800 °C at the rate of 10 °C min™.

The cathodes used for the electrochemical characterization were
fabricated by blending the prepared active material powders with
acetylene black and polytetrafluoroethylene (PTFE) binder in a
weight ratio of 85:10:5. Two-electrode electrochemical cells
consisting of lithium metal foil as the negative electrode, Celgard
2400 separator, and an electrolyte of 1 M LiClO, in ethylene
carbonate (EC):diethyl carbonate (DEC):dimethyl carbonate
(DMC) (2:5:11, vol.) were assembled in a nitrogen-filled glove
box. The electrochemical cycle tests were performed using a
LAND series battery testing system (Wuhan Kinguo Electronics
Co., Ltd. China) at various rates (1 C=170 mAh/g) between 2.7 and
4.2 'V at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characterization of the as-prepared LiFe;.
xTixPOy4

Fig. 1 shows the XRD patterns of the prepared samples. The

XRD patterns of all the obtained samples are consistent with the

Table 1. Crystal parameters of as-prepared LiFePO,

Lattice parameters Crystal Cell Volume
samples . ) . N
adA bAoA v/ (AD
LiFePO, /C 10319 6.001  4.693 290.61
LiFe ¢ TipPOs/C  10.322 5997  4.702 291.06
LiFe(¢7Tip;PO4/C  10.321  6.003  4.693 290.76
LiFeo9sTiposPO4/C 10317  6.005  4.692 290.68
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Figure 2. SEM microstructures of the as-prepared (a) LiFePOy,, (b)
LiFeo99Tip01POy4, (€) LiFeoo7Tigo3sPO4 and (d) LiFeqos5TigsPOs.
The circled particles in image d are thought as TiO, particles

standard XRD patterns of LiFePO, very well, indicating that the
olivine phase of LiFePO, is prepared by this carbon-coating
method [13]. Based on space group Pnma, the lattice parameters
obtained from Rietveld refinement are shown Table 1[14]. For pure
LiFePO,, the lattice parameters are: a=10.319 A, b=6.001 A,
¢=4.693 A and V=290.61 A’, while for LiFeqgoTioPO4: a=10.322
A, b=5.997 A, c=4.702 A and V=291.06 A’. These estimated lattice
parameters are very close to the reported data of LiFePO,[15]. For
example, the lattice parameters for pure LiFePO, are reported [16]
to be: a=10.2923 A, b=6.0085 A, c=4.7126 A and V=291.4332 A’.
The values of a, ¢ and V for the LiFe(¢yTig0PO4 sample are the
largest among all the prepared powders, Table 1, indicating the
doped one had the widest Li* ion pathway[17]. Also, the lattice
parameter b of LiFeg9TipoPO4is the smallest one among these
samples. The decrease of the lattice parameter b is proposed to
shorten the diffusion distance of Li ions and enhance the Li*
intercalation/de-intercalation process[18]. Meanwhile, the intensity
of the XRD patterns of the LiFe(99Ti01PO4 powders, the circled
part in Figure 1, became slightly stronger when compared to that of
pure LiFePQO,, which indicates an increased crystallinity [19].
Figure 2 shows the SEM microstructures of the as-prepared
samples. Pure LiFePO, is observed to be irregular and layered
particles, Figure 2(a). While for LiFe( 99Tio01PO,4, more regular and
ball-shaped particles are observed, Figure 2(b). With the increase of
Ti content, more irregular particles were displayed, Figure 2(c&d).
Interestingly, for the LiFeggsTiposPO4, as shown by the circled
particles, some small particles were clearly observed. The
morphology of LiFeg9Tip01POy4 is almost identical to that of the
reported LiFePO,[20], in which LiFePO, was prepared by a one-
step microwave method using CH;COOLi2H,0 and FeSO,as the
starting materials. Obviously, the particle size of LiFeqggTigPO4
is the smallest one among the obtained samples. As reported by
Gaberscek et al., [21] the smaller size favors the intercalation/de-
intercalation process of the Li ions and the discharge capacity drops
more or less linearly with increasing the particle size. Thus,

Figure 3. TEM images of the as-prepared samples. Image (a)
LiFCPO4, (b) LiFCQAggTiQA01PO4, (C) LiFCQAggTiQA03PO4aI]d (d) Li
Fe95Tip0sPO4. The marked nano-web structures by green arrows
correspond to carbon, and the circled particles in image d are TiO,
particles

LiFeq 99Tig.01PO4
performance.

