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Li* dynamics of the LiFePO, material.

In this letter, Li* ion kinetic processes of LiFePO4@C and LiFePO,@C modified by nano silicon (LiFePO4@C/Si) have
been systematically investigated by X-ray diffraction, Raman spectra and Electrochemical impedance spectros-
copy (EIS), respectively. The experimental results indicate that, (1) LiFePO4@C/Si possesses faster charged and
discharged velocity than LiFePO4@C; (2) the nano silicon surface modification induces the larger diffusion coef-
ficient and less activation energy of Li ions, which promotes Li* ion transfer rate; (3) it suppresses effectively the
Fe dissolution and enhances the stability of LiFePO,4 phase and cycle performance; (4) there exists the best silicon
surface modification content (Si content = 2.46 at.%) in enhancing the electrochemical performances of LiFePO,.
Additionally, it is suggested that constant-voltage charge is with some time indispensable for a fully delithiation

XRD © 2016 Elsevier B.V. All rights reserved.
Raman
1. Introduction In order to understand the lithium intercalation/deintercalation

Since the pioneering work in 1997 published by Padhi et al,, lithium
iron phosphate LiFePO4 has become the most promising positive-
electrode materials for the next generation of lithium-ion batteries
due to its remarkable thermal stability, relatively high theoretical spe-
cific capacity of 170 mA h/g and flat charge-discharge profile at about
3.4 V vs. Lit/Li [1,2]. However, the low electrical conductivity and
slow lithium ion diffusion hindered its wide applications in the stored
energy. In order to improve the electrochemical performances of
LiFePO,4, many efforts have been made to increase the conductivity of
LiFePO4 by coating with electronic conducting agents [3-7], doping
with metal and nonmetal ions [8,9], as well as decreasing its particle
size down to nanometers [10-11]. Especially, Armand et al. found that
a carbon coating LiFePO,4 synthesis simultaneously increases the elec-
tronic conductivity and prevents the growing particle, which is also a
significant breakthrough for the applications of LiFePO,4 [3]. And after
that, a lot of the surface modification technologies have been developed
for enhancing the electrochemical performances of LiFePO,4 [12-15]. It is
suggested that the purity of phase, the smaller particle size, uniformity
of coating, reduced agglomeration and so on are significant for getting
better electrochemical properties.
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mechanism, a two-phase reaction has been suggested [16-20], where
there exist very narrow solid solutions in the vicinity of the end mem-
bers LiFePO,4 and FePO4. Moreover, Chen et al. confirmed the easy diffu-
sion of lithium in the tunnels parallel to the b direction and found that
lithium is extracted at the phase boundary parallel to the bc plane that
progresses in the a direction on reaction [21]. By X-ray diffraction and
electron microscopy, Delmas et al. found the coexistence of fully inter-
calated and fully deintercalated individual particles [20]. On this basis,
a reaction mechanism with ‘domino-cascade model’ was constructed,
which is hoped to try to understand the dynamics processes involved
in electrochemical cycling starting from LiFePO4 nanoparticles.

The phase changes of LiFePO, in Li* intercalation/deintercalation
have been studied by ensemble averaging methods including XRD
[20], Mossbauer [17] and electrochemistry [22]. However, there exist
limitations in observing the surface related properties of cathode mate-
rial using these methods. Fortunately, Raman spectroscopy provides a
more localized technology to study the surface phase change and micro-
structures during charge and discharge [23]. By Raman spectroscopy,
they found the incomplete delithiation of large LiFePO, due to the 1D
channel blocking with anti-site defects. In Raman studies of LiFePOy,
both internal and external modes were suggested. In the internal
modes, the very sharp band at 951 cm™ ! is attributed to the Ag mode
of v, while the two weaker bands at 995 and 1067 cm™ ! are thought
to belong to the antisymmetric stretching modes of the PO3~ anion
(v3). These three peaks at 953, 995 and 1067 cm™ ! are considered to
be characteristic for LiFePO4. In the external modes, the peaks at
175 cm™ !, 244 cm™~ ! and 305 cm™ ! correspond to translation of Fe,
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Fig. 1. XRD patterns of (a) LiFePO,@C and (b) LiFePO,@C/Si galvanostatically charged to V. = 3.7 V,4.0 V and 4.3 V at 2C rate, then kept at this voltage until the current was less than 0.2C,
and galvanostatically discharged down to Ve = 4.0V, 3.7 V and 2.5 V at 2C rate respectively. (c) The graphic of LiFePO4 phase as a function of voltage.
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Fig. 2. The typical nyquist plots of LiFePO,@C and LiFePO,@C/Si in the fully discharge state
after 1 cycle at 2C rate. Fig. 3.Z' vs. @~ plots in the low frequency of (a) LiFePO,@C and (b) LiFePO,@C/Si.
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Fig. 4. The diffusion coefficient and activation energy of Li ion as a function of charge and
discharge voltage for LiFePO,@C and LiFePO,@C/Si.

