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ABSTRACT

Silicon is a low price and high capacity anode material for lithium-ion batteries. The yolk—shell structure can effectively accommodate
Si expansion to improve stability. However, the limited rate performance of Si anodes can't meet people's growing demand for high
power density. Herein, the phosphorus-doped yolk—shell Si@C materials (P-doped Si@C) were prepared through carbon coating
on P-doped Si/SiO, matrix to obtain high power and stable devices. Therefore, the as-prepared P-doped Si@ C electrodes delivered a
rapid increase in Coulombic efficiency from 74.4% to 99.6% after only 6 cycles, high capacity retention of ~ 95% over 800 cycles at
4 A-g™', and great rate capability (510 mAh-g~'at 35 A-g™"). As a result, P-doped Si@C anodes paired with commercial activated
carbon and LiFePO, cathode to assemble lithium-ion capacitor (high power density of ~ 61,080 W-kg™" at 20 A-g™") and lithium-ion
full cell (good rate performance with 68.3 mAh-g™' at 5 C), respectively. This work can provide an effective way to further improve

power density and stability for energy storage devices.
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1 Introduction

Lithium-ion battery (LIB) featuring high capacity, light weight
and long life, is an significant energy storage device [1-4].
Many materials (such as Li metal [5, 6], Si [7], SnSe, [8],
Mn;0s4 [9], ReS: [10]) can be used as the negative electrodes of
LIBs. Li metal anode has been extensively studied owing to the
high theoretical capacity, low density, and low redox potential
[11]. But, the growth of Li dendrites can cause serious safety
problems to hinder practical application. At present, the
commercial graphite anode of LIB shows excellent electrical
conductivity and long cycle stability. However, its low capacity
(372 mAh-g™") can't meet the increasing demands of high
energy and power densities [12-14].

Si is a high theoretical capacity (4,200 mAh-g™), rich in the
crust, and low price anode material for LIBs [15-20]. However,
the huge volume expansion (~ 300%) of Si materials can bring
about pulverization of active materials to seriously hinder its
practical applications as given in Fig. 1(a) [21-25]. The design
of yolk-shell Si-C can ease the problem of bulk expansion to

improve electrochemical lithium storage performance [26-32].

Cui group [26] reported the yolk-shell structured Si-C materials
(using silicon nanoparticles as the yolk and carbonized dopamine
as the carbon layer) achieved good electrochemical performance
for LIB. Unfortunately, the intrinsic semiconductor property

of silicon is often not considered in the published work [33-35].
For the yolk-shell structure, the low electron conductivity of
intrinsic Si nanoparticles (SiNPs) as yolk impeded the rapid
transmission of electrons between the inside interconnected
SiNPs and the outside carbon layer as shell, resulting in low
conductivity and slow electron transfer in the yolk-shell Si@C
electrode (Fig. 1(b)), which suffered from low Coulombic
efficiency and poor rate performance for LIBs. Compared
with boron doping, phosphorus element as an electron donor
is doped in silicon materials to be more conducive to improving
electronic conductivity.[21, 36, 37]

With this in mind, P-doping concept was introduced in this
research to improve electron transfer of yolk-shell structured
Si@C electrode. The P-doped yolk-shell structured Si@C
(P-doped Si@C) was prepared by pyrolysis of CH. on P-doped
Si/SiO. composite through adding the P»Os to process of the
SiO thermal disproportionation and subsequently SiO; etching.
Thanks to enhancing whole electrical conductivity, Li* diffusivity
in electrode materials, and keeping the structural integrity as
presented in Fig. 1(c), the obtained P-doped Si@C electrodes
achieved a Coulombic efficiency of up to 99.6% through only
six cycles and high reversible capacity of 1,005 mAh-g™' (high
capacity retention of ~ 95%) at 4 A-g™' after 800 cycles. In
addition, the P-doped Si@C electrode also showed excellent rate
capability (510 mAh-g™" at 35 A-g™"). The P-doped Si@C anode
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Figure 1 Schematic illustration of Li* insertion/extraction in SiNPs, Si@C, and P-doped Si@C electrodes: (a) SiNPs suffering from the much larger
resistance and volume expansion after many cycles; (b) yolk-shell Si@C suffering from low conductivity and slow electron transfer in the yolk; (c) P-doped
Si@C electrode possessing high conductivity and fast electron transfer in the yolk.

matched commercial activated carbon cathode for lithium-ion
capacitor (LIC), which delivered an energy density of 51 Wh-kg™
at the high-power density of ~ 61,080 W-kg™'. When paired with
commercial LiFePO, cathode, lithium-ion full cell showed great
rate performance (68.3 mAh-g™" at 5 C).

