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Abstract 

For the application to portable devices and storage of renewable energies, high-

performance lithium-ion batteries are in great demand. To this end, the development of 

high-performance electrode materials has been actively investigated. However, even if 

new materials exhibit high performance in a simple evaluation, namely half-cell tests, it 

is often impossible to obtain satisfactory performance with an actual battery (full cell). In 

this study, the structure of graphene analogs is modified in various ways to change 

crystallinity, disorder, oxygen content, electrical conductivity, and specific surface area. 

These graphene analogs are evaluated as negative electrodes for lithium-ion batteries, 
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and we found reduced graphene oxide prepared by combination of chemical reduction 

and thermal treatment was the optimum. In addition, a full cell is fabricated by combining 

it with LiCoO2 modified with BaTiO3, which is applicable to high-speed charge-discharge 

cathode material developed in our previous research. In general, pre-lithiation is 

performed for the anode when assembling full cells. In this study, we optimized a "direct 

pre-lithiation" method in which the electrode and lithium foil were in direct contact 

before assembling a full cell, and created a lithium-ion battery with an output of 293 Wh 

kg-1 at 8,658 W kg-1.  

 

Keywords: graphene, lithium-ion battery, full-cell, LiCoO2, high-rate 

1. Introduction 

The progress of worldwide energy consumption based on fossil energy has a disas-

trous impact on the environment for decades. In this context, the transition of fos-

sil energy production toward renewable resources is recently getting intense con-

sideration. However, due to its intermittency, an efficient electric energy storage 

system is required before its democratization. Among energy storage devices, lith-

ium-ion batteries (LIBs) have arisen as the most promising since its inception in 
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1976.[1,2] LIBs have received considerable attention due to their high specific ca-

pacity, long cycle life, and relatively low environmental impact.[3–6]  

In the past few decades, tremendous efforts have been made to develop high-per-

formance electrode materials. Materials with low working potentials, such as Si, 

Ge, and Sn, have been investigated as anode materials due to their high capac-

ity.[7–9] However, all of them lack in rate capability and stability induced by signif-

icant volume expansion.[10] Carbon-based materials, such as graphite and hard 

carbon, present even lower working potentials.[11] Carbon-based materials show 

excellent stability due to their relatively limited volume expansion;[12,13] however, 

compared to Si, Ge, and Sn, they have a lower capacity. The carbon-based materi-

als also suffer from slow rate capability due to the slow intercalation process. In 

recent years, graphene-based materials have emerged as a solution to improve 

both the capacity and capability performances of anode materials for LIBs, Li-S bat-

teries, and supercapacitors.[14–18] Amidst the high working potential materials, 

LiCoO2 became by far the most popular layered transition metal oxide for the cath-

ode. It has a high theoretical capacity of 274 mAh g-1 and limited self-discharge; in 

contrast, LiCoO2 typically has limited cyclability and poor high rate capabil-

ity.[19,20] To solve these problems, the deposition of Al2O3 layer via atomic layer 

deposition technic on LiCoO2 was generally applied, improving both the cyclability 

and rate performances.[21–23] We previously reported the stable and high rate 
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capability cathode material composed of BaTiO3 decorated LiCoO2 (BTO-LCO) pre-

pared by a simple sol-gel route.[24,25] We experimentally proved the incorporated 

artificial dielectric layer promotes the Li migration at the triple-phase, namely BTO-

LCO-electrolyte, interface. 

In the past researches, anode and cathode were often separately evaluated by as-

sembling half-cell using Li foil as a counter electrode. But, the technological trans-

fer from half-cell to full-cell is limited in performances due to the maladjusted 

choice of the anode that lacks in stability, cyclability, and rate capability. Combined 

with our specially designed high rate performance cathode (BTO-LCO), graphene 

has the potential to solve those problems due to its flexibility limiting cracking dur-

ing cycling, high capacity, excellent cyclability, and high rate capability;[26–28] 

however, a clear guideline for the optimization of graphene structure for LIBs has 

not been provided.  

Herein, we design various graphene analogs as anode for LIBs by reducing gra-

phene oxide (GO) using chemical, thermal, and microwave reduction methods. The 

graphene analogs are evaluated by half-cell using Li foil as a counter electrode, 

then by full-cell using BTO-LCO cathode and graphene anode. The results demon-

strate the successful technology transfer from high-performance cathode half-cells 

toward higher full-cell performance indicating the most appropriate graphene syn-

thesis route for full cell LIBs. 
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2. Experimental Section 

2.1 Materials 

KMnO4, H2SO4, 30% aq. H2O2, and hydrazine hydrate were purchased from Wako 

Pure Chemical Industries, Ltd. All the chemicals were used directly without further 

purification. 

