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egradation for lithium iron
phosphate cylindrical batteries by nano silicon
surface modification
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Jiaxin Liab and Zhigao Huang *ab

Nano-scale silicon particles were successfully decorated uniformly on a LiFePO4@C electrode through

utilization of spray technique. The electrochemical measured results indicate that the Si surface

modification results in improved electrochemical performances for commercial 18 650 cylindrical

batteries, especially at elevated temperature, which is attributed to the fact that Si introduction can

enable the LiFePO4 electrodes to suppress cylindrical battery degradation. Based on the analysis of

structural characterization, it is revealed that the battery cathode with Si modification retains a better

LiFePO4 phase and exhibits less Li+ loss. In addition, the negative electrode of the battery contains

a better graphite carbon structure and a thinner thickness of SEI film due to Si decoration. Furthermore,

the related high-temperature aging and degradation mechanisms of the batteries were discussed.
Introduction

Recently, the commercial LiFePO4-based lithium-ion batteries
(LFP-LIBs) have been widely applied in mobile phones, laptop
computers and electric vehicles, because it demonstrates lots of
advantages including environment friendliness, abundant
source materials and high security.1–7 However, LFP-LIBs still
suffer from the issue of signicant capacity fading, especially at
high temperature, due to possible catalytic effects of the
metallic iron particles and the active lithium ions being inten-
sively consumed to construct an interfacial lm on the graphite
electrodes.8,9 Thus, many useful strategies, such as carbon
coating, metal nanoparticle attachment and surface modica-
tion of active materials or electrodes, have been developed to
overcome these technical bottlenecks. Among them, surface
modication is regarded as one of the most promising
approaches for LFP-LIBs.10–12 The electrochemical performances
of LiNi1/3Co1/3Mn1/3O2 were enhanced via employing atomic
layer deposition to coat a solid-state electrolyte with an appro-
priate thickness directly onto a prefabricated electrode.10

Moreover, various metal oxides have been selected as a candi-
date material for directly coating electrode.11 Many semi-
conductor materials, especially including Si acted as an
intermediate isolated layer were employed in the eld of surface
engineering, which can efficiently suppress transition cations
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from being dissolved from the active material causing by the
attacking of HF in the electrolyte.13,14

As a typical example, compared to pristine LiFePO4 elec-
trodes, the electrodes decorated with nano-sized Si can display
less coarsening degree, higher rate capability and better cycling
performance, especially at elevated temperature.15 Guo et al.9

have exhibited that the LiFePO4/graphite so-packed cell has
noticeable capacity loss at high temperature even though
several electrolyte additives have been added to greatly hold
down Fe dissolution. It has been proposed that greatly
consumption of active lithium results from continuous
reformation/repairing of SEI layer, which was ascribed to SEI
instability in electrolyte at elevated temperatures.16 In addition,
the reports revealed that the degradation of LFP-LIBs is also
leaded by the structural damage of active material resulting
from the dissolution of Fe3+ into the electrolyte, impedance rise
arising from the decrease of electrical conductivity for electrode
sheet leaded by slack of contact between active particles, and
lithium inventory loss associated with side reaction at
electrode/electrolyte interface including the redox decomposi-
tion of the electrolyte, establishment of unstable solid electro-
lyte interface (SEI) lms.17–19 Based on the preliminary
understanding of aging mechanism for LFP-LIBs at high
temperature, Si modication on the electrodes is an effective
path to suppress the degradation of LFP and to obtain an
excellent LIB performance.

Continuing with the above description, how to investigate
the degradation of LFP materials and further to analysis the
related aging mechanism is an eternal topic for the studies
and application of LFP-LIBs.20,21 The phase transformations
of LiFePO4 in Li+ intercalation/deintercalation have been
This journal is © The Royal Society of Chemistry 2017
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investigated bymeans of XRD.22 However, it is difficult to exactly
provide information about the surface properties of material.
Fortunately, Raman spectroscopy (RS) has ability to detect the
surface phase change for active cathode material accurately.23,24

According to previous research results, both internal and
external modes were used to investigate the phase changes.25–27

In addition, Kelvin Probe Force Microscopy (KPFM) has also
been considered as a novel surface characterization technique
to study the aging mechanism of battery material surface on
nanoscale by measuring surface potential.28,29 The surface
potential is generally the electronic work function (EWF)
difference between the sample and the tip, which is sensitive to
the structural and chemical changes for the surface chemical
composition. It can effectively reect the micro variation of the
electronic structure, providing vital information about surface
destruction. Thus, using effective analytical methods including
MS and KPFM to discuss the above topic is useful and much
needed.