Figure 3 shows the TEM microstructures of the obtained
samples. The particle size of the LiFePO; is in the range from 120
to 310 nm; while the LiFeqg9Tip PO, particles are in the range
from 110 to 350 nm, which is consistent with the SEM
Observations, Figure 2. For LiFeO'97Ti0'03PO4 and LiFeo,95Ti0'05PO4,
the particles sizes are from 100 to 290 nm and from 120 to 240 nm,
respectively. Some small particles are also observed in
LiFe(95Tig0sPOs. Wu et al.[10] pointed out that TiO, could be
observed with TEM in the Ti*’-doped LiFePO, prepared with
doping level higher than 5 mol%. Also, the nano-web structures in
the light grey region around the particles, marked with arrows in
Figure 3, correspond to carbon [22], which favors an enhanced
electrical conductivity of LiFePO,[23].

implies its promising electrochemical

3.2. Electrochemical performance of the as-
prepared samples

Figure 4 shows the typical charge-discharge curves of the cell at
0.2 C rate using the as-prepared samples as the cathodes. The cells
were cycled at 0.2 C rate between 2.7 and 4.2 V vs. Li/Li*, two
voltage plateaus at around 3.46 V in the charging cycle and at about
3.38 V in the discharging cycle, corresponding to the lithium
deintercalation and intercalation[24], are clearly displayed. And the
initial discharge capacity for LiFePQ,4, LiFeg9TigoPOy4, Li
Fe()_97Ti()_03PO4 and Li F60A95T10A05PO4 at 0.2 C are 1316, 1535,
139.3 and 102.3 mAh/g, respectively. The content of Ti is observed
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Figure 4. The charge and discharge curves of as-prepared samples
of (a) LIFGPO4,(b) FeolggTiO.m PO4, (c) LiFe()‘ggTiO. 03 PO4, and (d)
Li Feo_95Ti0_ 05 PO4 at 0.2 C.
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Figure 5. Cycling performance of the cells assembled by obtained
samples at 1 C. Lines a, b, ¢ and d are for LiFePO,,
LiFeolggTiol()]POz;, LiF80497TiO.03P04 and LiFeO.95Ti0405PO4,
respectively.

to have a dramatic effect on the discharge capacity value. The
LiFe( 99Tig0;PO,4 delivered the largest discharge capacity among as-
prepared samples. The discharge capacity value of LiFeg9Tiy.
01POy is comparative to the value of 157 mAh/g at 0.2 C as
reported by Huang et al.[24] While, Wu et al. reported[10] that
LiFe(97Ti3PO4 showed the largest initial discharge capacity of
135 mAh/g at 30 °C and 0.1 C rate among the as-prepared samples.
The discrepancy is attributed to the different preparation and
measuring conditions.

Figure 5 shows the specific discharge capacity of the as-prepared
samples as a function of the cycle number at 1 C at room
temperature.  The discharge capacity for the second cycle
COITCSpOIldiIlg to LiFePO4, LiFeolggTiQo]POM LiFCO.97Ti0.03PO4 and
LiFe95TiposPOs at 1 C is 101.3, 128.3, 111.6 and 79.6 mAh/g,
respectively, while after 30 cycles, the discharge capacities are
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Figure 6. . Cyclic voltammograms (CVs) of the cells assembled by
the as-prepared samples. Black, red and blue curves correspond to
the cell assembled by pure LiFePO4, LiFe(g9Tipo1POs and
LiFe 97 Tip 03POs, respectively. Scan rate: 0.5 mV/s.

108.9, 126.7, 118.7 and 86.1 mAh/g, respectively. It can be
concluded that a satisfactory cycle performance is well displayed
by all samples.