2 Experimental

2.1 Material synthesis

Silicon monoxide microparticles (SiO MPs, ~ 5 um) and P,Os
powder (the weight ratio was 10:1) were mixed uniformly and
heated to 950 °C for 5 h under argon. The disproportionation
of SiO generated Si nanoparticles buried at SiO, matrix. At the
same time the interconnected SiNPs were also uniformly
doped by P:O:s. For the bare SiNPs without P-doping directly
were obtained by HF eching. The P-doped Si@C material was
obtained through carbon layer coated on the surface of P-doped
Si from thermal decomposition of C;Ha:Ar (1:9 by volume) at
a flow rate of 0.15 L-min™" at 800 °C for 10 min after washing
with 10 wt.% HF solution. For comparison, except for the
samples without P»Os, other experimental conditions were the
same to prepare yolk-shell Si@C.

2.2 Preparation of electrodes and cell assembly

The P-doped Si@C electrode was prepared by mixing in
a weight ratio of active material:acetylene black:poly(acrylic
acid) = 7:1.5:1.5 on Cu foil. The commercial activated carbon
(AC) and LiFePO, cathodes were prepared by mixing in a ratio
of active material:acetylene black:cellulose sodium = 8:1:1 on
Al foil. Subsequently, these electrodes were dried in vacuum at
80 °C for 12 h. In addition, P-doped Si@C anode paired with
commercial activated carbon and LiFePO, cathodes to assemble
P-doped Si@C||AC LIC and P-doped Si@C/LiFePO; full cells.
The active mass loading of P-doped Si@C anode and cathodes
(commercial activated carbon or LiFePQ.) were about 0.8 and
4.8 mg-cm by a weight ratio of anode and cathode = 1:6 (the
amount of electrolyte was about 100 pL), respectively. The
coin cells (CR2016) were assembled in a glove box filled with
high purity argon using polypropylene membrane as separator
and 1 M LiPFs in a mixture of ethylene carbonate:dimethyl

carbonate (v:v =1:1) and 10 wt.% fluoroethylene carbonate as
electrolyte. The galvanostatic charge and discharge experiments
were performed on a battery tester LAND-CT2001A in the
voltage windows of 0.01-1.5 and 2-4 V at room temperature.
The energy density (E) and power density (P) were calculated
by using following equations.

E= ]Vldt
fo

where V is the voltage, I is the constant current density, and t
and t, are starting and ending time of discharge, respectively.

P=E/t

where t is time of discharge.

2.3 Characterizations and electrochemical measurements

The morphology of samples was observed using a NOVA
Nano SEM 230 field-emission scanning electron microscope
(FEL, USA). The microstructure structure of samples was
characterized using a JEM-2100F TEM (JEOL, Japan) operating
at 200 kV. X-ray diffraction (XRD) patterns were recorded on
a D/max 2550VL/PC X-ray diffractometer (Rigaku, Japan)
equipped with Cu Ka radiation (A = 1.5418 A, 40 kV, 30 mA).
Raman spectra were acquired using an in Via-reflex micro-Raman
spectrometer (Renishaw, UK) with a 532 nm wavelength incident
laser. Thermogravimetric analysis (TGA) was performance on
a SDT Q600 thermoanalyzer (DSC-TGA, TA, USA) in air.
X-ray photoelectron spectroscopy (XPS) was carried out on an
AXIS Ultra DLD spectrometer (Kratos, Japan) with Al Ka
radiation (hv = 1,486.6 V). The specific surface area and pore
size distribution of materials were measured using a NOVA2200e
analyzer (Quantachrome, USA). Cyclic voltammetry (CV), the
conductivity (I-V) and electrochemical impedance spectrum
(EIS) were measured on a ZAHNER Zennium electrochemical
workstation.

3 Results and discussion

Figure 2 display the fabrication process of the P-doped Si@C
material. The SiO (Fig. S1 in the Electronic Supplementary
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Figure 2 The fabrication procedure of P-doped Si@C material.

