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a b s t r a c t

LiFePO4 has become a highly promising cathode material for use in the next generation of lithium-
ion batteries, in which metal-doping is typically employed to improve the electrochemical properties.
However, it is always difficult to resolve the issue that how the doping element and its position cause
the microstructural changes and eventually influence the material properties. In this work, the X-ray
diffraction (XRD) patterns of a series of metal-doped LiFePO4 were simulated by software MS Reflex to
eywords:
ithium-ion batteries
iFePO4

RD
imulation

investigate those factors since XRD is a typical technique for the study of crystal structures. The effect of
simulation conditions, doping position, and types of doping elements were discussed. The results revealed
that: (1) the suitable step size should be 0.02◦ or less, and the simulation position had little influence
on the XRD pattern; (2) the peak intensity changed with doping position, and had been affected more
evidently at the Li-site compare with the Fe-site; (3) there was a close relationship between the doping
elements and peak intensities in XRD patterns, and the variation degree of the peak intensity increased

umb
oping linearly with the atomic n

. Introduction

The olivine-type LiFePO4 has attracted much attention as the
athode of rechargeable lithium-ion battery with some remarkable
dvantages such as inexpensiveness, environmental friendliness,
ppropriate working voltage (3.4 V), and handling or operational
afety. However, LiFePO4 shows poor electronic conductivity and
mall lithium ion diffusivity, resulting from the structural arrange-
ent characteristics, which is an obstacle when applied in high

ower batteries [1,2]. To overcome these problems, a variety of
olutions have been proposed including carbon-coating on LiFePO4
urface [3–5], metal-doping [6,7] and synthesizing products with
ne particles [8,9]. Among them, a lot of experiments concerning
etal-doped LiFePO4, such as V [7,10,11], Mn [12–14], Zn [15] and

u [16], have been carried out since it was first introduced by Chung
17]. The material structures and relevant electrochemical perfor-
ances could be influenced significantly even though the doping
mount is relatively small. Moreover, studies indicated that the
iffusion of Li ions was influenced by doping elements and their
osition within the lattice [18–21]. So it is important to determine
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er of doping elements.
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the structure variety, especially whether the dopants occupy Li-site
or Fe-site.

Recently, various instrumental analysis techniques such as
XRD refinement [6,10], extended X-ray absorption fine-structure
(EXAFS) [22,23], X-ray absorption near-edge spectroscopy (XANES)
[22–25], and neutron diffraction [26–28], are adopted to analyze
and identify the types or sites of doping atoms in LiFePO4. Among
these, the neutron diffraction is considered to be the most accu-
rate method, but it is not widely used because of comparatively
high cost. In contrast, XRD is the most common technique for crys-
tal structural analysis. As a result, the variance of XRD spectra is
found to be closely related to the positioning or amount of doped
elements. The computer simulation of the XRD spectra may be an
effective and low-cost approach to be employed to analyze the loca-
tion or quantity of doping metal, by which a better understanding of
the crystal microstructural change after doping could be obtained
[18,29].

There are many elements available for dopants [6,7,10–17,30],
so it may cost a lot of energy if all of them are to be tested. At present,
the analysis of XRD is only used for roughly qualitative analysis, and

there is no report about the relationship between doped elements
and variation of XRD spectra. In this paper, the XRD simulation was
carried out through the suitable software, focusing on the varia-
tions of XRD spectra resulting from different doping elements or
sites (Li-site and Fe-site) in LiFePO4. And the changes of intensities
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According to the characteristic of LiFePO4 crystal structure,
there are 32 Li atoms in super cell (2 2 2) which can be divided
into 8 groups of positions (Fig. 2(a)). Fig. 2(b) shows the simulated
XRD spectra of Li1−4/32Nb4/32FePO4, there is hardly any difference
D. Zhang et al. / Journal of Alloys a

f main diffraction peaks were investigated, which may provide
heoretical foundation for the study of the relationship between
he microstructures and relevant properties of doped LiFePO4.