2. Experimental

LiFePO,@C electrodes were prepared by pasting a slurry consisting
of 80 wt.% commercial active material, 10 wt.% super-P and 10 wt.%
polyvinylidene fluoride dissolved in N-methy1-2-pyrrolidone on an
aluminum foil and dried at 110 °C overnight under vacuum. Moreover,
detailed preparation of nano silicon modifying LiFePO4@C electrodes
could be found in our previous work [25]. Afterwards, the electrodes
were punched into 12.5 mm diameter circular disk and assembled

105

into the coin cells (R2025) with lithium metal as anode, Celgard 2300
microporous polyethylene membrane as separator and 1 M LiPFg in a
mixture of ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1
in vol. ratio) as electrolyte in an argon-filled glove box.

In the charging process, LiFePO,@C and LiFePO,@C/Si were
galvanostatically charged to V. = 3.7 V, 4.0 V and 4.3 V at 2C rate
(1C =170 mA-h/g) respectively, then kept at this voltage until the cur-
rent was less than 0.2C (34 mA-h/g). In the discharging process,
LiFePO,4@C and LiFePO,@C/Si cells full charged galvanostatically were
discharged down to Ve = 4.0V, 3.7V and 2.5 V at 2C rate, respectively.
Moreover, to study the influence of the surface modification on the dy-
namics processes of LiFePO,4 phase change, another charged strategy
was considered as following: LiFePO,@C and LiFePO,@C/Si cells were
galvanostatically charged to 4.3 V at 2C rate, subsequently they were
charged at 4.3 V (constant voltage). In this constant voltage process,
three charged times with 0.0 min, 2.0 min and 7.0 min were chosen, re-
spectively. Eventually, the above coin cells at different condition were
disassembled and washed by propylene carbonate in an argon-filled
glove box.

The charge/discharge measurements were conducted with a
CT2001A cell test instrument (LAND Electronic Co.). The electrochemi-
cal impedance spectra (EIS) were performed by electrochemical work-
station (CHI660C). The LiFePO4@C and LiFePO,4@C/Si electrodes were
measured using an X-ray (XRD, Rigaku MiniFlex II) with CuK,, radiation
(N = 0.15405 nm). The Raman spectra were recorded at room temper-
ature using HORIBA Jobin Yvon Evolution by the assistance of a 50 x
long working distance objective with laser excitation at 532 nm, of
which the total power was adjusted below 5 mW. The surface
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Fig. 5. The Raman spectra of (a) LiFePO,4@C and (b) LiFePO,@C/Si corresponding the experimental conditions in Fig. 1.
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Fig. 6. The Raman spectra of (a) LiFePO,@C and (b) LiFePO4@C/Si at T4 3y = 0.0 min, 2.0 min and 7.0 min; XRD patterns of (c) LiFePO,4@C and (d) LiFePO,4@C/Si at T4 3y = 0.0 min, 2.0 min

and 7.0 min.

morphologies of LiFePO, electrodes experienced several cycles were de-
tected by a scanning electron microscope (SEM, Hitachi SU8010).

3. Results and discussion

XRD patterns of LiFePO4@C and LiFePO4@C/Si with different charge
and discharge voltage conditions are present in Fig. 1(a) and (b), respec-
tively. From the figures, it is found that the diffraction peaks (200),
(020) located at 26 = 17.9°, 30.7°are characteristic, which can be iden-
tified as the FePO,4 phases [20,21]. And the peaks (200), (121) and (311)
around at 17.1°, 29.6° as well as 35.6° are characterized as LiFePO,4
phase. On the changed process for LiFePOy,, as the voltage increases,
the intensities of peaks at 17.9°and 30.7°gradually increase while
those of the peaks at 17.1°, 29.6°and 35.6°are reduced step by step,
which means the gradually performed phase transformation between
LiFePO,4 and FePO,4. When the transformation from triphylite phase to
heterosite phase was completed, the peaks at 17.1° and 29.6° belonging
to characteristic ones of LiFePO,4 vanished. Obviously, it can be observed
that the intensity of diffraction peaks in discharge process has the
opposite change rule relative to that in the charging process. The
changed results of above characteristic peaks are agreed well with the
diffractograms of a chemical delithiation research of LiFePO4 [10,20].
At the same time, it is considered that the intensity changes of charac-
teristic peaks belonging to LiFePO, and FePO,4 present the dynamics pro-
cesses of Li* extraction and insertion. Moreover, compared to LiFePO,@
Celectrode, LiFePO4@C/Si electrode displays quite different phase trans-
formation process. The area ratio of both peaks located at 17.1 ° (charac-
teristic (200) for LiFePO,4) and 17.6 ° (characteristic (200) for FePO,) is
simply considered to be as the ratio of both phases (LiFePO, and
FePO,). Fig. 1(c) shows the ratio of LiFePO,4 phase as functions of
charged and discharged voltages for LiFePO4@C and LiFePO,@C/Si.
From the figure, it is found that the surface modification of nano silicon
influences evidently the depth of charge, the velocity of charge and dis-
charge. Clearly, LiFePO,@C/Si electrode may possess faster Li*™ ion

