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A Sn—Ni/graphite sheet composite is synthesized by a simple electroless plating method as an anode

material for lithium ion batteries (LIBs). The microstructure and electrochemical properties of the

composite are characterized by field emission scanning electron microscopy (FE-SEM), transmission

electron microscopy (TEM), cyclic voltammetry (CV), and AC impedance spectroscopy. The results show

that the as-prepared composite has Sn—Ni nanoparticles around 100 nm in size, where metallic Ni acts

as an “anchor” to fix metallic Sn. The reunion phenomenon of Sn is alleviated by adding metallic Ni

between the metallic Sn and graphite sheets. The Sn—Ni/graphite sheet electrode exhibits a good rate
performance with a capability of 637.4, 586.3, 466.7, 371.5, 273.6, 165.3 and 97.3 mA h g~ at a current
density of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10 A g%, respectively. The good electrical conductivity of Ni,
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high specific capacity of Sn and excellent cycling capability of the graphite sheets have a synergistic

effect and are the main reasons behind the superior electrochemical performance. Furthermore, the as-

DOI: 10.1039/c8ra01940a

rsc.li/rsc-advances the cycle number increased.

1. Introduction

Due to their high energy density, environmental friendliness
and the absence of memory effects, lithium ion batteries (LIBs)
have been widely used in portable electronic products (such as
laptops, mobile phones, digital cameras, etc.), and have huge
potential in the fields of electric and hybrid vehicles."® With
the development of society and the progress of technology,
the demand for high-performance batteries is urgently
increasing.*” Meanwhile, the anode materials of LIBs have
a significant influence on their electrochemical performance,
especially in the development of high-performance batteries. At
present, one commercially applied anode material in LIBs is
graphite, which possesses the characteristics of low cost,
excellent electron conductivity, long cycle life and capacity
stability. However, the theoretical capacity of graphite is only
372 mA h g~ ', which can hardly meet the requirements of high-
capacity LIBs.*® In order to obtain high capacity anode
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prepared composite exhibits excellent lithium storage capacity and the reversible capacity increased as

materials, numerous efforts are being made to find alternative
materials to replace current commercial carbon for new
LIBs.'**

Among all the alternative materials, Sn metal is a promising
non-carbon anode material with high theoretical capacity
(994 mA h g™') and a low-voltage lithium-ion de-intercalation
platform.>** However, its significant volume expansion (200-
300%) during cycles results in a reduction in specific capacity
and cycle performance degradation, which limits its large-scale
application in LIBs."° A typical strategy to overcome these
shortcomings is to introduce an active or inert element that acts
as a “buffer” to accommodate the large volume change during
cycling. Researchers have shown that dispersing a Sn-based
material in a carbon matrix is an effective way to form
a stable Sn alloy or composite material to mitigate the volume
effects of Sn and improve the cycling performance.>***3212

Sn/C composite materials have already been obtained by
various methods,*** and most of them need high temperature
treatment to ensure good conductivity. However, the melting
point of Sn is only 232 °C and its dispersibility in composites is
susceptible to heat treatment temperature. Under high
temperature heat treatment, Sn particles tend to aggregate
together into large particles,” which easily leads to powdering
and falling of the electrode material during cycling, eventually
resulting in the decrease of battery capacity and deterioration of
the cycle performance.?* Meanwhile, when the Sn/C composite
material is treated with relatively low temperature, it has poor
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electrical conductivity. Moreover, the connection between the
Sn particles and the carbon is loose, which is not conducive to
improving the electrochemical performance. In order to
improve the conductivity of the composite material and inhibit
the aggregation of metallic Sn at high heat treatment temper-
ature, metallic Ni was introduced into the composite mate-
rial.>”7** Since nickel is a metal with good conductivity and its
melting point is as high as 1453 °C, it can improve the electrical
conductivity of the composite material and increase thermal
tolerance.'”*” Renzong Hu et al. prepared a Sn-C-Ni composite
thin film by electron beam evaporation, which exhibited good
capacity retention and a high rate capability.”> B. D. Polat et al.
prepared a Ni-Sn-C multilayered composite thin film by elec-
tron beam deposition, in which the interactions among Ni, Sn,
and C atoms were enhanced and the electrode demonstrated
good capacity performance.*' Although Ni-Sn-C composite thin
films with good electrochemical performance have been ob-
tained, most methods used are not conducive to large-scale
production due to the use of special equipment. For this
reason, the facile synthesis of Sn-Ni-C multilayered anode
materials with high capacity and long cycle life remains
a challenge.