However, most reports were based on the different types of
button cells using very small amount of active materials, which
may lead to deviation from the actual situation of the
commercial LIBs. Thus, for commercial LFP-LIBs, it is critically
urgent to realize the Si surface decoration on LFP electrodes by
a simple route, and to further reveal their high-temperature
aging mechanism via effective analytical methods. In this
paper, Si modied LFP electrodes successfully prepared with
the technique of ultrasonic spray, combined with the anodic
graphite electrodes, have been assembled in commercial 18 650
cylindrical batteries. Compared to pristine LiFePO4 electrodes,
the 18 650 cylindrical batteries with Si modication can deliver
obviously better LIB performances at room temperature and
elevated temperature. It can be concluded that silicon surface
modication implements suppression of degeneration of
lithium ion batteries. Eventually, the aging and degradation
mechanisms of the batteries were discussed by using effective
analytical methods, such as RS and KPFM.

Experimental
LiFePO4/graphite cylindrical battery preparation

The positive electrodes were prepared by uniformly pasting
a slurry consisting of 90 wt% active material (commercial
LiFePO4 powder), 5 wt% Super-P and 5 wt% polyvinylidene
uoride (PVDF) dissolved in N-methyl-2-pyrrolidone on an
aluminum foil. The negative electrodes were obtained by
bonding the slurry mixed with commercial-grade graphite
material, styrene butadiene rubber (SBR), carboxymethyl cellu-
lose (CMC) and Super P onto a copper foil substrate. Silicon
nanoparticles were uniformly deposited on the positive elec-
trodes by a simple and novel spray technique, as seen in our
previous work.15 On the process of spraying, the distance
between nozzles and electrode sheet was controlled about
12 cm. Meanwhile, the spraying ow rate was controlled as 2 ml
min�1. The compaction of positive and negative electrodes was
nished by adjusting the best thickness in the large rolled and
pressed device (LDHY400-N45). Here, the ratio of active mate-
rial mass of negative electrode to that of positive electrode was
This journal is © The Royal Society of Chemistry 2017
chosen to be 0.453. Eventually, they were rolled together to
make the battery core with a separator as isolating layer. Then
this was packed into a cylindrical can and dried overnight at
85 �C under vacuum. The commercial electrolyte containing
a lithium hexauorophosphate (LiPF6) salt in 1 : 1 ethyl
carbonate (EC) and dimethyl carbonate (DMC) was injected into
dried batteries in a glove box lled argon atmosphere. The
fabricated batteries were conducted at 0.02C (1C ¼ 1500 mA h)
to build up a smooth SEI layer on the negative electrode surface.
According to our previous report,15 the purchased commercial
active materials of LiFePO4 and graphite can deliver the
reversible capacities of �110 and �290 mA h g�1 at 1C tested
rate. As expected, the cycling capacity for the 18 650 cylindrical
batteries used in this work was designed to be �1400 mA h g�1

at 1C tested rate. Hereinaer, the batteries used pristine
LiFePO4@C and Si modication of LiFePO4@C/Si as cathodic
materials were named as battery A and battery B, respectively.

Electrochemical measurement for 18 650 cylindrical batteries

The cycle performances of batteries A and B were measured in
the voltage range 2.5 V to 3.95 V, under room temperature. Aer
the two days storage in drying oven at 60 �C, the cycle perfor-
mances for batteries A and B were measured at 60 �C in the
same voltage range. The batteries were charged to 3.95 V at 0.2C
via galvanostatic mode, then constant voltage charging was
conducted until the current was less than 0.02C (1C ¼ 1500 mA
h). Hereaer, these were galvanostatically discharged to 2.5 V at
3C. Their rate performances of batteries A and B were con-
ducted at room temperature. Their testing conditions for
charging process were the same as the above. In the process of
discharge, the batteries were discharged to 2.5 V at 0.5C, 1C, 2C
and 3C at the conduction of constant current, respectively. In
impedance measurement, the batteries A and B in fully
discharge state down to 2.5 V in various cycles were recorded
over the frequency range from 10 mHz to 100 KHz with an
amplitude of 15 mV on electrochemical workstation (CHI660C).