Figure 6 shows the cyclic voltammograms (CVs) of the cells
assembled by the as-prepared samples. Well-defined redox peaks
corresponding to the intercalation/de-intercalation of the lithium
ions were observed in all the cells, indicating that Li ions can
intercalate/deintercate in/from the as-prepared LiFePO, freely. For
pure LiFePO,, the oxidation and reduction peaks appear at around
3.719 and 3.206 V, respectively. For LiFeqgoTig PO, and Li
Fe97Ti903PO4, the oxidation and reduction peaks appear at around
3.638 and 3.282 V, 3.640 and 3.215 V, respectively. The peak
potential difference AE, (4E,=E,, E,., E,,is the anode peak poten-
tial, and E,. is the cathode peak potential) for LiFePO,,
LiFColggTiol()]POz; and LiFCO.97Ti0.03PO4 are 513, 356 and 423 mV,
respectively. A smaller peak potential difference 4E, normally
indicates a more reversible process [25,26]. Therefore, the reversi-
bility for the intercalation/deintercalation process of the lithium
ions in LiFeg9Tig POy is superior to that occurring in LiFePO,
and LiFe(;Ti03PO4. More interestingly, the oxidation peak cur-
rent and the reduction peak current displayed by LiFe(g9Tig01PO4
are both higher than those displayed by LiFePO, and Li
Fe97Tip03PO4. Gu et al.[4] reported that the CVs of Li-LiFePQOy, in
which LiFePOy, is a composite containing LiFePO, and multiwalled
carbon nanotubes (MWCNTSs). At a scan rate of 0.1 mV/s, the oxi-
dation and reduction peaks are reported to appear at around 3.64
and 3.2 V, respectively, and the potential interval between the oxi-
dation and reduction peaks was 440 mV, which is comparable to
the potential interval of 356 and 423 mV for LiFe9Tip PO, and
Li Fey97Tipg3PO, at the scan rate of 0.5 mV/s.

Electrochemical impedance spectroscopy (EIS) is one of the
most powerful tools to analyze the electrochemical reactions, such
as those processes occurring at the electrode/electrolyte interfaces
and the lithium ion intercalation/deintercalation occurring in an-
ode/cathode[27, 28]. To discuss the role of doping Ti in LiFePOy,,
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Figure 8. FTIR spectra for as-prepared samples, Curve a, b, ¢ and
d correspond to LiFePO,, LiFeg9TigiPOs, LiFeo7Tip0:PO4 and
LiFe 9sTig 0sPOy4, respectively. The circled absorption band in line
d corresponds to the absorption peak of TiO,.

Nyquist plots of LiFePO, and LiFe(99Tig¢;PO4 were shown in the
inset of Figure 7. Generally, a semicircle in the medium frequency
region is related to the charge transfer process and an inclined line
in the low frequency region represents the Warburg impedance,
which is associated with the lithium-ion diffusion in LiFePO,4[4].
The charge transfer resistances (R.) for LiFePO, and
LiFe( 99Tig0;PO,4 from inset of Figure 7 are calculated to be around
51 and 27 Q, respectively. This indicates that the intercala-
tion/deintercalation process of the lithium ions in LiFe(¢9Tig POy
is easier than that occurring in pure LiFePO,4, which is consistent
with the results obtained from CVs, Figure 6. Recently Liu et

0.6 0.8
(n'1 12

10 12 14

at low-frequency region. The inset is the Nyquist plots obtained for (a) LiFePO, and (b)

al.[29] reported the R, of about 300 Q for pure LiFePO, and 190 Q
for the ZrO,-coated LiFePO, composites, which are larger than the
value of R, observed here.

The lithium-ion diffusion coefficient (D) can be calculated from
Equation (1) [30].