In this work, we use graphite sheets as the buffering/
conducting matrix for Sn owing to their flexibility, mechanical
strength, and electrical conductivity and propose a simple new
strategy to prepare a Sn-Ni/graphite sheet composite material by
electroless plating.** Metallic Ni in the composite material acts as
a bridge connecting the graphite sheets and metallic Sn, pre-
venting the aggregation of Sn at high heat treatment tempera-
ture. Meanwhile, Ni can improve the non-wetting properties
between the metallic Sn and the non-metallic graphite sheets. Ni
acts as an “anchor” in the as-prepared composite and limits the
aggregation of Sn in a certain area, which is conducive to
inhibiting metallic Sn reunion and improving the cycling
performance of Sn. The enhanced electrochemical performance
of the Sn-Ni/graphite sheets composite as an anode and the
related mechanism are reported herein.

2. Experimental
2.1 Preparation of Sn-Ni/graphite sheet composite material

2.1.1 Preparation of oxidized graphite sheets. The oxidized
graphite sheets were prepared by modified Hummer’s
method.**?** A certain amount of flake graphite powder, NaNO;
and 98 wt% H,SO, were mixed and vigorously stirred at 0 °C for
10 min in a three neck round bottom flask. Then a certain
amount of KMnO, was added gradually to the above solution
and reacted at 35 °C for 2 h. Right after the reaction was
complete, 80 °C deionized water and 10 wt% H,0, aqueous
solution (with a volume ratio of 8:3) were added to the
suspension and reacted at 90 °C for another 10 h. After cooling
to room temperature, the black products were filtered and
washed with a certain volume of 10 wt% HCI aqueous solution.
Oxidized graphite sheets were obtained after washing with
deionized water and drying.

2.1.2 Pre-treatment of graphite sheet surfaces. The elec-
troless nickel plating consists of three basic processes:
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sensitization, activation and electroless plating. In this work,
the graphite sheets were activated by a modified electroless
plating method® in a solution containing 0.2 g L~" PdCl, and
2.5 mL L' HCI for 30 min at room temperature. Pd catalytic
nuclei can promote deposition of metallic Ni on the surface of
oxidized graphite sheets.***” A certain amount of NaH,PO,-H,0
was then added slowly to the above solution and reacted for
30 min at room temperature. The chemical composition of the
activation bath is shown in Table S1.7

2.1.3 Preparation of Ni/graphite sheet substrate. After
activation, graphite sheets were introduced into the electroless
bath containing nickel sulphate as the Ni*" source and sodium
hypophosphite as the reducing agent. In order to prevent nickel
ion precipitation, Ni** ions must be complexed with a stronger
complexing agent than water. Here we used citric acid, sodium
acetate, and ammonium acetate as complexing agents. Table
S2F shows the composition of the solutions used in the elec-
troless nickel plating process. The aqueous solution was stirred
by a magnetic stirrer for 1 h at 85 °C and its pH was controlled in
the range 4.5-4.8. The Ni/graphite sheet substrate was obtained
after repeatedly washing with deionized water and drying.

2.1.4 Preparation of Sn-Ni/graphite sheet composite
material. After the electroless nickel plating process, the Ni/
graphite sheet substrate was introduced into the electroless
bath containing stannous chloride as the Sn** source and
sodium hypophosphite as the reducing agent. Stannous chlo-
ride was dissolved in hydrochloric acid, and thiourea was used
as a complexing agent. Table S31 gives the composition of the
solutions used in the electroless tin plating process. The
aqueous solution was stirred by a magnetic stirrer for 1 h at
80 °C and its pH was controlled in the range 2.0-5.0. After this,
the composite material was obtained after repeatedly washing
with deionized water and drying. As a comparison experiment,
a Sn/graphite sheet composite material was synthesized by the
electroless tin plating method using the same chemical
compositions in Table S3.1 In order to improve the crystallinity
of the materials and make the oxidized graphite sheets reduce
to graphite sheets, all of the resultant black precipitate was
dried at 80 °C under vacuum, followed by heating in a tube
furnace under high-purity Ar at 600 °C for 2 h.

