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The graphite with a lager inter-planar distance (0.357 nm) was obtained from pig bone. It delivered an improving specific 

capacity which increased continuously to 538 mAh g-1 at 1 A g-1 after 1000 cycles. With microscopic characterization, it is found 

that the pig-bone-based graphite was exfoliated to graphene during the charge-discharge.  

One of the biggest challenges in the modern society is to stabilize 10 

a continuous supply that will meet our increasing energy 

demands. The development of powerful lithium battery with high 

energy density, high power density, and long cycle life is of great 

importance for applications such as electric vehicles and electric 

grid. State-of-art lithium-ion batteries (LIBs) are considered to be 15 

one of the most studied, thus the least technological barriers to 

meet the rapidly growing energy requirements.[1-3] 

    Over the past two decades, various strategies such as the 

design of organic liquid electrolytes,[4-7] the modification of the 

anodes,[8-11] and the preparation of cathodes[12-15] have been 20 

reported. The great demand for high-energy-density rechargeable 

LIBs has spurred extensive research on anode materials to 

improve their performance, including all kinds of carbon-based 

anode materials such as carbon nanotubes,[16,17] nanofibers,[18] 

hollow nanospheres,[19] graphene,[20,21] porous carbon[22] and their 25 

hybrids. However, the commercialized Mesocarbon Microbeads 

(MCMB) anode has the reversible capacity of only about 230 

mAh g-1 at 1 C rate,[23] which is too low for many applications 

that need higher energy capacity. Graphite appears to be a strong 

candidate anode material to replace MCMB by virtue of the flat 30 

and low voltage range, high electronic conductivity, low volume 

expansion after full lithiation, and low cost.[24-26] Moreover, it 

develops through well-identified, reversible stages, corresponding 

to progressive intercalation within discrete graphene layers, to 

reach the formation of LiC6 with a maximum theoretical capacity 35 

of 372 mAh g-1 (Li+6C↔LiC6). However, the synthetic graphite 

production process still involves, as a first step, the selection of 

suitable carbon materials with easy graphitization.  

We choose pig bone to prepare the graphite as the anode 

materials for its inherent structure and composition advantages: 1) 40 

layer-by-layer structure of pig bone would be benefit for the 

formation of the graphite, which will enhance the electrochemical 

performance of LIBs. 2) The main component of pig bone, 

collagen, could act as an excellent carbon precursor for its high 

carbon content (about 50 wt. %). According to the protein which 45 

contained in the pig bone, the yield of the graphite material from 

pig bone is ~11%. 3) Pig bone, one kind of food industry 

byproducts, is very cheap and environment benign. In this Article, 

we show that the pig-bone-based graphite anode can be self-

developed to graphene with high energy density in battery 50 

charge-discharge process. As the cycle number increases, the as-

prepared graphite anode evolves and its specific capacity 

increases closely to the theoretical specific capacity of graphene. 

Our discovery of the in-situ self-improvement of the pig-bone-

based graphite indicates a new promising material for advancing 55 

LIB technology.  
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Figure 1. SEM (a) and HR-TEM (b) images of the as-prepared 

product, the inset is the Raman spectra. 

 

The SEM image (Figure1a) shows that the layer-by-layer 70 

structure has been preserved after the calcination, which is well 

consistent with our design expectation. It can be seen that the as-

prepared material tends to exfoliate. Evidence of the most 

important features[27-29] could be obtained by inspection of the 

Raman spectra using a laser excitation of 514 nm. As shown in 75 

the inset of Figure 1a, Raman spectra of microcrystalline graphite 

shows a tangential mode (G band) at around 1580 cm-1, a weak 

disorder band (D band) at 1361 cm-1, and 2D band at 2700 cm-1. 

The D band is related to the presence of sp3 defects whereas the 

G band is related to the in-plane vibration of sp2 carbon atoms.[30] 80 

The ID/IG intensity ratio is less than 0.1, which indicates that the 

concentration of defects in the obtained product was significantly 

low. Furthermore, the lattice distance that corresponds to the (002) 

plane of the as-prepared material was detected by the HR-TEM. 