migration rate than LiFePO,@C electrode. Moreover, from the slope of
the ratio to charged and discharged voltages, LiFePO,@C/Si electrode
has faster charged and discharged speed than LiFePO,@C, which
means that the nano silicon on the surface induces the lower activation
energy of Li ion diffusion.

In order to prove further the results above, EIS tests were applied to
measure the Li™ diffusion coefficient and investigate the Li™ dynamics
processes of LiFePO,4 electrode [16,26-27]. Fig. 2 shows the typical
Nyquist plots of LiFePO4@C and LiFePO,@C/Si after 1 cycle at 2C rate.
Here, an intercept at the Z’ axis in the high frequency represents the re-
sistance of the electrolyte (R;); The semicircle in the middle frequency
range indicates the charge transfer resistance (R.); The inclined line
in the low frequency stands for the Warburg impedance (W), which is
associated with the solid-state diffusion of lithium ion inside active ma-
terial. According to the plots in the low-frequency region, the diffusion
coefficient (Dy;) of lithium ion could be calculated by the following
equations [26,27],

ZI =Ry +Rs + 000712 1)
R*T?

- 2

N 2AZpaFACE o2 @

where the meaning of R is the gas constant, T the absolute temperature, n
the number of electrons per molecule, A the surface area, F the Faraday
constant, C;; the concentration of lithium ion, @ the angular frequency,
and o is the Warburg factor which is relationship with Z’. The Z'-~ /2
plots for various charge and discharge voltage states of LiFePO,@C and
LiFePO4@C/Si are presented in Fig. 3(a) and (b), respectively. The lithium
ion diffusion coefficient at different charge and discharge voltage condi-
tion are calculated according to Egs. (1) and (2). Moreover, the activation
energy for lithium ion diffusion can be calculated by the following



W. Yang et al. / Solid State Ionics 292 (2016) 103-109 107

(a)

LiFePO,@C

300 Cycles

200 Cycles

’I\ M 100 Cycles
200 400 600 800 1000 1200
Raman shift / cm-

Intensity / a.u

(b) LiFePO,@C/Si

\ 300 Cycles . "

\ 200 Cycles
N g A, " \

100 Cycles
L AMNMMW

Intensity / a.u

1 " 1 L 1 n 1 L 1 i
200 400 600 800 1000 1200

Raman shift / cm~

Fig. 7. The Raman spectra of (a) LiFePO4@C and (b) LiFePO,@C/Si at 2C rate after 100, 200,
300 cycles.

equation [28],
Dyj = a>vexp(Eqe/kgT) )

where a is approximately 3 A, corresponding to the distance of a hop
along the [010] direction, v is about 10'® Hz, which is generally in the
range of phonon frequencies, kg is Boltzmann constant and T is the abso-
lute temperature. Fig. 4 shows the diffusion coefficient and activation en-
ergy of Li ion as a function of charge and discharge voltage for LiFePO,@C
and LiFePO,4@C/Si, respectively. From the figure, it is found that, LiFePO,@
C/Si possesses larger diffusion coefficient and less activation energy than
LiFePO4@C, which means that the nano silicon surface modification en-
hances Li" ion migration rate. Here, the silicon on the surface induces
the lower activation energy of Li ion diffusion, which is similar to the re-
ducing activation energy reduced by sulfur surface modification [29].
The above results are consistent with the increase of charge depth, the en-
hancing charge and discharge velocity, as seen in Fig. 1.