2.2 Material characterization

The microstructure of the samples was characterized by field
emission scanning electron microscopy (FESEM, Philips, FEI
Quanta 200 FEG) and transmission electron microscopy (TEM,
Tokyo, Japan, JEOL 2100F). The composition of the sample was
analyzed by an energy dispersive spectroscope (EDS, INCA)
attached to the SEM. Infrared spectra were recorded on a PE
(Spot-light 3000) Fourier transform infrared (FTIR) spectrom-
eter using the KBr disk technique to investigate the different
functional groups in the powders before and after annealing.
Raman spectroscopy (Spex Raman Log 1403) was employed to
verify chemical bonding characteristics of carbon. Thermogra-
vimetric analysis TG-DSC (SETARAM, LABSYS evo) was carried
out in the temperature range 30 to 1000 °C at a scanning rate of
10 °C min™" in air.

This journal is © The Royal Society of Chemistry 2018
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2.3 Electrochemical measurements

The electrochemical properties of the samples were tested using
CR2032 coin-type half-cells, which were assembled in an argon-
filled glove box with Li metal foil (Aldrich, USA) as the counter
electrode. The working electrodes were prepared by coating
homogeneous slurry on a copper foil. The slurry was composed
of 85 wt% of active material, 10 wt% of conductivity agent
(acetylene black), and 5 wt% of binder (polyvinylidene fluoride,
PVDF). Then the electrodes were dried at 80 °C in a vacuum
oven for 12 h and pressed to enhance the contact between the
active material and the conductive carbons. During the prepa-
ration of the electrode, the mass loading of active material in
the electrodes is about ~0.6 mg cm > The electrolyte was
composed of 1 M LiPFs and a mixture of ethylene carbonate
(EC)/diethyl carbonate (DEC) 1:1 (vol%). Discharge-charge
cycling tests were carried out at room temperature with a LAND
test system, in the voltage range 0.01 V to 3.0 V (vs. Li/Li").
Electrochemical impedance spectroscopy (EIS) was carried out
in the frequency range 100 kHz to 10 mHz, and cyclic voltam-
mograms (CVs) were measured with a scan rate of 0.1 mV s~ in
a potential range 1.0 mV to 3.0 V. Both EIS and CV tests were
carried out on the IM6 electrochemical workstation (Zahner,
Germany) at room temperature.

3. Results and discussion
3.1 The microstructure the of graphite sheets

As shown in Fig. 1a, flake graphite with neat edges is densely
stacked together and the particle size distribution of flake
graphite is in the range 4-10 um. After the oxidation process,
unlike flake graphite, oxidized graphite sheets exhibit a thin
layered structure and only loosely connect with each other as
shown in Fig. 1b, which suggests that the oxidation process
promotes the stripping of flake graphite. The graphite sheets
are further explored by FT-IR to evaluate their oxidation degree
(Fig. S1t). The band of oxidized graphite sheets around
3150 cm ™' could be attributed to the stretching vibration of C-
OH and -OH, which is shifted compared to the absorption peak
of flake graphite (3437 cm™"). The absorption peak at around
1733 em ' is mainly due to the C=0 stretching vibration of
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Fig. 1 SEM images of flake graphite (a) and oxidized graphite sheets (b).
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carboxyl and carbonyl groups on the oxidized graphite sheets.
The peak at approximately 1600 cm™" is the characteristic O-H
bending vibration of the water molecules, and the one near
1570 cm™ ' is attributed to C=C bending vibrations.*® FT-IR
results show that the oxidation process can increase the
number of oxygen containing groups on the surface of the
layers. Moreover, Raman spectra (Fig. S21) show that both flake
graphite and oxidized graphite sheets show characteristic peaks
of carbonaceous materials at around 1350 cm " (D band) and
1590 cm ™" (G band). The G and D bands are associated with the
ordered sp” carbon and disordered effects and edge carbons,
respectively. The ratio of In/I is used to measure the disorder in
carbonaceous materials. It is obvious that the Ip/I; value of
oxidized graphite sheets (1.13) is greater than that of flake
graphite (0.34), implying that homemade graphite sheets
become more disordered after functionalization.'® The graphi-
tization of flake graphite decreases after activation, which is
likely due to the more wavy or curly structure in oxidized
graphite sheets. The Raman results are consistent with SEM and
FT-IR. Thus, more oxygen containing groups are added on
graphite sheets by the modified Hummer’s method and the
synthetic sandwich structure of graphite sheets can offer many
attachment sites at the gaps and limit the reaction in a certain
region.