Characterization of materials

The cycled batteries A and B were disassembled in glove box at
fully-discharged state. Then, the stripping of long anode and
cathode strips were nished carefully, aer batteries were
unrolled. Subsequently, the anode and cathode were washed
several time with pure dimethyl carbonate (DMC) to totally
remove electrolyte and dried under vacuum. The morphologies
of electrode samples were characterized by a scanning electron
microscope (SEM, Hitachi SU8010), which equipped with
energy dispersive X-ray spectroscopy (EDS) and elemental
mapping facilities. The phases of electrode materials were
characterized by an X-ray diffraction (XRD, Rigaku MiniFlex II)
using CuKa radiation (l ¼ 0.15405 nm) with a step of 8 degree
per minute. The Raman spectra (RS) were carried out at room
temperature by usage of HORIBA Jobin Yvon Evolution with
laser excitation at 532 nm. To avoid damage of electrode
material surface, the laser power was adjusted below 5 mW. The
surface condition of the cycled electrodes was recorded through
the X-ray photoelectron spectroscopy (XPS, Thermo Fisher
RSC Adv., 2017, 7, 33680–33687 | 33681
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ESCALAB 250Xi) using Al-Ka (1486.6 eV) radiation as excitation
source operated at 150 W. Surface potential of samples were
conducted with amplitude modulated Kelvin Probe Force
Microscopy (KPFM, Dimension Icon). The value of the surface
potential (VSP) is described by the following equation:

VSP ¼ Vtip � Vsample

q
(1)

where Vtip and Vsample stand for work functions of the tip and
the sample, respectively, and q represents the elementary
charge. According to line scan mode on the sample, the surface
height image was obtained in tipping mode with the amplitude
of 0.5 V during the rst pass. Hereaer, the tip was lied and
follows the surface topography at constant height of 160 nm in
second pass. Through that, the surface potentials could be
measured. In addition, the Pt/Ir coated cantilever (model SCM-
PIT-V2, resonance frequency ¼ 75 kHz, force constant ¼ 3 N
m�1) was chosen to measure the surface potentials which was
calibrated on the basis of sputtered Au thin lm. It is in ambient
conditions that calibration and measurements were carried.
Results and discussion

The cycle performances of LiFePO4@C and LiFePO4@C/Si at
high rate of 3C and under 25 and 60 �C are displayed in Fig. 1a
and b. From the Fig. 1a, the battery B can exhibit a stable
reversible capacity of 1325 mA h g�1 tested at 3C rate aer 100
cycles at room temperature, being obviously better than 1145
tested temperature to 60 �C, it could be observed from Fig. 1b
that the capacities of both batteries exhibit evident capacity fade
compared to 25 �C, which is similar to the previous report.30,31
Fig. 1 Cycling performances of batteries A and B at 3C between 2.5
and 3.95 V, at room temperature (RT) of 25 �C (a) and high temperature
(HT) of 60 �C (b); (c) rate performances of batteries A and B at 0.5, 1C,
2C and 3C between 2.5 and 3.95 V, at 25 �C.

33682 | RSC Adv., 2017, 7, 33680–33687
Similarly, an reversible capacity of 1110 mA h g�1 for battery B is
retained at 3C, while for the battery A only 1010 mA h g�1 is
observed. This result reveals that Si modication does effec-
tively suppress the degradation of cylindrical battery at elevated
temperature. Fig. 1c shows the rate performances of cells A and
B between 2.5 and 3.95 V at 25 �C. From the gure, it is found
that battery B has higher capacity and rate capability than those
of battery A, which further conrms that the introduction of
silicon nanoparticles is benecial for the electrochemical
performance improvement of 18 650 cylindrical batteries.
Similar rate performances of cells A and B were also observed at
60 �C. Here, the content of Si on the electrode is about 2.45 at%,
which is veried by EDS. In addition, the discharging curves of
the batteries A and B under different current density are shown
in Fig. 2a and b, respectively. And the discharge plateaus voltage
as a function of C-rate is shown in Fig. 2c. From the gures, it is
observed that the batteries A and B have a comparatively at
discharging voltage plateau. However, the curves for battery A
become shorter and lower than that of battery B with the
increase of current density, indicating that the cell B with
silicon modication during discharging process has much
higher energy storage. Moreover, it can be found that the dis-
charging plateaus voltage of battery B are higher than those of
battery A, implying that battery B possesses less internal resis-
tance due to the introduction of silicon. In order to illustrate the
variation of internal resistance, both batteries A and B under
various conditions aer 100 cycles were conducted by EIS.
Fig. 3a and b show the typical Nyquist plots for both batteries A
and B respectively, which is consist of an inductive tail, a small
loop, a large loop, and a straight line. Here, one of loops may
become too small to be observed or maybe two loops have partly
Fig. 2 The discharging curves of batteries A (a) and B (b) at 0.5, 1C, 2C
and 3C between 2.5 and 3.95 V, respectively; (c) the discharge plateaus
voltage as a function of C-rate.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The electrochemical impedance spectroscopy of batteries A
and B at fully discharge state down to 2.5 V during 100 cycles (a) at
25 �C and (b) 60 �C.