Material (ESM)) and P»Os were employed as Si and P sources,
respectively. Then, the above mixture was heated to make SiO
thermal disproportionation and P doping simultaneously to
form P-doped Si/SiO: composite (Fig. S2 in the ESM). Subsequently,
the P-doped Si/5i0.@C (Fig. S3 in the ESM) was prepared
by pyrolysis of C;H, on above composite. Finally, yolk-shell
P-doped Si@C material with interconnected P-doped Si yolk
and carbon shell was obtained after HF etching.

The scanning electron microscopy (SEM) image of the
P-doped Si@C sample (Fig. 3(a)) shows a microscale yolk-shell
Si-C structure. It is obvious from the transmission electron
microscopy (TEM) images that the interconnected Si nanoparticles
as yolk are totally encapsulated by carbon shell as presented
in Figs. 3(b) and 3(c). The thickness of carbon shell having
amorphous nature is about 10 nm as seen in the TEM image
(Fig. 3(d)). Moreover, the high-resolution TEM (HRTEM)
image (Fig. 3(e)) can be clearly seen lattice fringes of Si (111)
with spacing of 0.32 nm [34, 38]. The successfull doping with
uniform distribution of P element (the P content is 2.03 at.%)
in the interconnected Si nanoparticles was evident from the
elemental mapping analysis (Fig. 3(f)).

Furthermore, XRD, Raman and XPS were used to confirm
P-doping in the yolk-shell Si@C sample. Figure 4(a) presents

Figure 3 Morphology characterization of the P-doped Si@C material.
(a) SEM image. (b) TEM image (the inset: selected area electron diffraction
(SAED) image). (c) Magnified TEM image. (d) and (e¢) HRTEM images, and
(f) TEM image and elemental mapping (colour scheme: Si, red; C, green;
P, blue).
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XRD patterns of SiNP (images of TEM in Fig. S4 in the ESM),
Si@C (images of SEM and TEM in Fig. S5 in the ESM), and
P-doped Si@C with unobvious peak of amorphous carbon
[39, 40]. A shift towards small angle is observed in diffraction
peaks for P-doped Si@C particles, whereas the diffraction peaks
of (111) altered to be blunt by P doping. This could be ascribed
to impurity incorporation (P-doping), resulting in part Si atoms
replaced by P atoms increasing the disorder of lattice in Si [36, 41].
The porous structure of P-doped Si@C sample was further
verified by nitrogen adsorption-desorption isotherm type IV
curves (Fig. 4(b)). The specific surface area of P-doped Si@C
material was 307.4 m*g™". From the inset of Fig. 4(b), it can be
seen that the pore size distribution is mainly centered at 5-10 nm,
revealing its mesoporous structure. The Raman spectrum of
the P-doped Si@C sample (Fig. 4(c)) exhibited an shift of Si
reference peak from 518 to 504 cm™. It is well known that P
doping in the Si can decrease the mean free path and lifetime
of phonon [41-43]. The distinct peaks at 1,334.5 and 1,593.6 cm™
of the P-doped Si@C sample were attribute to D and G bands
of the amorphous carbon (carbon content is about 10.1% in
Fig. S6 in the ESM), respectively [26, 40]. The XPS analysis
was also carried out to find phosphorus bonding within
interconnected SiNPs in Fig. 4(d). The Si 2p spectra of P-doped
Si@C sample showed peaks for SiO», Si-Si and n-type Si at
103.2, 99.6, and 100.0 eV, respectively. To further provide
evidence of P doping, Si-P and P-P bonds at 128.9 and
130.5 eV can be found from the P 2p XPS spectrum of
P-doped Si@C sample in Fig. 4(e) [37, 41, 44, 45]. Moreover,
P 2s XPS spectrum as given in Fig. 4(f) also examined Si 2s
plasmon loss signal [46].

To explore the effect of different P doping levels on lithium
storage performance, the L-P-doped Si@C (P content of
1.19 at.% in Fig. S7 in the ESM) and H-P-doped Si@C (P content
of 4.00 at.% in Fig. S8 in the ESM) materials were prepared by
mixing SiO and P205 powders (weight ratio 20:1 and 5:1) in
process of disproportionation reaction, respectively. Figure S9
in the ESM presents the cycling performance of three samples
with different weight ratios (20:1, 10:1 and 5:1) at current
density of 1 A-g”'. However, the L-P-doped Si@C electrode
showed worse cycling stability and H-P-doped Si@C electrode
delivered lower capacity. The low P-doping amount may cause
less reactive sites and low conductivity, while high levels of
phosphorus may replace more silicon atoms, resulting in lower
capacity for electrochemical lithium storage [21, 41, 47].