3.2 The microstructure of the as-prepared Sn-Ni/graphite
sheet composite material

Fig. 2a and b show SEM images of the electroless plated Sn/
graphite sheet composite before and after sintering, respec-
tively. In Fig. 2a, no particle is observed on the surface of
graphite sheets, indicating that Sn particles do not reunite
before heat treatment. However, since the melting point of Sn is
only 232 °C, it is easy for Sn to transform into a molten state and
gradually blend together under high temperature treatment.
Then, molten Sn would reunite into particles when cooled, as
shown in Fig. 2b. The size of the Sn particles is about 230 nm, as
given in the inset. It indicates that Sn aggregates into large
particles on the surface of the graphite sheets after sintering at
600 °C. Fig. 2c displays the electroless Ni/graphite sheet
samples before sintering. It can be seen that small floccules

HV mag WD | det | pressure
20.00 kV| 12000 x10.1 mm| ETD|8.61e-4 Pa
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Fig. 2 SEM images of the Sn/graphite sheet sample before sintering (a) and after sintering at 600 °C (b), the Ni/graphite sheet sample before
sintering (c), and the Sn—Ni/graphite sheet sample before sintering (d) and after sintering at 600 °C (e).

disperse uniformly on the graphite sheets. Fig. 2d and e are SEM
images of electroless plated Sn-Ni/graphite sheet composites
before and after sintering, respectively. Fig. 2d shows that the
sample has similar flocculent particles on the surface of the
graphite sheets before sintering. Compared to Fig. 2c, the
flocculent particles are smaller and distribute more evenly,
indicating that the agglomeration of particles is effectively
alleviated. This may be because the metallic Ni acts as the active
site, which can prevent the particles contacting with each other.
Fig. 2e shows that a lot of small spherical particles disperse
evenly on the matrix of graphite sheets. Compared to the
particles in Fig. 2b, the size of the particles in Fig. 2e is much
smaller, with a diameter around 100 nm. This is because Ni
has a high melting point, which makes metallic Sn withstand
the heat treatment temperature of 600 °C without severe

15430 | RSC Adv., 2018, 8, 15427-15435

agglomeration. In addition, Ni particles can be used as attach-
ment points for Sn, which means Sn effectively covers the
surface of the Ni and is fixed in certain area. Thus, this special
“anchor” structure of the Sn-Ni/graphite sheet sample can
improve the heat treatment temperature of the composite
material and effectively inhibit the accumulation of metallic Sn.

In order to investigate the microstructure of the Sn-Ni/
graphite sheet composite after sintering at 600 °C, TEM obser-
vations were carried out. They revealed clearly that the
composite is composed of lots of similar core/shell nano-
particles, in which the Ni particles are dispersed inside and the
Sn particles form a shell and cover the Ni particles.*” The Sn-Ni
particles uniformly attach to the graphite sheets, as shown in
Fig. 3a. The selected area electron diffraction (SAED) pattern
proves that the composite material is polycrystalline, shown as