Fig. 4 The measured sites “1”, “2” and “3” on the anode and cathode
electrodes for 18 650 battery; the site “1” on the cathode electrode is
nearest the lead; the site “3” on the cathode electrode is the most far
away from the lead; the site “2” is the middle between “1” and “3”.

Fig. 5 (a) SEM images, (b) element mappings of Fe, and (c) EDS
spectrum of anode at site “1” for battery A after 100 cycles, at 3C and
60 �C.
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overlapped. The appearance of inductive tail can be attributed
to the geometry effects and being neglected.32 The higher
frequency loop is believed to be come from the SEI components
on the surface of electrode and the others in the medium
frequency is derived from the charge transfer and the double
layer effect.33 The straight line is assigned to the Li+ diffusion
coefficient in a solid-phase electrode. As seen in Fig. 3a, the
width of semicircle in the middle frequency for battery A is
similar to those of battery B at 25 �C, which means that the total
internal resistance of battery A is nearly equal to those of battery
B. By tting EIS date well, the Rct values of charge transfer
resistance were found to be 2.73 mU and 2.98 mU for batteries A
and B. However, the total impedance for battery A is obviously
larger than that of battery B aer 100 cycles under high
temperature, as demonstrated by the larger semicircle of EIS
spectra for the former, shown in Fig. 3b. The date tting results
show that the Rct values of batteries A and B is 27.5 mU and 2.16
mU at 60 �C, respectively. It implies that the increase of internal
impedance for battery is suppressed by the protection of silicon
for surface of cathode electrode. This is consistent with the
results of cycle performances at 60 �C. As we know, the high-
temperature LIB performance is an important indicator for
practical application. Thus, the high-temperature aging and
degradation mechanisms of the batteries were discussed in the
following section.

To get more insight to the mechanism of Si modication
suppression of capacity fading for the cycled 18 650 cylindrical
battery, the cycled battery A and B aer 100 cycles at 60 �C were
disassembled at fully discharge state. As found in Fig. 4, the
three measured sites “1”, “2” and “3” on the anode and cathode
electrodes for batteries A and B were chosen. Herein, the site “1”
This journal is © The Royal Society of Chemistry 2017
is the most near to the lead. Correspondingly, Fig. 5a and 6a
compared the SEM images of graphite anodes for both
batteries. Compared to themorphology at site “1” for the battery
A in Fig. 5a, SEM image for battery B in Fig. 6a displays
smoother surface without visible physical damage. The compact
and smooth coating layer for electrode means that the battery B
has relatively low contact resistance, thus improving the elec-
trochemical performance at 60 �C. From Fig. 5c and 6c, it is also
found that carbon, oxygen and phosphorus elements exist on
the surface of anode except for iron element for both batteries.
Here, it is suggested that oxygen comes from different organic
and inorganic salts which are major components of SEI and
phosphorus appearance comes likely from the reduction of
PF6.34 Furthermore, Fig. 5b and 6b show element mappings of
Fe for batteries A and B, respectively. From the gure, it is
observed that Fe element is distributed uniformly on the both
anodic electrode surfaces, which reveals that the dissolution Fe
from LFP active material was deposited on the graphite anode
surface. Especially, as conrmed by EDS, in comparison with
0.33 at% Fe deposition on site “1” of graphite electrode of
battery A, that of battery B presents less value of �0.17 at%,
indicating that Si modication effectively avoids the damage of
active materials by means of the dangling bonds of silicon
absorbing H+. It is worth mention that Fe deposition could
catalyze the SEI formation on the surface of anode. And SEI
continuous growth and rearrangement on carbon surface
consume active Li+ simultaneously, which gives rise to the
increase of the surface resistance. This is conrmed as a main
reason to explain plenty of lithium loss during electrochemical
RSC Adv., 2017, 7, 33680–33687 | 33683
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Fig. 6 (a) SEM images, (b) element mappings of Fe, and (c) EDS
spectrum of anode at site “1” for battery B after 100 cycles, at 3C and
60 �C.