The obtained inter-planar distance (0.357 nm) that is relatively 85 

larger than that of the common graphite.[31] The larger spacing 

between neighboring layers and weak van der Waals forces 
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between the layers in principal could make the Li+ diffuse 

easier.[21] 
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Figure 2. Electrochemical characterization of the Cu-supported 

graphite electrode for lithium-ion batteries. (a) Cycling 

performance (black dots) and corresponding coulombic efficiency 

(blue dots) of the cell at a current density of 100 mA g-1.(b) The 20 

galvanostatic charge-discharge curves at the 2th, 5th, 20th, 50th 

and 90th between 3 and 0.005 V (vs Li+/Li). (c) Rate capability at 

various rates between 186 mA g-1 and 3720 mA g-1, (d) 

Prolonged cycling (black/red dots) and corresponding coulombic 

efficiency (blues dots) at a current density of 1 A g-1. 25 

 

The electrochemical performance of the as-prepared pig-

bone-based graphite was evaluated by galvanostatic 

discharge/charge cycling at a current density of 100 mA g-1. The 

first discharge and charge capacities are 542 and 248 mAh g-1, 30 

respectively. After eight discharge/charge cycles, it exhibits a 

high reversible capacity of ~300 mAh g-1. The coulombic 

efficiency rapidly rises from 45.6% in the first cycle to 98.4% in 

the eighth one and then remains above 98% in the following 

cycles (Figure 2a). The initial capacity loss may result from the 35 

incomplete conversion reaction and irreversible lithium loss due 

to the formation of a solid electrolyte interphase (SEI) layer.[32] 

Figure 2b shows the discharge/charge profiles of the as-prepared 

graphite electrode in the 2th, 5th, 20th, 50th and 90th cycle. The 

reversible capacity of the as-prepared graphite electrode slightly 40 

increases with cycling and reaches 359 mAh g-1 after 90 cycles. It 

is also seen from Figure 2c that the Cu-supported graphite 

electrode has a good rate capability, as tested at current densities 

from 186 mA g-1 to 3720 mA g-1 for 50 cycles each. The as-

prepared anode keeps a reversible capacity of 328 mAh g-1 after 45 

the 50th cycle at a current density of 186 mA g-1. The following 

reversible capacity at other various rates is 320 mAh g-1 for the 

100th cycle at 372 mA g-1, 313 mAh g-1 for the 150th cycle at 

744 mA g-1, 243 mAh g-1 for the 200th cycle at 1860 mA g-1, and 

146 mAh g-1 for the 250th cycle at 3720 mA g-1. Nonetheless, the 50 

capacity is recovered after reducing the rate of charge/discharge. 

The rate returns to 372 mAh g-1 at 1860 mA g-1 for the 300th 

cycle, 319 mAh g-1 at 744 mA g-1 for the 350th cycle, 331 mAh g-

1 at 372 mA g-1 for the 400th cycle, and recovers to its original 

capacity at 186 mA g-1 (325 mAh g-1). The trend of decreasing 55 

capacity with higher rate can be explained by the fact that at high 

rate, the ionic motion within an electrode and across an 

electrode/electrolyte interface is not fast enough for charge 

distribution to reach equilibrium.[33] 

In Figure 3d, the cycling response of the electrode is 60 

reported at a discharge/charge current rate of 1 Ag-1 for 1000 

cycles. The initial discharge capacity is 719 mAh g-1 while the 

initial charge capacity is 423 mAh g-1 corresponding to a first 

cycle coulombic efficiency of 58.9%. Although a slight 

fluctuation is observed during the following a few cycles (~5), 65 

most likely associated with a residual SEI film formation process. 

With the discharge/charge processing, the specific capacity 

stabilized and the coulombic efficiency approaching 99%. More 

interestingly, the specific capacity rises continuously and reaches 

538 mAh g-1 with the coulombic efficiency of 99.6%. These 70 

interesting results intrigued us for further exploration of the 

detailed mechanism of the increasing cycling performance.  

