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A liquid-phase method was used to prepare a novel Ag-C double-coated graphite composite anode
material. In this method, Ag is deposited on the surface of spherical natural graphite by electroless
plating, and the excessive glucose in the solution, which is used as a reductant in the silver mirror
reaction, acts as a carbon coating. X-ray diffraction (XRD) and scanning electron microscopy (SEM)
have been employed to investigate the microstructure and morphology of the as-prepared samples.
Electrochemical tests showed that good low-temperature performance, large rate capability, and good
cycle performance have been obtained from the Ag-C double coated graphite composite anode
material; thus, it is suitable for power or energy storage batteries. The sample with a content of 0.9
Wt% Ag showed the best comprehensive performance with a discharge capacity of 65.2 mAh g™* when
discharged at 0.1 C rate and at -20 °C, which is almost double the discharge capacity of the control
sample.

Keywords: Natural graphite; Low-temperature performance; Liquid-phase; Double coating

1. INTRODUCTION

Lithium ion batteries (LIBs) have captured the commercial electronic application market for
their well-known advantages, such as high-energy density, high working potential, environmental
compatibility, safety and longer cycling life [1-4]. Recently, the applications of LIBs in high-power
and long-cycle situations such as EV, HEV and dispersed energy storage have received an astonishing
amount of attention, which require LIBs to exhibit excellent calendar life [5]. Carbonaceous materials
are extensively used as anode materials in LIBs because some carbonaceous materials have the ability
to electrochemically intercalate and de-intercalate Li-ions reversibly [6]. Graphite is the most used
anode material for its relatively close potential to metal Li and a relatively high reversible capacity.
Highly crystalline graphite has a theoretical specific capacity of 372 mAh g™.
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Unfortunately, without further treatment, natural graphite suffers from large potential hysteresis
during the charge-discharge cycles and large irreversible reactions during the initial Li-ion
intercalation. The above-metioned irreversible reactions are intricate electrochemical reactions
involving the electrolyte, a solvent and a graphite electrode, which form a solid electrolyte interface
(SEI) that inhibits electronic but not ionic conduction. Once it is completely formed, the SEI prevents
further electrochemical irreversible reactions and allows the Li ions to diffuse through and intercalate
into the graphite host reversibly.

The formation of metallic Li on the negative graphite electrode in a Li-ion battery, also known
as Li plating, leads to severe performance degradation and may also affect battery safety [7]. In
addition, graphite anodes undergo severe limitations when used at low temperatures, mainly because of
the high polarization that occurs during the Li* intercalation process. This behaviour can be ascribed to
kinetic thresholds, such as the activation polarization that occurs during the charge-transfer processes,
or to a reduced Li" ion diffusivity, as well as to an increase in the ohmic resistance of the active
material, the electrolyte and the SEI layer. All of these factors combine to produce an abrupt decrease
in the Li intercalation capacity at temperatures below -20 °C. At -30 °C, graphite completely loses its
intercalation ability [8-11].

To overcome these shortcomings, some modification methods have been adopted to improve
natural graphite anode materials, such as surface modification [12-14], mild oxidation [15], carbon
coating [16-18], metal-doping [10, 19], non-metal doping [20-25] and additive adding [26-28], which
have been proven to be effective in enhancing rate discharge, low-temperature performance, and cycle
performance, as well as reducing irreversible capacity.

The preparation of metal-graphite composites is a practical method used to increase the anode
intercalation ability. In this way, a nanosized metallic powder (Ag, Al, Au, Cu, Ni, Sn) has been
dispersed in the formulation of the graphite electrodes or a very thin metal coating (Ag, Al, Au, Cu, Ni,
Sn, Zn) has been formed on the surface of electrode materials [19, 29, 30]. Among these metals, Ag
has a high electroconductivity and has been employed to improve the electronic conductivity of the
electrode materials for Li-ion batteries, including in LiNiy3Co13Mny30, [31], graphite [29], and
silicon [32] electrodes. In addition, carbon coating with a core-shell structure is another effective
technique to improve the electrochemical performances of electrode materials such as lithium titanate
[3], graphite [17], lithium iron phosphate [33, 34], and lithium manganese phosphate [35, 36].

In this study, a liquid-phase method was adopted to form an Ag-C double coating on the
surface of spherical natural graphite (SNG), markedly improving the electrode’s electrochemical
characteristics, especially its low-temperature performance.