Fig. 7 The C 1s XPS spectra of anode at site “1” for batteries A (a) and B
(b), and the Fe 2p XPS spectra of anode at site “1” for batteries A (c) and
B (d), after 100 cycles at 3C and 60 �C.
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cycles.35 It is not difficult to explain that the battery B with less
Fe deposition content on the surface of the anode electrode has
the better electrochemical performances. More Fe deposition
intensies the formation of thicker SEI and leads to more
irreversible capacity loss. Due to brittle nature of thick SEI, the
trace of cracking of anode electrode surface observed from
Fig. 5a could also illustrate the existence of thicker SEI, further
explaining that an amount of Fe element distributed on the
anode electrode surface is associated with much irreversible
capacity loss. On the other hand, EDS spectra at the site “2” and
“3” for anode electrodes of batteries A and B were also detected.
It is found that the sites “2” and “3” for battery A have 0.28 at%
and 0.03 at% Fe contents. However, the sites “2” and “3” for
battery B only own Fe contents of 0.04 at% and 0.0 at%,
respectively. It demonstrates that the degree of degradation on
different surface site is quite different. Moreover, it is clearly
observed that the Fe contents of different sites on the anode
electrode of battery A are all much more than those for battery
B. These SEM and EDS measured results verify that silicon
nanoparticle surface modication could prevent the cathode
active materials from attacking of HF in the electrolyte and
subsequently alleviates active Li+ loss.

To further explore the change of surface microstructure of
graphite anode under high-temperature cycling, the aged elec-
trodes were analyzed by XPS and Raman tests. Fig. 7a and
b show C 1s XPS spectra of anode at site “1” for batteries A and B
aer 100 cycles at 3C and 60 �C, respectively. According to the
report,35 the C 1s XPS spectra for both batteries were tted well.
The sharp peak around 284.5 eV is assigned to sp2� bonded
graphite (C–C). At higher binding energy, the shoulder peak at
285.7 eV belongs to typical carbon atoms as C–C (or C–H). The
peak located at 289.7 eV is attributed to CO3 from SEI lm,
which is generally considered as (CH2OCO2Li)2, ROCO2Li and
Li2CO3.36 By calculation, we can get that the area ratios of the
peaks at 284.5 eV, 285.7 eV and 289.7 eV for battery A are 26.0%,
44.2%, 29.8%, respectively; while they for battery B are 33.9%,
43.6%, 22.5%, respectively. Through comparing, it can be found
that relative peak area at 289.7 eV for battery A is bigger than
that of battery B, which means that battery A has thicker SEI
lm. Moreover, relative peak ratio at 284.5 eV for battery B is
larger than that of battery A, which means that battery B retains
33684 | RSC Adv., 2017, 7, 33680–33687
better graphite carbon structure. Furthermore, Fig. 7c and
d show the Fe 2p XPS spectra for batteries A and B. The typical
characteristic peaks at 710.7 and 725 eV referring to Fe 2p3/2 and
Fe 2p1/2, indicated the appearance of iron oxide on the surface
of the anode for both batteries.37,38 Especially, the presence of
satellite peak at about 718.3 eV further conrms the existence of
Fe2O3 on the surface of the anode.39 Moreover, from the XPS
spectra, the contents of Fe element deposited on both graphite
anodes for batteries A and B are found to be 1.19 at% and 0.76
at%, which is consistent with the results from EDS. It also
demonstrates that the more Fe deposition intensies indeed
the formation of thicker SEI, which leads to more irreversible
capacity fading.40 Zheng et al.36 proposed that the decomposi-
tion production of LiPF6 reacting with amounts of protic
impurities can initiate an autocatalytic decomposition of elec-
trolyte components, which causes metal ion dissolution,
damage of the SEI on the carbon anode, and nal capacity decay
of battery. When Si is introduced on the surface cathode as
a physical isolating layer, the decomposition speed of electro-
lyte components is slowed down and the destruction degree of
cathode material is alleviated since the HF could not easily react
with the cathode material. Fig. 8 shows Raman spectra for site
“1” of both graphite electrodes aer test and fresh graphite
electrode for comparison, respectively. Herein, the relative
intensity ratios between D and G peaks are associated with the
disorder degree in carbon structure.41,42 It is found that the ID/IG
values for batteries A and B are increased drastically aer tested
at 60 �C for 100 cycles, implying that a large disorder degree was
induced on the both graphite anode surface. Noticeably,
compared to battery B, battery A with larger value of 0.834 for ID/
IG, suffers from obvious capacity loss, which is attributed to the
severe destruction and reformation of SEI layer happening on
the anode surface resulting in great active lithium consump-
tion. Thus, combined the varied results in Fig. 5a and 6a, the
compact and smooth anode for battery B has a thinner SEI lm
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Raman spectra for site “1” of anode electrodes for LiFePO4@C
and LiFePO4@C/Si after 100 cycles, at 3C and 60 �C; Raman spectrum
of not-charged carbon (raw anodematerial, named as NC) was added.