CV plot of the first three cycles of P-doped Si@C electrode
is displayed in Fig. S10 in the ESM at 0.5 mV-s™. The CV curves
has a good coincidence, indicating excellent reversibility of
P-doped Si@C electrode [48, 49]. The first charge and discharge
curves of the SiNP, Si@C and P-doped Si@C electrodes at
0.4 A-g™' are shown in Fig. 5(a). SiNP, Si@C, and P-doped Si@C
electrodes show the initial discharge capacities of 2,906, 2,646
and 2,847 mAh-g™' (corresponding initial Coulombic efficiencies
(ICEs) are 54.2%, 67.7% and 74.4%, respectively). Among
these electrodes, P-doped Si@C electrode shows the highest
ICE (74.4%). the carbon shell of P-doped Si@C may prevent
most of the electrolyte from infiltrating inside porous silicon
nanoparticles to form less solid electrolyte interphase (SEI) and
the doping of P effectively improves the electron conductivity
to get higher reversible capacity. While, the ICE of SiNP
electrode is only 54.2%, due to more SEI on the surfaces of
silicon nanoparticles from larger specific surface [40, 50, 51].
The obtained P-doped Si@C electrode achieved a Coulombic
efficiency of up to 99.6% through only six cycles as displayed
in Fig. 5(b). However, the SiNP and Si@C anodes could not
approach 99.5% stabilized efficiency even after 12 cycles. The
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Figure 4 Characterization of the prepared SiNP, Si@C and P-doped Si@C samples. (a) XRD patterns of SiNP, Si@C and P-doped Si@C samples.
(b) Nitrogen adsorption-desorption isotherm curves of P-doped Si@C sample (pore diameter distribution in the inset). (c) Raman spectra of SiNP, Si@C
and P-doped Si@C samples. XPS spectra of the P-doped Si@C sample for (d) Si 2p, (e) P 2p and (f) P 2s.
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Figure 5 Electrochemical properties of the prepared SiNP, Si@C and P-doped Si@C electrodes. (a) The intial discharge/charge curves. (b) Magnified
form of stabilized Coulombic efficiency for SiNP, Si@C and P-doped Si@C electrodes at 1 A-g™" at first 50 cycles. (c) Cycling performance at 1 A-g™".
(d) Comparison of capacity at different rates for P-doped Si@C with those of reported Si/C yolk-shell nanocomposite anodes [28, 29, 32, 52-55]. (e) Rate
capability. (f) Long cycle performance at 4 A-g™! (the first three cycles at 0.4 A-g™").

P-doped Si@C electrode delivered great cycling stability and
high discharge capacity of 1,650 mAh-g™ at the current density
of 1 A-g™" after 100 cycles, while SINP and Si@C electrodes

showed rapid capacity fading as given in Fig. 5(c). It is also
evident from Fig. 5(d), the P-doped Si@C electrode showed
the best rate capability than reported Si-based materials in Refs.
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[28, 29, 32, 52-55]. The reversible capacities of P-doped Si@C
electrode were 2,709, 1,779, 1,487, 1,284, 1,140, 1,037, 934,
822, 733 and 722 mAh-g™ at different current densities of 0.4,
1,2,5,10, 15, 20, 25, 30 and 35 A-g" in Fig. 5(e), respectively.
It was noticed that P-doped Si@C electrode showed excellent
cycle stability and high capacity of 510 mAh-g™ at up to
current density of 35 A-g™' (the charging and discharging curves
of P-doped Si@C electrode in Fig. S11 in the ESM), while SiNP
and Si@C anodes exhibited rapid decay, indicating poor rate
performance. Figure 5(f) shows the long cycling performance
of SiNP, Si@C and P-doped Si@C electrodes at 4 A-g™ after
activation at 0.4 A-g™'. The P-doped Si@C electrode displayed
a high reversible capacities of 1,005 mAh-g™ at 4 A-g™' after
800 cycles, corresponding to a retention of about 95% to its
initial value of 1,056 mAh-g™" at 4 A-g™'. While Si@C electrode
only delivered discharge capacities of less than 330 mAh-g™/,
corresponding to a retention of about 27.7%.