To get insight into the effect of nano silicon on the surface of LiFePO4
electrode, Raman spectroscopy was applied to study the surface struc-
tures by the vibrational properties of electrode materials as the charged
and discharged voltages increase or decrease gradually. Raman spectra
of LiFePO4@C and LiFePO4@C/Si during charging-discharging processes
are shown in Fig. 5(a),(b),(c) and (d), respectively. As shown in Fig. 5,
it is found that the peak at 951 cm™ ! accompanying with weak asym-
metric stretching peaks at 995 cm~! and 1067 cm ™! displays pure
LiFePO4 phase for no-charged LiFePO4@C and LiFePO,@C/Si [23,24].
The stretching modes at 908, 960, 1068 and 1126 cm ™! should corre-
spond to FePO,4 phase. In the charged process, as the voltage is enhanced
to 3.7 V, the main FePO,4 phase has been observed on the surface of
LiFePO4@C/Si. Moreover, as the voltage is further enhanced to 4.0 and
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Fig. 8. Cycle performances of LiFePO4@C and LiFePO,@C/Si with (a) 100, (b) 200 and
(c) 300 cycles at 2C rate.

4.3V, the four peaks at 908, 960, 1068 and 1126 cm™ ' become more
and more acute. However, for LiFePO,@C, the strong peak at
995 cm~ ! accompanying with weak peaks at 908, 960, 1068 and
1126 cm™ ' is observed as the voltage is enhanced to 3.7 V, which
means that the main phase is still LiFePO,4. At the same time, as the volt-
age is further enhanced to 4.0 and 4.3 V, the sharpness of four peaks at
908, 960, 1068 and 1126 cm ™' for LiFeP0O,@C is lower than that for
LiFePO4@C/Si. Similar results can be observed in the discharged pro-
cesses as the voltage is reduced from 4.3 V to 2.5 V. In short, the nano
silicon modification induces faster phase transformation between
LiFePO,4 and FePO,. That is, it induces faster Li* ion diffusion velocity,
which is consistent with the above measured results by XRD and EIS.
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Fig. 9. SEM images of (a) LiFePO,4@C and (b) LiFePO,@C/Si at 2C rate after 100, 200, 300 cycles.

To study Li* kinetic process of LiFePO, electrode in constant-voltage
charged process, LiFePO,@C and LiFePO4@C/Si cells were
galvanostatically charged to 4.3 V at 2C rate, subsequently they were
charged at 4.3 V (constant voltage) with T, 3y = 0.0 min, 2.0 min and
7.0 min, respectively. Figs. 6(a),(b) and (c),(d) show Raman spectra
and XRD patterns of LiFePO,4@C and LiFePO,@C/Si with three charged
times, respectively. From Fig. 6(a), it is found that, for T4 3y = 0.0 min
and LiFePO,@C, the strong peak at 995 cm™' accompanying with
weak peaks at 960, 1068 and 1126 cm™ ! are observed for LiFePO,@C,
which indicates that the main phase is still LiFePO, and the Li*
deintercalation from the LiFePO,@C electrode is slightly performed. As
Ta3v = 2.0 min, the bands at 908, 960, 1068 and 1126 cm™~ ! can be
more clearly identified, signifying a main phase transformation from
LiFePQO,4 to FePO4 on the surface of electrode. As T4 3y = 7.0 min, the
peaks at 908, 960, 1068 and 1126 cm~! become evidently more
sharp, indicating a complete phase transformation. However, for
LiFePO4@C/Si, as T43y = 0.0 min, the peaks at 908, 960, 1068 and
1126 cm™~ ! have been clearly indentified, signifying faster phase trans-
formation from LiFePO,4 to FePO, than LiFePO,@C. The above Raman
studies show mainly the structure change and Li* ion diffusion on the
surface of the electrode. While their average information can also be
measured by X-ray diffraction, as found in Fig. 6(c) and (d). For
LiFePO,4@C, the ratios of LiFePO, phase for T,3y = 0.0 min, 2.0 min
and 7.0 min are 42.9%, 36.2% and 12.7%, respectively. However, for
LiFePO,@C/Si, they are 20.1%, 8.7% and 4.2%, respectively. Clearly, XRD
patterns and Raman spectra farther prove that Li* ion diffusion rate
and the phase change speed of LiFePO,@C cathode are promoted by

the nano silicon surface modification. Additionally, from the above
Raman and XRD experimental results, it is found that constant-voltage
charge with some time is indispensable for a fully delithiation of the
LiFePO4 material.