Fig. 10 The Raman spectra of cathode surfaces at sites “1”, “2” and “3”
for (a) battery A, (b) battery B after 100 cycles, at 3C and 60 �C.
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and less Fe element deposition on the graphite surface than
those of battery A, being responsible for the improved LIB
performance.

In addition to the analysis for the graphite anode, the XRD
and Raman have been used to analysis the LFP cathodes. The
data detected from sites of “1”, “2” and “3” for XRD and Raman
results were shown in Fig. 9 and 10, respectively. As displayed in
Fig. 9a and b, almost diffraction peaks are indexed to ortho-
rhombic olivine LFP (JCPDS no. 40-1499). From gures, two
diffraction peaks around 18� and 31� are assigned to the phase
of FePO4. The existence of FePO4 reveals that some Li+ released
from LFP phase were consumed by the formation of SEI layer on
the anode surface, which leads to the decrease of reversible
Fig. 9 XRD patterns of cathode surfaces at sites “1”, “2” and “3” for (a)
battery A, (b) battery B after 100 cycles, at 3C and 60 �C.

This journal is © The Royal Society of Chemistry 2017
capacity of the battery. It is worth mention that the peak at 17.1�

corresponding to LFP phase (denoted with plum blossom) is
sensitive with the extraction of Li+. Especially, the peak at 17.1�

belong to LFP phase on the site “1” for Si modied electrode
remains, indicating that battery B has the lower loss of capacity,
which is associated with relative improved LIB performances at
elevated temperature. In other words, battery B possesses the
lower intensity of FePO4 phase, demonstrating that battery B
encounters a small degree of Li+ consumption. Meanwhile, the
other XRD results detected from sites “2” and “3” also support
the above conclusion of site “1”. Comparing these three sites,
different intensity of FePO4 observed in different site displayed
that the different site experiences different Li+ consumption,
which also affected by the electrode temperature during cycling.
Fig. 10a and b show the Raman spectra tested at those three
sites from cathodes of both batteries aer 100 cycles at 60 �C. At
the sites “1”, “2” and “3” of cathode electrode for battery B,
there still exist the scatting peaks near 953 cm�1, which is
ascribe to the Ag mode of n1 in the internal modes of LiFePO4.
This means that the surface of cathode electrode with silicon
surface modication retains largely the structure of PO4