The P-doped Si@C electrode demonstrated high electrical
conductivity and kept intact yolk-shell structure, resulting
in excellent electrochemical lithium storage performances.
Figure 6(a) shows I-V curves of SiNP, Si@C and P-doped
Si@C powder samples at scan rate of 10 mV-s™'. From Table S1
in the ESM, one can see the P-doped Si@C powder sample
(9.8 x 10* S:‘m™") presented the higher conductivity than Si@C
(1.7 x 10* S'm™) and SiNP (6.5 x 107° S-m™") powder samples
[30, 34, 56]. The EIS can be conducive to understanding P
doping to enhance reaction kinetics of Si@C electrode. The
Nyquist plot in Fig. 6(b) shows one semicircle in high-frequency
region and an inclined line in low-frequency region, corresponding
to the resistance from surface film (R is total resistance of the
carbon layer and SEI), charge transfer resistance (Re), and the
Warburg impedance (W represents Li* diffusion in electrode),
respectively [57]. As shown in Fig. 6(b), P-doped Si@C electrode

(b)

Nano Res. 2021, 14(4): 1004-1011

displayed the smallest semicircle than SiNP and Si@C electrodes,
implying smallest charge transfer resistance derived from the
P doping enhancing conductivity. The Warburg impedance in
the low frequency region (Fig. 6(c)) indicates the Li* diffusion
coefficient of P-doped Si@C electrode, showing highest Li*
diffusion coefficient (Dvi*) of 1.20 X 107'° cm*s™! calculated by
Egs. (1) and (2) [58]. which is much higher than that of the
SiNP electrode (9.20 x 1072 cm*s™) and Si@C electrode (4.42 x
10" cm*s™) in Table 1 because P-doping might make the SiNP
more lithium storage sites during cycling, resulting in super
fast ion transport kinetics [59]. This result proves positive
effect of P-doped Si on the Li* diffusion for enhancing the rate
performance.

Zr
Diit = 0.5(RT/nAF 0.)*

R + R+ Rt + o™

1
2)

where R, T, and F are the constant, # is Li* concentration, A is
electrode area, and oy is the Warburg factor, Rs, Rr and R« are
series resistance, resistance of surface film, and resistance of
charge transfer, respectively.

The cross-sectional SEM images in Figs. 6(b)-6(e) show only
15.4% change for thickness of P-doped Si@C after 50 cycles,
demonstrating effectively mitigating large volume changes.
Additionally, no obvious morphological and structure differences
(SEM images of P-doped Si@C electrode in Fig. S12 in the ESM)
of P-doped Si@C electrode were found after 50 cycles as given
in Figs. 6(f) and 6(g).

The excellent performances of the P-doped Si@C electrode
in Coulombic efficiencies, stability, and rate performance may
be attributed to the following reasons: (1) P-doping significantly
enhances the conductivity of SiNPs. P-doped interconnected
SiNPs as yolk not only improve electrical contact inside
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(a) I-V curves of SiNP, Si@C and P-doped Si@C powder samples. (b) Electrochemical impedance spectra (the inset is the corresponding

equivalent circuit) and (c) the relationship between Z’ and w™** of SiNP, Si@C and P-doped Si@C electrodes in the low frequency range. (d)-(g)
Morphology characterization of P-doped Si@C electrode: SEM images of (d) uncycled and (e) after 50 cycles; TEM images of (f) unclycled and (g) after

50 cycles.

Table 1 Kinetic parameters of SiNP, Si@C and P-doped Si@C electrodes

Electrodes R (Q)) Re (Q) R (Q) ow (Q-s7%%) Dui* (cm?s7™!)
SiNP 3.27 1.86 64.72 62.08 9.20 x 1072
P—doped Si@C 3.15 2.10 26.75 17.19 1.20 x 10710
Si@C 3.25 2.25 44,57 28.97 442 x 107!
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interconnected SiNPs, but also facilitate the electron transfer
between SiNPs and carbon layers, which is in favor of high
electron conductivity, fast Li* storage kinetics and utilization
ratio [21, 41, 45]. (2) The yolk-shell structured inner void can
accommodate Si expansion during cycling. (3) The outside
carbon shell of P-doped interconnected SiNPs keep structural
integrity and enhance the conductivity throughout the electrode
to enhance the electrochemical kinetics. In addition, the carbn
coating layer contributes to stable SEI formation on surface
[26, 40].