. Simulation method

The calculation was carried out by using the Powder Diffraction
unction in Reflex module included in software Materials Studio.
eflex is a module that can be used to simulate and analyze the data
f X-ray, electron, and neutron diffraction. And it may provide the
uitable tools to extract the maximum amount of information from
iffraction patterns of most compounds such as organic, inorganic,
rgan metallic, and biological crystals.

The crystal structural parameter of LiFePO4, referred to the
CPDS standard database (PDF83-2092 [31]), has proved to be
easonable through the first principles calculation. The space
tructural model of M (i.e. doping metal) occupying the Li- and
e-substitute site is established by placing M atom into the cor-
esponding positions in the internal lattice of standard LiFePO4.
ifferent doping amount could be achieved by replacing different
mount of Li or Fe in a variety of supercells.

There are three types of doping position including Li-
ite (Li1−xMxFePO4), Fe-site (LiFe1−yMyPO4), and both sites
Li1−xMx+yFe1−yPO4), which were discussed in this paper. For
xample, if one Li atom is replaced by one Nb atom in super-
ell (3 3 3), the simulation model is Li1−1/108Nb1/108FePO4 because
here are 108 Li atoms in supercell (3 3 3). The molar con-
ent of Nb in this system should be 0.926% (=1/108). Similarly
i1−5/256Nb5/256+32/256Fe1−32/256PO4 indicates that 5 Li and 32 Fe are
eplaced by Nb in supercell (4 4 4), and the doping molar contents
f Li and Fe are 1.95% and 12.5% respectively.

. Results and discussion

.1. Conditions of simulation

.1.1. Different modeling step size
As we know, the XRD results are mainly determined by the fol-

owing parameters: scanning velocity, time constants (step size)
nd feeding speed. The diffraction analysis is based on the data col-
ected by the statistical average, which is significantly dependent on
he variance of time and space. Generally, the longer the scanning
ime, the more accurate the results, however, this tends to cause a
onger testing time. On the other hand, the collected peaks may be

ore difficult to distinguish due to a big step size, and thereby it is
o good for characterization. So it is necessary to choose a suitable
tep size for XRD simulation first.

Fig. 1 illustrates the simulation results for single crystal under
ifferent step sizes (0.05, 0.02, 0.01, and 0.001). When 0.05◦ was
hose as the step size, it is evidently shown that there existed a big
ifference in the peak intensities compared to the standard data.
or example, the biggest peak intensity is observed at 25.55◦, which
hould be at 35.585◦ according to PDF83-2092. Whereas it is both
bserved at 35.58◦ when step size are 0.01◦ and 0.02◦, and the result
or step size 0.001◦ is 35.585◦, which is the closest to standard data.
his indicates that when the step size is 0.001◦, 0.01◦or 0.02◦, the
imulation results show good agreement with the standard spec-

rum, including the peak positions and the order of the five highest
eaks. Thus the step size should be chosen among 0.02◦, 0.01◦ or
.001◦. Since 0.01◦ and 0.001◦ may prolong the testing time and
ause too many data to process, 0.02◦ should be reasonably selected
s the suitable step size for this study.
Fig. 1. Simulated XRD pattern of LiFePO4 at different step size.

3.1.2. Different simulation positions
Since the position of doping metal could be at Li-site, Fe-site or

both sites in LiFePO4, the specific location of doping can only be
approximately determined by XRD refinement. And it is rather dif-
ficult to determine the doping position or quantity precisely due
to the limitation of technology development and other aspects.
Instead, it can be solved successfully by means of the computer
simulation.
Fig. 2. (a) Distribution position of Li in supercells (2 2 2). (b) Simulated XRD pattern
of LiFePO4 at different simulation positions.



1208 D. Zhang et al. / Journal of Alloys and Compounds 509 (2011) 1206–1210

a
d
o

3

3

p
L
t

s
L
d
d
v
a
t
d
u
i
d
g
a

Fig. 3. Simulated XRD pattern of Nb-doped LiFePO4.

mong the main peaks (position and intensity) when Nb doped at
ifferent positions. So it may be noted that the simulation positions
f doping atom have little influence on the simulated XRD spectra.