This journal is © The Royal Society of Chemistry 2018
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an inset in Fig. 3a. These particles are Sn and Ni, which is
consistent with the previous reports.”>*” The enlarged image of
the composite material in Fig. 3b also shows that Sn-Ni parti-
cles with a size of about 100 nm homogeneously disperse on the
graphite sheets. It shows that the micro-sized Ni are fully
wrapped by the metallic Sn and the shell thickness of Sn is
about 70 nm. The enlarged image of the composite is shown as
an inset in Fig. 3b, and further proves that the Sn particles cover
the Ni particles, forming Sn-Ni particles. It is proven by the EDS
(Fig. 3c) that the nano-composite mainly contains a homoge-
neous spatial distribution of C, O, Sn and Ni, and the content of
each element is 40.8%, 15.5%, 31.4%, and 12.3%, respectively.
It also verifies that the nickel metal and metallic tin were
effectively deposited on the graphite sheet surface by electroless
plating. The composite material contains some oxygen, which is
because oxygen-containing groups are not completely removed
at 600 °C. Fig. 3d shows the TGA curves of Ni/graphite sheets
and Sn-Ni/graphite sheets in air in the temperature range of
room temperature to 1000 °C with a heating rate of 10 °C min™".
The first mass loss in the region 30-100 °C is ascribed to the
release of adsorbed water and the second mass loss in the
region 100-600 °C may be correlated to the removal of the
graphite sheets. Therefore, the weight fraction of the graphite
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sheets is about 48% by weight. From Fig. 3d, it can be estimated
that the amount of NiO and SnO, in the Sn—-Ni/graphite sheets is
about 37.7% and 10.8%, respectively. Based on the weight ratio
of NiO and SnO,, the loading ratio of Ni and Sn by weight was
calculated to be 29.6% and 8.5%, respectively, which is
consistent with the EDS results.

The deduced formation mechanism of the Sn-Ni/graphite
sheet composite is presented schematically in Scheme 1.
Firstly, homemade graphite sheets with a layered structure are
prepared by a modified Hummer’s method and are expected to
increase the surface area of the composite material and alleviate
the volume effect of the metallic Sn. After the graphite sheets
have been activated, Pd active sites are distributed evenly on the
graphite sheets. Subsequently, metallic Ni is deposited on the
surface of the pretreatment graphite sheets by electroless
plating, then metallic Sn is deposited on the surface of the Ni.
The volume effect of the Sn in the as-prepared composite
material is constrained by the interaction between the Ni and
the graphite sheets. The metallic Ni acts as attachment sites,
which makes the Sn gather around the metallic Ni. The Ni
tightly connects the graphite sheets and the metallic Sn, and the
high melting point of Ni improves the heat resistance of the
composite material and prevents the melting Sn from
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Fig. 3 TEM images of the Sn—Ni/graphite sheet sample with the corresponding SAED patterns (inset) (a) and the nano-phases dispersed in the
Sn—Ni/graphite sheets (b), EDS spectrogram of the Sn—Ni/graphite sheet sample and elemental distribution for C, O, Ni, Sn (c), and TGA curves of

Ni/graphite sheets and Sn—Ni/graphite sheets (d).
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Scheme 1 The formation mechanism of the Sn—Ni/graphite sheet composite material.

aggregating under high heat treatment temperature. The good
wettability between Sn and Ni in the as-prepared composite may
help to reduce the impedance value of the composite. The good
electrical conductivity of Ni, high specific capacity of Sn and
excellent cycling capability of graphite sheets will be synergis-
tically conducive in improving the electrochemical properties of
the Sn-Ni/graphite sheet composite.

3.3 Electrochemical properties of the Sn-Ni/graphite sheet
composite

The CV curves of the first three cycles for the Sn-Ni/graphite
sheets, Sn/graphite sheets and Ni/graphite sheets at a scan
rate of 0.1 mV s~ " in the range 1.0 mV to 3.0 V are shown in
Fig. 4a-c, respectively. As shown in Fig. 4, all the cells display
a similar broad peak within the range of 0.30-0.70 V during the
first reduction process which then disappears in the subsequent
two cycles, which is in accordance with the decomposition of
the electrolyte and the subsequent formation of solid electrolyte
interphase (SEI) films. In Fig. 4a, there is no obvious peak near
0.8 V in the cathodic process in the first cycle. This phenom-
enon is mainly due to the poor wetness of the electrolyte on the
active substance, which impedes the embedding process of the
lithium ion into Sn. A sharp peak appears near 0.01 V, which is
attributed to the insertion of Li" into the graphite layers to form
Li,C. In the anodic process, the peak at around 0.25 V corre-
sponds to the process of lithium ion extraction from the
graphite sheets. On the next two cycles, it can be seen that two
peaks appear at about 0.75 and 0.25 V in the cathodic process,
which are consistent with the reaction of Li with Sn. The
subsequent anodic curves show two peaks at approximately 0.80
and 0.15 V, which are attributed to the extraction of Li from
Li,Sn and the graphite sheets, respectively. The CV curves of the
Sn/graphite sheets are displayed in Fig. 4b. The Sn/graphite
sheets show similar peaks at about 0.80, 0.25, 0.01 V in the
cathodic process, which can be ascribed to the formation of the