 

 

 75 

Figure 3. Selected TEM images of flakes prepared at various 

current density after different cycles. (a) after 30 cycles, (b) after 

60 cycles at a current density of 100 mA g-1, and at a current 

density of 1 A g-1 (c) after 30 cycles, (d) after 60 cycles, (e) after 

200 cycles, (f) after 500 cycles. 80 

 

TEM experiments were performed to understand the above 

phenomenon. Flakes prepared at various current density after 

different cycles are presented in Figure 3. It can be seen that after 

30 cycles at 100 mA g-1 (Figure 3a) the as-prepared graphite 85 

containing several atomic layers spreads over the inspected area, 

and the margin (marked with red line) of each layer can be clearly 

seen. As the cycle number increases, e.g. 60 cycles, the atomic 

layer becomes thinner as shown in Figure 3b. When the current 

density is raised to 1 A g-1, the graphite in Figure 3c (after 30 90 

cycles) and Figure 3d (after 60 cycles) are as thin as cicada's 

wings. With the increasing cycling performance, the TEM images 

of the flakes prepared after 200 cycles, which corresponds to 18% 

specific capacity increase, and 500 cycles (454 mAh g-1) are 

shown in Figure 3e and f. It is exhibited that the pig-bone-based 95 

graphite has been exfoliated into 1~3 layers. The obtained 

structure indicated that the as-prepared pig-bone-based graphite 
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was exfoliated successfully. 

Figure 4a depicts the Raman spectra (excited by 514nm laser) 

to further analyze the as-prepared graphite after 60 discharge-

charge cycles at a current density of 1 A g-1. It is clearly seen that 

the as-prepared flake exhibits an intense D band at 1350 cm-1, G 5 

band at 1580 cm-1, and 2D band at around 2720 cm-1. ID is 

proportional to identify the alignment configuration for the layer 

number [34,35]. Compared with the Raman spectra of the pristine 

graphite exhibited in the inset of Figure 1a, the D band of the 

resulted graphite after cycling with a sharp increase in Raman 10 

intensity (Figure 4a) indicates that the pig-bone-based graphite 

has been exfoliated to layers. The 2D/G ratio (the integrated peak 

ratio for 2D over G bands) is about 1.7. Note that the 2D/G ratio 

has been shown to be related to the degree of recovery for sp2 

C=C bonds (graphitization) in graphitic structures.[29] The 15 

graphite sample was deposited on an atomic-flat silicon substrate, 

and the AFM was used to measure the surface morphology and 

graphite thickness. The selected area seems very clean as seen 

from the zoomed inset image, and the topography profile in 

Figure 4b suggests that the thickness of the flake is ~0.94 nm, 20 

which corresponds to 2-3 graphene layers. To further access the 

quality of the as-prepared graphene sheet, Figure 4c shows the 

STM image from the selected area. For most of the area, we can 

only see a hexagonal arranged carbon atomic structure and some 

are bilayered graphene with A-B stacking that are marked with 25 

circles and spots. Therefore, the exfoliation of the pig-bone-based 

graphite is due to its large interlayer distance (0.357 nm) 

compared to that of ordinary graphite (0.335 nm), as revealed by 

the high-resolution TEM in Figure 1b. As the battery is cycled the 

exfoliation results in the formation of more and more graphene 30 

layers. This process assists the Li+ diffusion and intercalation into 

the layered structure, which greatly improve the energy density.  
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Figure 4. (a) Raman spectrum (excited by 514 nm laser) for the 

pig-bone-based graphite obtained after 60 cycles at 1 A g-1, where 50 

D, G, and 2D bands are indicated in the Figure. (b) AFM profile 

of the as-prepared flakes, the inset presents the AFM image of the 

treated flakes. (c) Corresponding STM image of the obtained 

material. 

In summary, the graphite with layer-by-layer structure has 55 

been obtained from pig bone by graphitization, showing a much 

larger inter-planar distance of 0.357 nm compared to 0.335 nm of 

normal graphite. When such graphite was used as the anode in 

lithium-ion batteries, the specific capacity is improved 

continuously until reached the theoretical value of graphene, 538 60 

mAh g-1, during the charge-discharge process. The improvement 

of energy capacity could be attributed to the in-situ self-

development of graphite to graphene. Our mechanistic studies 

indicate that this pig-bone-based graphite will be a promising 

material for the anode of advanced LIBs. 65 
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