3�. On
the contrary, as seen in Fig. 10b, the peak at 953 cm�1 disap-
pears while the two weak peaks at 908 and 959 cm�1 belong to
the internal modes of FePO4 are observed for the cathode
electrode of battery A. Meanwhile, the other three peaks around
174 cm�1, 244 cm�1, 305 cm�1 corresponding to characteristic
one for the external modes of FePO4 were found. The appear-
ance of the above three peaks means a phase change from
LiFePO4 to FePO4 due to an amount of lithium-ion loss during
high rate at elevated temperature. It reveals that silicon nano-
particle modication supports effective protection for the
surface of cathode electrode of the battery, and suppressing
effectively the consumption of lithium-ion.
RSC Adv., 2017, 7, 33680–33687 | 33685
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Fig. 12 The work function distribution curves of the cathodes for fresh
LiFePO4@C, batteries A and B after 100 cycles, at 3C and 60 �C.
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As we know, KPFM is a novel surface characterization tech-
nique to study the aging mechanism of battery material surface
on nanoscale by measuring surface potential. Fig. 11 shows the
surface height maps of site “1” of cathode for batteries A and B,
respectively. From the gure, it is obviously observed that nano-
scale silicon particles are still remained on the surface to hinder
active material from being attacking even though experienced
various cycles under elevated temperature. Within each surface
potential map for site “1” of cathodes of batteries A and B, there
exist no large difference in the contrast, as shown in Fig. 11c
and d. However, their surface potentials and work functions
have evident different. Fig. 12 shows the work function distri-
bution curves of fresh LiFePO4@C, the aged LiFePO4@C and
LiFePO4@C/Si. From the gure, one notices that the aged
LiFePO4@C possesses larger work function and wider full width
at half maximum (FWHM), which should be attributed to the
increase of FePO4 phase on the surface of cathode due to the
more loss of lithium ion during the battery aging. These results
demonstrate again that Si modication effectively suppresses
the consumption of Li+ due to on account of Li ions possessing
the larger diffusion coefficient and less activation energy.43

As is well known, the capacity fading of lithium-ion batteries
mainly result from the irreversible side reactions between
electrode interface and electrolyte in the electrochemical
system. In view of the potentials of the two electrodes, it is more
possible that these side reactions occur on the negative surface.
As a result, a complicated SEI containing inorganic and organic
Li salt components deposits on the anode surface, which plays
an important role in allowing Li ion to pass and efficiently
preventing reductive decomposition of the electrolyte compo-
nents.44 However, in practice, the stability and compactness of
SEI is almost depending on either its chemical or physical
properties.45 Especially when a certain amount of the Fe disso-
lution from lithium iron phosphate was electroreduced on the
anode surface, it could catalyze the formation of the roughness
SEI layer. Taking account for instability of SEI, especially solu-
bility at elevated temperature, a continuous development and
rearrangement of the SEI lm is carrying on during repeated
Fig. 11 The surface height maps at site “1” of the cathodes for
LiFePO4@C (a) and LiFePO4@C/Si (b) and the surface potential maps of
LiFePO4@C (c) and LiFePO4@C/Si (d), respectively. Here, the
LiFePO4@C and LiFePO4@C/Si were operated with 100 cycles, at 3C
and 60 �C.

33686 | RSC Adv., 2017, 7, 33680–33687
electro-chemical cycles, which consumes more active lithium-
ion leading to loss of capacity. To explain the growth and
rearrangement of SEI lm on surface of anode under repeated
electro-chemical cycles, three different mechanisms have been
proposed by Tan et al.16 Combining the catalysis of Fe for the
formation of SEI and a continuous development and rear-
rangement of SEI, it is not difficult to understand for evident
capacity loss of battery A, especially at elevated temperature.
From another perspective, the observation of relative more Fe
element distribution on the surface of anode electrode of
battery A means that cathode active material drastically suffer
from the destruction of HF in the electrolyte. It is responsible
for the capacity fading for battery cycled at high temperature.
On the basic of the above discussion, it is proposed that silicon
surface modication implements suppression of degradation of
18 650 battery with LiFePO4 cathode material. Meanwhile, it
improves also the rate, cycling performances of the battery at
high discharge rate, especially at elevated temperature.

Conclusions

In summary, Si modied LFP electrodes successfully prepared
with the technique of ultrasonic spray, combined with the
anodic graphite electrodes, have been assembled in commercial
18 650 cylindrical batteries and used to investigate their aging
mechanism for LFP. Both 18 650 cylindrical batteries were
evaluated by cycling test and EIS, and their electrodes were
characterized by EDS, SEM, XPS, XRD, Raman spectrum and
Kelvin probe force microscopy, respectively. Compared with the
batteries without Si modication, the results conrmed that, (a)
the battery with modication contains better graphite carbon
structure, less deposited Fe2O3 and thinner thickness of SEI
lm; (b) the cathode with Si modication remains better
LiFePO4 phase, less Li+ loss and integrity of structure. There-
fore, Si modication implements suppression of degeneration
of LIBs at high temperature.
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