15432 | RSC Adv., 2018, 8, 15427-15435

Li,Sn alloy and Li* insertion into the graphite sheets. The peaks
at approximately 0.85 and 0.25 V represent Li* deinsertion from
the Li,Sn alloy and Li" extraction from the graphite sheets,
respectively. Comparing Fig. 4a and b, the introduction of
metallic nickel not only maintained the behavior of insertion/
deinsertion from the Li,Sn alloy, but also improved the revers-
ibility of the reaction in the cyclic voltammetry, especially in the
second and third cycle. As shown in Fig. 4c, the Ni/graphite
sheets composite material shows better reversibility than the
graphite sheets composite material (see Fig. S3 in the ESI 1),
agreeing well that the introduction of nickel can improve the
electrochemical reversibility of the Sn-Ni/graphite sheets.
These results further indicate that nickel and tin have been
successfully deposited on the graphite sheets by electroless
plating. It confirms that lithium ions can not only be inserted
into and extracted from the graphite layer, but also react with
tin. Additionally, it verifies that nickel can enhance the elec-
trochemical reversibility of the Sn-Ni/graphite sheets.

Fig. 5 shows the discharge-charge curves of the Sn-Ni/
graphite sheets, Sn/graphite sheets and Ni/graphite sheets elec-
trodes at the 1st, 2nd, 10th cycle between 0.01-3.0 V with
a current density of 0.1 A g~*. For the Sn-Ni/graphite sheets in
Fig. 4a, the charge and discharge curves show a wide potential
plateau at 0.25 to 0.01 V, corresponding to the process of lithium
ion intercalation and deintercalation from the graphite sheets.
The steep profile of 0.85 to 0.25 V is related to the processes of the
lithium ions being embedded into the Sn and extracted from
Li,Sn. The above results are consistent with the results of the CVs
in Fig. 4a. The Sn-Ni/graphite sheets show discharge and charge
capacities during the first cycle of 1208.9 and 633.4 mA h g™/,
respectively, and the coulombic efficiency in the first charge/
discharge cycle is 52.4%. This large irreversible capacity during
the initial cycle may be caused by the formation of solid elec-
trolyte interphase (SEI) or associated with the trapping of Li ions
in the defects of the composite material. However, in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The first three CV curves of the Sn—Ni/graphite sheets (a), the Sn/graphite sheets (b) and the Ni/graphite sheets (c) with a scan rate of
0.1 mV s~ ! between 1.0 mV and 3.0 V.

subsequent charge-discharge cycles, the coulombic efficiency of
the 10th cycle increases to 98.7% (the 10th cycle discharge and
charge capacities are 633.8 and 642.2 mA h g~ '), indicating that
the capacities of the composite material electrode are highly

reversible and that the electrode tends to be stable. For
comparison, the Sn/graphite sheets exhibit initial discharge and
charge capacities of 958.0 and 530.7 mA h g%, respectively. The
Ni/graphite sheets display initial discharge and charge capacity of
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881.1 and 499.9 mA h g, respectively. In subsequent cycles, the
Sn/graphite sheets and Ni/graphite sheets 10th cycle charge
capacities are 466.9 and 428.4 mA h g™, respectively. Therefore,
the Sn-Ni/graphite sheets show higher capacity than the other
samples (the 1st, 2nd and 10th discharge-charge capacities are
shown in Fig. S47), which may be due to the introduction of
metallic Ni alleviating the volume effect of Sn, thereby increasing
the reversible capacity of the composite material.