2. EXPERIMENTAL

2.1. Preparation of spherical natural graphite with Ag-C double coating

All of the reagents were commercially available and used as received unless otherwise stated.
SNG with a diameter of approximately 16 um and a carbon content of 99.98 % was supplied by
Ningxia BOLT technologies Co., Ltd. The preparation process is shown in Figure 1. First, SNG was
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dispersed in the prepared silver-ammonia solution. An electroless plating method was used to obtain
Ag-coated natural graphite via a silver mirror reaction. The excessive glucose in the solution, which
was used as a reductant in the silver mirror reaction, subsequently formed a carbon coating. After
drying and the carbonizing treatment, an Ag-C double-coated SNG was obtained. The detailed process
was as follows.

AgNO; solutions of 1.0, 2.0 and 3.0 ml of 1 mol L™ were each transferred to 100 ml beakers
containing 10 ml of deionized water, and named samples 2#, 3#, and 4#. Sample 1# served as the
control and did not undergo the following Ag-C coating treatment. Two drops of a 5 wt% NaOH
solution were added drop wise into the above solutions, and the solutions were vibrated to generate a
white deposit. Then, a 2 wt% aqueous ammonia solution was added drop wise into each solution until
the deposit was completely dissolved. Afterwards a single drop of a 5 wt% NaOH solution was added
to each solution.

Twenty-five grams of spherical natural graphite was added to each solution, and the resulting
solution was agitated with a magnetic stirrer for 5 minutes. Deionized water was added to each beaker
to bring the total solution volume up to 60 ml. Then, 10 ml of a 20 wt% glucose solution was slowly
added to each solution and dispersed for 10 minutes in a 50 °C water bath by ultrasonic dispersion.
Silver began to appear on the walls of beakers 2#, 3#, and 4#. Thereafter, the four beakers were
transferred to an 80 °C water bath and agitated to form an anhydrous paste. Finally, the paste samples
were sintered at 350 °C for 4 h to obtain Ag-C double coated spherical natural graphite.

2.2. Characterization

The crystalline form of the synthesized composite materials was characterized by an XRD-
7000S diffractometer (Shimadza, Japan) using Cu Ka radiation (A=0.15423 nm). The surface
morphologies of the samples were observed with a scanning electronic microscope (JEOL JSM-6700F,
Japan), and the phase compositions of these materials were investigated with an Inca X-act EDS
analyser (Oxford Instruments, UK). The particle size distribution of the samples was analysed by Laser
Particle Size Analyzers (BT-9000Z, Bettersize, China). The specific surface area and pore diameter
were characterized with a NOVA 4000e (Quantachrome, USA).

2.3. Electrochemical studies

The electrochemical properties of the samples were characterised by first assembling CR2025
coin cells. The composite electrodes were prepared by mixing the comparison sample (SNG) or as-
synthesized Ag-C double coated natural graphite with carbon black and polyvinylidene fluoride
(PVDF) in a weight ratio of 92:3:5 in N-methylpyrrolidone (NMP) solvent to form a homogeneous
slurry. Then, the mixtures were coated on a copper foil and punched to disks. After drying under
ambient conditions, the disks were further dried in a vacuum oven at 120 °C for 12 h. Finally, the cells
were assembled in an Ar-filled glove box (LABSTAR 1250/750, MBRAUN) using lithium foil as the
counter and reference electrode, a polypropylene micro-porous film (Cellgard2400) as the separator,
and 1 M LiPFg in ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC)
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(1:1:1, vivlv) (GuangzhouTinci) as the electrolyte. A LAND batteries testing system (LAND
CT2001A, Wuhan, China) was used to perform the galvanostatic charge/discharge tests in the potential
range of 0.03-2.0 V (vs.Li*/Li) at a rate of 0.1 C, 0.2 C, 0.5 C and 1C (where 1 C = 372 mA g). The
conductivities of as-prepared samples were measured with a MCP-PD51 4-pin probe (Mitsubishi

Chemical Co., Ltd. Japan).
3. RESULTS AND DISCUSSION

3.1. The crystalline forms and morphologies
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Figure 1. Schematic process of Ag-C double coating for SNG
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Figure 2. XRD patterns of the as-prepared sample 1# and samples 2#, 3# and 4# (a); Magnification of
a single segment of the XRD pattern (b).