The P-doped Si@C electrode exhibited remarkable rate per-
formance for LIBs, showing great potential for LICs, which
were assembled by P-doped Si@C anode and commercial AC
(the SEM images in Fig. S13 in the ESM) cathode as given
in Fig. 7(a). It is observed that the CV curves of P-doped
Si@C||AC LIC show a rectangle-like shape at different scan
rates. Even if the sweep speed increases by 20 mV-s™, the shape
is basically unchanged, indicating noticeable power capability
for LIC (Fig. 7(b)). Figure 7(d) displays the voltage profiles from
current densities of 1 to 20 A-g™' (voltage window: 2.0-4.0 V).
These curves are different from triangle and linear shape,
suggesting storage characteristics both battery and capacitor
[60]. The P-doped Si@C||AC LIC delivered an high energy density
of ~ 200 Wh-kg™" calculated by the mass of commercial AC
at 2.5 A-g™' after 500 cycles, equivalent to four times that of
lithium foil[|AC LIC full cell shown in Fig. 7(c). As shown
in Fig. 7(e), the energy densities calculated by the mass of
commercial AC of P-doped Si@C||AC LIC were 220, 207, 150,
105, 83, and 61 Wh-kg™ at the current densities of 1, 2, 5, 10,
15, and 20 A-g™', respectively. However, the energy density of
lithium foil||AC LIC was almost zero at 20 A-g™'. Compared to
variously reported Si-based LICs, our work is among the
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Figure 7 (a) Schematic illustration of LIC containing P-doped Si@C
anode and AC cathode. (b) CV curves of P-doped Si@C||AC LIC at
different scan rates. (c) Cycling performance of P-doped Si@C||AC LIC
and lithium foil||AC LIC (the mass ratio of P-doped Si@C to AC is 1:6 and
energy density is calculated by the mass of activated carbon) at 2.5 A-g™".
(d) Voltage profiles of P-doped Si@C||AC LIC at various current densities.
(e) Rate performances of P-doped Si@C||AC LIC and lithium foil||AC LIC
(energy density is calculated by the mass of activated carbon). (f) Ragone
plot of P-doped Si@C||AC LIC compared to Si-based LICs in Refs. [61-64]
(energy density is calculated by the total mass of P-doped Si@C and
activated carbon).
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highest level in Fig. 7(f) [61-64]. The high energy density of
~ 189 Wh-kg™ ofthe P-doped Si@C||AC LIC was achieved at the
power density of ~ 10,174 W-kg™'. The LIC showed an energy
density of 51 Wh'kg™ at the maximum power density of
~ 61,080 W-kg™ (at 20 A-g™") calculated by the mass of P-doped
Si@C and AC, due to excellent electrical performances of
P-doped Si@C material. In addition, we also explored its
commercial viability by fabricating a P-doped Si@C/LiFePO.
full cell (P-doped Si@C anode and LiFePOs cathode (electro-
chemical performances in Fig. S14 in the ESM)), which delivered
68.3 mAh-g" at 5 C and 92 mAh-g" at 1 C = 170 mA-g" after
200 cycles as given in Fig. S15 in the ESM.

4 Conclusion

In summary, the P-doped yolk-shell structured Si@C was
prepared through pyrolysis of C;H: on P-doped Si/SiO. composite
from SiO thermal disproportionation. This rational strategy
of P-doping, effectively improved fast electron transfer and
enhanced reaction kinetics for yolk-shell Si@C electrode, achieving
excellent lithium storage performances (1,005 mAh-g™" at 4 A-g™
after 800 cycles and 510 mAh-g™" at 35 A-g™"). Therefore, the
P-doped Si@C anode was successfully applied in high power
lithium ion capacitor (high-power density of ~ 61,080 W-kg™
at 20 A-g™") and excellent rate performance lithium-ion full cell
(68.3 mAh-g™" at 5 C). The approach presented in the research
could be universal to help improve poor conductivity and low
reaction kinetics for advanced anode materials in lithium-ion
batteries.
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