In order to further investigate the electrochemical perfor-
mance of the graphite sheets, Sn/graphite sheets, Ni/graphite
sheets and Sn-Ni/graphite sheet electrodes, rate performance
and continuous cycling tests of different electrodes were carried
out, and the results are shown in Fig. 6a. All of the cells are first
activated by cycling at current densities of 0.025 A g~" and
0.05 A g ', respectively. Then the cells are cycled at current
densities of 0.1 A g to 10 A g ', returned to 0.2 A g " and
continuously cycled at a current density of 0.1 A g . It can be
seen that the capacity decreases with an increase in rate, and
the capacity increases again after the rate is reversed back to
0.2 A g~'. Furthermore, all the electrodes show excellent rate
capability at each rate. Obviously, compared to the other elec-
trodes, the Sn-Ni/graphite sheets electrode displays the most
excellent lithium storage capacity at each current density. With
increasing current density of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and
10 A g~ ', the capacities at the end of each rate were measured as
637.4, 586.3, 466.7, 371.5, 273.6, 165.3 and 97.3 mA h g%,
respectively. When the current density returned to 0.2 Ag ™", the
Sn-Ni/graphite sheet electrode still displayed an impressive
specific capacity of 712.3 mA h g, higher than the capacity of
586.3 mA h g~ " at 0.2 A g~ ' displayed at the beginning. This
could be attributed to the metallic nickel, metallic tin and
graphite sheets synergistically increasing the lithium storage
capacity by expanding the ion transmission channels facili-
tating lithium ions to transfer into deeper regions, so the elec-
trode could be activated during the cycle. After cycling at each
rate, the electrodes continued to cycle for another 100 cycles at
0.1 Ag ™', and the capacity of the Sn-Ni/graphite sheet electrode
retained a capacity as high as 802.4 mA h g~ *. For comparison,
the capacities at the end of each rate and continuous cycling test
for the graphite sheets, Sn/graphite sheets, and Ni/graphite
sheets are also provided in Table S4,f which reveal that the

15434 | RSC Adv,, 2018, 8, 15427-15435

introduction of metallic tin or metallic nickel can improve the
rate performance and cycling performance of the composites.
The above results prove that the as-prepared Sn-Ni/graphite
sheets possess high rate capability and good cycling perfor-
mance for potential application in lithium ion batteries.

Electrochemical impedance spectra (EIS) measurements
were recorded for the graphite sheets, Sn/graphite sheets, Ni/
graphite sheets and Sn-Ni/graphite sheets after 3 cycles to
further expound the electrochemical kinetics. As shown in
Fig. 6b, both of the Nyquist plots display a semicircle in the high
frequency region and a sloping straight line in the low
frequency region. The semicircle implies the charge-transfer
process between the active material and the electrolyte (R.).**
Compared to the graphite sheets and the Sn/graphite sheets,
the impedance value of the Ni/graphite sheets and the Sn-Ni/
graphite sheets is much smaller in the high-medium
frequency region. Obviously, the resistance of the Sn-Ni/
graphite sheets is the smallest because of the introduction of
nickel, which could be attributed to the high conductivity of Ni
and the synergistic effects between each component effectively
decreasing the resistance of the composites. The straight line
indicates the typical characteristics of the Warburg impedance
Z., generally representing the presence of Li* diffusion in the
coatings of the active material.***° It can be seen that the
different electrodes exhibit different slopes, suggesting lithium
ions have different diffusion coefficients in the graphite sheets,
Sn/graphite sheets, Ni/graphite sheets and Sn-Ni/graphite
sheets. The curves of all the as-prepared materials have
a similar slope, suggesting all of them possess good ion diffu-
sion performance. The results above show that the introduction
of nickel can reduce the impedance of the composites and
remarkably enhance the electron and Li" ion transport perfor-
mance of the Sn-Ni/graphite sheets in LIBs.

4. Conclusions

In summary, Sn-Ni/graphite sheet materials are successfully
synthesized by a simple electroless plating method followed by
heat-treatment. The structure design not only integrates the
excellent conductivity of Ni and graphite sheets, but also inte-
grates the buffering effects of Ni and graphite sheets, which is

This journal is © The Royal Society of Chemistry 2018
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proven to be an effective way to improve the electrochemical
performance of anode materials for LIBs. The results show that
the rate performance and the cycling performance of the
composite are improved significantly and a capacity of
802.4 mA h g is obtained after rate cycling and continued
cycling for another 100 cycles. Facile synthesis of the Sn-Ni/
graphite sheets by electroless plating provides a strategy for
improving the electrochemical performance of anode materials
for Li-ion batteries.
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