D=RT*/2A’n*F*c*o? 1)

where R is the gas constant, 7 is the absolute temperature, A is
the surface area of the cathode, n is the number of electrons per
molecule during oxidization, F is the Faraday constant, C is the
concentration of the lithium ions (7.69 X 10 mol/cm® )[4], and o is
the Warburg factor which is associated with Z'.- Figure 7 shows the
relationship plot between Z and reciprocal square root of the angu-
lar frequency (w) at low-frequency region. The lithium-ion diffu-
sion coefficients for LiFePO4and LiFe( g9 Ti 0, PO, are calculated to
be 6.87x10"* and 1.92x10'> cm?/s, respectively, which are higher
than the reported value of 1.5x10'* cm?s for the LiFePO,-
MWCNTSs composites[4], The D value for LiFeq¢9Tigo, PO, is lar-
ger than that of LiFePO,, which is supported by the Nyquist plot,
inset of Figure 7. This observation is attributed to the smaller parti-
cle size of LiFe(¢9Tig01PO;4 relative to pure LiFePO, as evidenced
by SEM observation, Figure 2, favoring the intercalation/de-
intercalation process of the Li ions in the cathode materials[21].

To discuss the influence of Ti doping on the obtained samples,
FT-IR spectra for all the samples were recorded, Figure 8. The
absorption bands centered at 636, 968, 1053, 1094 and 1138 cm’!
correspond to the symmetric and asymmetric modes of PO,
groups [31]. In the lower wavenumber region, the absorption peaks
at 469, 501, 549 and 577 cm™ are attributed to the symmetric and
asymmetric bending modes of P-O bonds[30]. In addition, the
absence of banks at 762 and 1180 cm™ suggests that the sample is
free of LiFeP,0,[32]. In the sample with the molar ratio of Fe to Ti
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Figure 9. TG-DSC curves of the used precursors for the preparation of sample (a) pure LiFePOy, (b) LiFe( 9Tip0PO4, (¢) LiFe(97Tip o3P0y

and (d) LiFeo_95Ti0_05P04.

95:5, a new absorption peak was observed at around 750 cm’, line
d of Figure 8, corresponding to TiO,, as observed in the naked
rutile TiO,[33].

TG-DSC was used to probe the formation mechanism of the as-
prepared samples. TG curves of all the precursors used for the sam-
ples comprised three regions, Figure 9. The first region, 150-200
°C, is related to the dehydration of hydrates[34], the second region
(230-300 °C) corresponds to the anaerobic thermal decomposition
of the starting materials including glucose, oxalic acid and
NH,H,PO,, and the third region (470-560 °C) is attributed to the
complete decomposition of the residual starting materials. No dif-
ferences are observed in the TG curves of the three precursors,
suggesting that the Ti doping does not affect the thermal behaviors
of the precursors. While in the DSC curves, obvious differences are
observed. The observed endothermic peak at 250 °C, Figure 9,
corresponds to the generation of LiFePO,, consistent with the
LiFe, \Nd,PO4 compounds synthesized with CH3;COOLi-2H,0,
FeC,04-2H,0 and NH,H,PO, as the starting materials [34]. The
exothermic peak at around 470 °C in the DSC curve here corre-
sponds to the carbothermal reduction, consistent with the result in
the LiFePO,/C composites with FePO,-4H,0 and LiOH-H,0 as the
starting materials and asphalt powders as carbon source [35]. Inter-
estingly, for the LiFe(osTig0sPO4, the exothermal peak at 470°C
disappeared, instead, two weak new exothermal peaks at around
500 and 580°C are observed, respectively, suggesting that a new
phase transformation took place. To the best of our knowledge, this
is the first time to report the TG-DSC curves of the precursors for
preparing Ti-doped LiFePO,, though the Ti-doped has been probed
by several research groups [10]. TG-DSC curves presented demon-
strated that the doped Ti can alter the formation mechanism of

LiFe,  Ti\PO, especially when the molar ratio of Fe to Ti is equal
to 5%.

4. CONCLUSION

The olivine-structure LiFePO,4 cathode materials with different
Ti doping levels were prepared by a modified solid state reaction
method in the absence of inert gas protection. The particle size of
the as-prepared samples was observed to be greatly affected by the
doped Ti as revealed by SEM and TEM observations. The
LiFe ¢9Tip01POy is observed to be the smallest among the obtained
samples. The CV and charge-discharge investigations indicates that
LiFe99Tip PO possess the largest initial discharge capacity
among the obtained samples, which is rather different from previ-
ously published results. FT-IR spectra and TG-DSC reveal the
mole ratio of Fe to Ti played an important role in the formation
mechanism and the final products.
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