As shown in Figure 2 (a), the main diffraction peaks for sample 1# were situated at
approximately 26.5°, 44.5°, and 54.6°, which is consistent with the (002), (101) and (004) lattice planes,
respectively, and were indexed as the hexagonal structure of hexagonal graphite (PDF Card No.26-
1080). No impurity peaks corresponding to Ag-related compounds were observed in the XRD patterns
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of sample 1#. However, in Figure 2 (b), in addition to graphite, the XRD patterns of samples 2#, 3#
and 4# show (111) and (220) lattice planes at approximately 38.1° and 64.4°, respectively, which could
be indexed as the space group of Fm-3m cubic Ag (PDF Card No. 04-0783). There was no evidence of
other possible, yet undesirable, products. With increasing Ag content, the diffraction peaks became
shaper and stronger. This finding is in agreement with a recent study by X. He et al. showing that
CH3;COOAg is decomposed insitu into Ag NPs on the graphite surface via wetting-thermal
decomposition [29].

The morphologies of the control sample (1#) and the as-prepared SNG samples (2#, 3# and 4#)
by liquid-phase Ag-C double coating are shown in Figure 3. The findings show that a coarse and
distinctly lamellar structure was observed on the surface of sample 1#. However, with increasing
amounts of Ag and carbon coating, the surfaces of the as-prepared samples look increasingly smooth,
and a large number of silvery conglomerations of Ag-particles begin to appear, which was confirmed
to be elemental silver by XRD and EDS tests.

Figure 3. SEM images of the control sample (1#) and as-prepared SNG samples (2#, 3# and 4#) by
liquid-phase Ag-C double coating.

Table 1 presents EDS semi-quantitative analysis for the control sample (1#) and the as-
prepared SNG samples (2#, 3# and 4#) by liquid-phase Ag-C double coating. For areas A, B, C, and D,
as marked by the white boxes in Figure 3 and corresponding to samples 1#, 2#, 3# and 4#, respectively,
there are no obvious silvery conglomerations of Ag-particles observed by the naked eye. Nevertheless,
EDS map analyses for areas B, C and D confirm that there are many invisible elemental silver nano-
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particles on the surface of the as-prepared samples but not on the control sample. The EDS dot
analyses for dot E, shown as white arrows in Figure 3-4, illustrate that the silvery conglomeration
contains 12.72 wt% of carbon and 87.28 wt% of silver. The carbon content occurs because the Ag
particles or the conglomerations have been coated by pyrolytic carbon from the glucose.

Table 1. Element weight percentages (wt%) for areas A, B, C, D and Dot E.

Weight percentages (wt%)
Areas or Dot

C Ag Total
A 100.00 - 100.00
B 98.27 1.73 100.00
C 97.18 2.82 100.00
D 96.77 3.23 100.00
E 12.72 87.28 100.00

3.2. Physical properties of the control sample and the as-prepared SNG samples

Table 2. Physical properties of the control sample (1#) and the as-prepared SNG samples (2#, 3# and
4#) by liquid-phase Ag-C double coating.

Particle size distribution (um) SSA  Pore diameter Conductivity

sample DI0 D50 poo (Mg (A) (Scm™)
1* 9.54 16.51 27.01 5.268 17.031 20.1*10°°
2" 9.76 16.86 27.73 2.330 16.971 23.62*10°
3" 9.76 16.86 27.81 1.826 15.345 28.41*10°
4" 9.72 16.76 27.60 1.698 15.337 40.84*10°

The physical properties of the control sample (1#) and the as-prepared SNG samples (2#, 3#
and 4#) by liquid-phase Ag-C double coating are listed in Table 2. Compared to the control sample
(1#), the as-prepared SNG samples by liquid-phase Ag-C double coating show a larger D50 particle
size distribution and a smaller specific surface area (SSA) as well a reduced pore diameter. These
results illustrate that the Ag-C coating process is an effective method to decrease specific surface area
and pore diameter. In contrast to the 16.51-um particle diameter at D50 for the control sample, the D50
of the Ag-C coated samples varied from 16.86 um to 16.76 um, which means the thickness of the Ag-
C coating layer is around approximately 0.15 um. During the Ag-C coating process, the pores on the
surface of SNG are first filled by Ag nanoparticles from the silver reduction in the silver-mirror
reaction and are then blocked by pyrolytic carbon during the carbonizing treatment. The coating
process may facilitate to inhibit the instability of lithiated graphite phases at temperatures below -20 °C
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[37]. The data also illustrate that the Ag-C double coating significantly improved the conductivity of
the SNG sample. The conductivity of as-prepared samples is also enhanced with increasing Ag
addition. Therefore, sample 4# shows the highest conductivity (40.84*10° S cm™). Yang et al revealed
that the values of Ry and D; of the as-prepared SS-LFP/C samples varied considerably at different
temperatures [38]. As the temperature decreasing, the R values of the samples increase while the D;
values decrease. The increase of the conductivity of the modified graphite anode material contributes
to the improvement of the low-temperature performance for LIBs.