.2. The effect of dopants on XRD spectra

.2.1. Different doping positions
In this paper, the XRD spectra of LiFePO4 with different doping

ositions were studied through models Li1−4/256Nb4/256FePO4 and
iFe1−4/256Nb4/256PO4 (i.e. 4 Nb replacing the Li-site and Fe-site in
he supercell (4 4 4)), see Fig. 3.

Fig. 4 shows the changes of peak intensities, where � repre-
ents the value of doped simulated intensity minus that of undoped
iFePO4. It can be seen clearly that the effect on the intensities of
ifferent peaks in XRD spectra is significantly different in distinct
oping positions. In other words, the intensities in the XRD spectra
ary apparently with different diffraction positions, and the vari-
tion at Li-site doping is much bigger than Fe-site. For instance,
he peak intensity at 17.14◦ increased when doped at Fe-site, but
ecreased as doped at Li-site; the peak intensity at 29.70◦ remained
nchanged when doped at Fe-site, but decreased greatly after dop-

◦
ng Li-site; the peak intensity at 20.78 decreased only a little for
oping at Fe-site, but it is very remarkable for Li-site and is the
reatest of all the data in this study. As a result, the doping position
nd amount may be determined based on the changes of peaks.

Fig. 4. The comparison chart before and after doping.
Fig. 5. XRD pattern of synthesized LiFePO4.

From Fig. 4, it can be concluded that the peak intensities change
significantly according to the doping positions. For Li-site doping,
the peaks are 17.14◦, 20.78◦, 29.70◦, 32.20◦, 36.52◦, and 52.52◦,
while they are 17.14◦, 20.78◦, and 25.56◦ for Fe-site doping. In other
words, at 32.20◦, 36.52◦, and 52.52◦, the intensities change more
markedly for Li-site doping than Fe-site doping, whereas at 17.14◦,
20.78◦, 25.56◦, and 29.70◦, the changes for Li-site doping is rela-
tively smaller than that in the Fe-site. By the simulation calculation,
the effect of doping position on the XRD spectra can be observed.

Fig. 5 illustrates the XRD spectra of the samples synthesized in
the experiment (undoped and Nb-doped LiFePO4). The phase anal-
ysis was carried out based on X-ray powder diffraction patterns
obtained on a Rigaku D/max 2500/PC diffractometer with Cu K radi-
ation and graphite monochromater. The diffractometer parameters
were set at 50 kV and 250 mA, scanning from 15◦ to 120◦ in 2� with
a scan step size of 0.02◦ and step time of 2 s. The Rietveld refinement
was employed to investigate the crystal structure. The refinement
terminated with x = 0.0139(15), y = 0.0681(57) when the Nb atoms
are randomly distributed on both Fe and Li positions in LiFePO4 lat-
tice. Li1−5/256Nb5/256+32/256Fe1−32/256PO4 was used as the simulated
model of doped LiFePO4.

For undoped LiFePO4, the diffraction peaks of experimental
synthetic sample show good agreement with those of simulated
sample (see Table 1), both of which also match well standard
JCPDS database (PDF# 83-2092). Whereas, for Nb-doped LiFePO4,
there appears to be a little difference between some peaks (such as
peak (2 1 0) and (2 0 0)) in the spectra of the experiment and sim-
ulated samples, which could be attributed to the resulting positive
vacancy-type defects when high valent metal ions were doped into
LiFePO4. Since there were no peaks of impurity, and the positions
of the main diffraction peaks after Nb-doping shift a little com-
pared with the standard database, it may be concluded that Nb was
inserted the internal lattice and caused a little distortion of crystal
lattice, yielding the inner defects. The researches of Chung showed
that the XRD pattern has no detectable impurity phases when the
samples were Li1−xMxFePO4.

3.2.2. Effect of different doped elements on XRD spectra
Although the amount of doping metal may be quantitatively
determined by ICP measurement, however, whether the doping
metal ion (or atom) is inserted into internal lattice as a replacement
atom (if so, the ions/atoms occupy either Li-site or Fe-site doping,
or even both), or formed the interstitial impurities, or only wrapped
in the crystal surface, these issues remain to be answered. A variety
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Table 1
Intensities of main peaks of simulated and experimental LiFePO4.