The Raman spectra of LiFePO4@C and LiFePO,@C/Si at 2C rate after
100, 200, 300 cycles are presented in Fig. 7(a) and (b), respectively.
For LiFePO,4@C, after 100 cycles at 2C, a broad peak at 951 cm™ ! belong-
ing to LiFePO4 phase in the high wave number region is found. At the
same time, the other both peaks at 225, 291 cm™~! are observed,
which is considered as the characteristic spectra of a-Fe,05 clusters
[24]. When the cycle number reach up to 200, the peak located at
951 cm~! disappears while two new characteristic peaks at 995,
1067 cm~ ! corresponding to asymmetric stretching of PO3 ~ anion ap-
pear. Simultaneously, the intensity of a-Fe,03 characteristic peaks at
225,291 cm~ ! is further enhanced. As 300 cycle number is achieved,
the modes at 995, 1067 cm™ ! disappear quickly. Instead, the new
mode at 908 cm~ ! belonging to FePO,4 phase emerges in the high
wave number region, and the intensity of peaks corresponding o-
Fe,03 phase becomes very sharp. On the contrary, for LiFePO4@C/Si
after 100 cycles at 2C, there is no existence of other phases such as a-
Fe,05 and FePO,, except for the characteristic sharp peak at 951 cm™!
of LiFePO,4 and representative peak of silicon [25,30,31]. Although the
weak peaks at 225, 291 cm™ ! belong toa-Fe,05 phase could be found
for 200 and 300 cycle number, the broader peak at 951 cm ™" still re-
mains well. The above Raman spectra experiments mean that the
nano silicon modification suppresses effectively the Fe dissolution and
enhances the stability of LiFePO,4 phase, which is associated with the



W. Yang et al. / Solid State Ionics 292 (2016) 103-109 109

900}
800 _w 0at%si @
700l ¢ 0.9at%si

_4-2.46 at.% Si
600F . 4.1 at% Si

o 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 90
Zio
2.5
(b)
_ 20
N
§ 15}
®
e
X
, 1.0F /
a
u n
0.5}
0 1 2 3 4

Silicon content at.%
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function of silicon modified content.

evident improvement of the cycle performance, as seen in Fig. 8. Fig. 8
shows the cycle performances of LiFePO4@C and LiFePO,@C/Si with
100, 200 and 300 cycles at 2C rate. From the figure, it is evidently that
the nano silicon modification improves well the cycle performances. It
is also proved by the cracking degree of LiFePO,@C and LiFePO,@C/Si
at 2C rate after 100, 200, 300 cycles, as shown in Fig. 9. Fig. 9 shows
SEM images of LiFePO,@C and LiFePO,@C/Si at 2C rate after 100, 200,
300 cycles. From the figure, it is clearly seen that the cracking degree
is reduced by the silicon surface modification.

At last, the effect of the different content of nano silicon surface mod-
ification on Li* dynamics processes of LiFePQ, is investigated by EIS.
Fig. 10(a) and (b) show the Nyquist plots of LiFePO,@C/Si with various
silicon content after 1 cycle, and the Li ion diffusion coefficient as a func-
tion of silicon modified content, respectively. From the figure, it is
clearly observed that LiFePO4@C/Si (Si content = 2.46 at.%) displays
lowest R and largest Li* diffusion coefficient in four samples, which
means that there exists the best silicon surface modification content in
enhancing the electrochemical performances of LiFePO,@C.

4. Conclusions

Both charged or discharged processes were considered. One:
LiFePO4@C and LiFePO4,@C/Si were galvanostatically charged or
discharged to some V. value at 2C rate, then kept at this voltage until
the current was less than 0.2C; Another: LiFePO,@C and LiFePO,@C/Si
cells were galvanostatically charged to some V. value at 2C rate, subse-
quently they were charged at constant voltage, then three charged
times with 0.0 min, 2.0 min and 7.0 min were chosen. Moreover, the
phase changes of LiFePO4@C and LiFePO,@C/Si electrodes in Li* interca-
lation/deintercalation are systematically studied by XRD, Raman and
EIS, respectively. The experimental results indicate that LiFePO,@C/Si
has faster charged and discharged velocity than LiFePO,@C. Moreover,

it is found that, LiFePO,@C/Si possesses larger diffusion coefficient and
less activation energy than LiFePO4@C, which is consistent with the in-
crease of charge depth, the enhancing charge and discharge velocity. At
the same time, it also suppresses effectively the Fe dissolution. And it is
observed that there exists the best silicon content in enhancing the elec-
trochemical performances of LiFePO,@C through EIS measurement. At
last, it is suggested that constant-voltage charge is indispensable for a
fully delithiation of the LiFePO, material.
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