3.3. Electrochemical measurements
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Figure 4. The cycling performances of the control sample (1#) and the as-prepared SNG samples (2#,
3# and 4#) by liquid-phase Ag-C double coating at room temperature and at a rate of 0.1 C.

Figure 4 compares the cycling performances of the control sample (1#) and the as-prepared
SNG samples (2#, 3# and 4#) by liquid-phase Ag-C double coating at room temperature and at a rate
of 0.1 C. Sample 1# exhibits a poor cycling performance with a capacity retention ratio of only
64.86 % after 55 cycles. 200
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Figure 5. The discharge performances of the control sample (1#) and the as-prepared SNG samples
(2#, 3# and 4#) by liquid-phase Ag-C double coating at room temperature and different
discharge rates.
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In spite of having almost the same initial capacity, Ag-C coated samples have a fairly good
discharge capacity during cycling. Sample 3#, with a content of 0.9 wt% Ag, delivers a discharge
capacity of 335.8 mAh g™ for the fifty-fifth cycle and has a high capacity retention ratio of 92.89 %
due to both the formation of an Ag-C double conducting layer and the construction of an Ag-C
conductive network on the surface of the SNG through the core-shell structure, as shown in Figure 1
[31]. Therefore, Ag and C double coatings may have a synergistic effect owing to their high electrical
conductivities.

In addition to cycling performance, other important factors that should be considered to meet
the requirement of EV, HEV or smart grids are the rate capability and the low-temperature
characteristics. The discharge performances of the control sample and the as-prepared Ag-C coated
samples at different rates are presented in Figure 5. By comparing the untreated SNG with the as-
synthesized Ag-C coated SNG, it is shown that the coated electrodes have an excellent rate capability.
For example, sample 4# delivers a discharge capacity of 103.2 mAh g™ at a rate of 1.0 C, which is
nearly three times the capacity of sample 1#. The improved rate capability is attributed to the enhanced
electro-conductivities of the as-prepared samples that arise from the superior Ag-C combined
conductivities. With the introduction of Ag and C, the formation of Ag-C hybrid conductive network
can function as a conductive bridge to enhance the electron transfer efficiency among the active
materials and reduce the inner resistance of the anode [31]. He’s research also reveals that the
intercalation reaction of Li* with graphite is catalysed by the Ag nanoparticles in the composite [29].
This Ag-C network has been fabricated to take advantage of the possible short and long range electron
pathways that exist among the nanoparticles and therefore achieve a significantly improved rate
capability.
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Figure 6. The discharge performances of the control sample (1#) and the as-prepared SNG samples

(2#, 3# and 4#) by liquid-phase Ag-C double coating at various temperature and at a rate of 0.1
C.

Figure 6 shows the discharge performances of the control sample (1#) and the as-prepared SNG
samples (2#, 3# and 4#) by liquid-phase Ag-C double coating at various temperatures and at a rate of
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0.1 C. In contrast to the pristine SNG sample, the Ag-C double-coated samples show a better low-
temperature performance. At -20 °C, samples 3# and 4# (both Ag-C coated) deliver capacities of 65.2
mAh g and 66.4 mAh g, respectively, which is nearly two times the capacity of the pristine sample.
Thus, it can be inferred that the Ag-C double coating improves the kinetics of Li* diffusion at low
temperature due to the formation of a hybrid conductive network consisting of Ag and C [39, 40]. In
addition, Ag and C coating can promote the formation of a compact SEI layer, which can protect the
anode material from both the co-intercalation and exfoliation caused by solvent molecules in the
electrolyte, and the formation of metallic lithium on the negative graphite electrode in a Li-ion battery.

4. CONCLUSIONS

In this work, Ag and C double coatings were uniformly introduced into the SNG anode to form
a hybrid Ag-C conductive network. An abundant number of both short and long range electron
pathways are fabricated to provide sufficient contact sites to the as-prepared SNG anode. Accordingly,
due to the excellent electronic conductivity achieved, the obtained Ag-C double coated SNG anode
exhibits much better cycling performance, rate capability and low-temperature characteristics than the
control SNG anode. Furthermore, the Ag-C double coating modified anode shows additional charge
transfer advantages due to the synergistic effect of the Ag and C. Sample 3#, with a content of 0.9 wt%
Ag, has shown the best comprehensive performance with a discharge capacity of 65.2 mAh g™ at -
20°C and 0.1C rate, which is almost double the discharge capacity of the control sample. Thus, it can
be concluded that the introduction of a hybrid Ag-C conductive network is a promising strategy to
improve the performance of electrode materials for Li- ion batteries.
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