(h k l) PDF 83-2092 Experiment Simu data

LiFePO4 Doped-LiFePO4 LiFePO4 Doped-LiFePO4

2� Intensity 2� Intensity 2� Intensity 2� Intensity 2� Intensity

(2 0 0) 17.15 37.94 17.14 28.70 17.14 33.48 17.16 41.80 17.16 43.58
(1 0 1) 20.77 76.18 20.76 63.08 20.76 70.93 20.78 81.66 20.78 70.90
(2 1 0) 22.68 24.22 22.68 23.69 22.70 25.21 22.70 19.31 22.68 15.87
(1 1 1) 25.56 83.28 25.56 82.56 25.58
(0 2 0) 29.71 78.18 29.70 80.63 29.72
(3 0 1) 32.21 31.23 32.22 32.17 32.22
(3 1 1) 35.58 100 35.58 100 35.60

o
t
e
s
T
g
e
a
L
t
L

Natural Science Foundation of Guangdong Province (grant
Fig. 6. The relationship between peak intensities and atomic number.

f techniques have been recently used to analyze the locations or
ypes of different doped elements in LiFePO4. For example, Wang
t al. [24] investigated the Ti occupancy site in a LiTi0.01Fe0.99PO4
ample using XANES at the Fe K-edge, it was thus suggested that
i might replace Fe rather than Li. Xia and co-workers [32] investi-
ated Mo-doped LiFePO4 by X-ray absorption spectroscopy (XAS)
xperiments, and concluded that Mo ions could replace both Fe

nd Li ions. Wen et al. [10] studied the crystal structure of V-doped
iFePO4 through the method of Rietveld refinement, and indicated
hat V atoms would substitute either Li or Fe atoms randomly in
iFePO4 lattice.
88.24 25.58 85.14 25.58 93.86
83.56 29.72 82.50 29.72 79.34
33.66 32.24 25.86 32.22 34.98

100 35.60 100 35.60 100

In this paper, the XRD spectra data were obtained by simulating
LiFePO4 with supercell (2 2 2) in which the Li-site or Fe-site was
substituted by different dopants such as alkali metals, alkaline-
earth metals and transition metals in the third or fourth cycles
of Periodic Table. Compared with those of undoped samples, the
diffraction peaks with greatest intensity changes were investigated,
and the relationship between peak intensity and atomic number
was then discussed as shown in Fig. 6.

Fig. 6(a) shows the results when doped at Fe-site, we can see
that the peak intensity changed almost linearly versus the atomic
number of doping element (Fe is taken as the reference element),
the larger the difference of atomic number between doped ele-
ment and Fe, the larger the change of peak intensity, indicating the
greater effect of doping on the XRD spectra. Meanwhile, the influ-
ence differs significantly with different peak positions, although the
change trend is similar. For example, the intensities at 22.68◦ and
20.78◦ decrease progressively with the atomic number, while the
intensities at 17.14◦ and 25.56◦ increase accordingly.

Comparatively, Fig. 6(b) gives the results when doped at Li-site,
exhibiting the similar changes as Fe-site. However, as discussed
previously (see Fig. 4), the influence on the intensities of main peaks
is significantly different due to different doping positions. Besides,
since the atomic numbers of all doping elements are larger than
that of Li, the peak intensities increased linearly with the atomic
numbers. Overall, the trend of intensity changes is more evident
than Fe-site doping.

4. Conclusions

In this study, the XRD spectra of doped LiFePO4 were simulated
with the computer software. The results showed that, regardless of
experimental or simulated XRD analysis, 0.02◦ should be selected as
the suitable step size; the different positions of doping affected the
XRD spectra evidently: the Li-site doping typically showed much
more affection than Fe-site doping; the peak intensities varied with
different doping elements, and the variation degree of intensity
at different doping positions showed a linear variation with the
atomic numbers of doping elements.

In summary, the computer simulation can be employed to ana-
lyze precisely doped LiFePO4, and the results obtained will be
expected to provide theoretical guidance for further experimental
studies.
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