 

2.2 Characterization instrumentation 

Elemental analyses were performed by PERKINELMER 2400II. Freeze-dried of GO 

was performed by ADVANTEC DRZ350WC. XPS was measured by JPS-9030 with a 

pass energy of 20 eV. The crystalline structure of samples was characterized by X-

ray diffraction (XRD) using a PANalytical Co. X’ part PRO using Cu Kα radiation (λ= 

1,541 Å) in the 2θ range of 5–75°. The operating tube current and voltage were 

30 mA and 40 kV, respectively. The data was collected at the step size of 0.017°, 

and the type of scan was continuous. The morphology was measured by transmis-

sion electron microscopy (TEM) JEOL JEM-2100F, while the functional groups on 

the surface of the prepared materials were recorded by Fourier transform infrared 

spectrometer (FT-IR SHIMADZU IR Tracer 100). The samples for FT-IR were dried 

and mixed with KBr, and then pressed up to 1.3 mm-diameter pellets.  
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2.3 Preparation of samples for elemental analysis 

GO is hydrophilic, and adsorb ca. 10 wt% of water by exposing air. We dried GO 

and rGOs under vacuum at 50 °C for three days. 

 

2.4 Li-ion battery anode sheets preparation 

The working electrodes were made of active material (rGO), conductive material 

(acetylene black), and binder (Polyvinylidene fluoride) in a weight ratio of 7:2:1 by 

using N-Methyl-2-pyrrolidone as a solvent and a copper foil as the current collector. 

In order to obtain the homogeneous active and conductive material powder, both 

materials were mixed in a distilled water-ethanol solution (v/v, 1/1). After mixing, 

the solution was filtered using Merck Millipore JAWP04700 filter. The powder was 

freeze and then freeze-dry under vacuum at 30 °C for 48 h. The dry powder was 

set into ball-milling for 30 min at 300 RPM to reduce the particle size. Then the 

powder was at first mixed with NMP to obtain a homogeneous slurry and then with 

the binder. The slurry (active material, conductive material, binder) was spread on 

a copper foil using a Doctor blade (100 µm thickness). The sheet was dried under 

vacuum at room temperature for 24 h and in air at 120 °C for 20 min. Finally, the 

diameter of 15.95 mm sheets was punched and pressed.  
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2.5 Coin cells assembling 

The CR2032 coin cells were assembled in an argon-filled glove box using metallic 

lithium as the counter electrode with a Whatman 1823-257 as a separator and 70 

µL electrolyte. The electrolyte was 1 M L-1 LiPF6 dissolved in a mixture of ethylene 

carbonate (EC), diethyl carbonate (DEC) (v/v, 3/7). 

 

2.6 Battery cycling 

The charge and discharge cycling tests were performed using a multi-channel bat-

tery tester (580 8 channel Battery Cycler Scribner Associates Incorporated). 

2.7 Synthesis 

The anode materials, graphene analogs, were synthesized from graphite, through 

its consecutive oxidation, exfoliation, and reduction. Oxidation and exfoliation of 

graphite were performed by our modified Hummers’ method to obtain 0.83 wt% 

graphene oxide (GO) dispersion in water.[29] Natural flake graphite (3.0 g) was 

stirred in 95% H2SO4 (75 mL). KMnO4 (9.0 g) was gradually added to the solution 

keeping the temperature <10 °C. The mixture was then stirred at 35 °C for 2 h. The 

resulting mixture was diluted by water (75 mL) under vigorous stirring and cooling 

so that temperature does not exceed 50 °C. The suspension was further treated by 

30% aq. H2O2 (7.5 mL). The resulting graphite oxide suspension was purified by 

centrifugation with water until neutralization, and freeze-dried.  
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 Then, the as-prepared materials were firstly chemically reduced using hydrazine 

(62.5  µL g-1 and 1 mL g-1), hydrazine scavenges oxygen functional groups and 

breakdown into N2H2 and H2O to produce reduced graphene oxide (rGO) with the 

oxygen content of 39 wt.% and 14 wt.%, termed as HrGO39 and HrGO14, respec-

tively.[29–33] Next, both HrGOs were further reduced by heating in a tube furnace 

or microwave reactor. In these thermal treatments, oxygen functional groups and 

graphene decomposes into CO and CO2 gases.[34–36] In the tube furnace, the sam-

ples were heated under N2 from 0 to 300 °C in 3 hours, 300 to 1,000 °C in 35 

minutes, and kept at 1,000 °C for 3 hours; samples were named HrGOXT (X= 39 or 

14). For microwave treatment, the samples were exposed to 750 W microwave 

under N2 for 5 seconds, reaching 1,000 °C within 2 seconds; samples were named 

HrGOXMW (X= 39 or 14). In the case of HrGO39MW, microwave treatment results in 

fast and large CO and CO2 generation inducing an enormous pressure between gra-

phene layers resulting in their exfoliation and in the increase of their pore size di-

ameter (Table 1). 

 

 

3. Results and discussion 

3.1 Characterization 
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The structural analyses of graphene analogs were performed. X-ray diffraction 

(XRD) patterns (Fig. 1a and Supplementary Fig. S1) showed the homogeneous ex-

pansion of interlayer distance of graphite from 0.34 nm to 0.88 nm by oxidation 

(Fig. 1ai and Supplementary Fig. S1). A mild chemical reduction slightly narrowed 

the interlayer distance of HrGO39 to 0.79 nm (Fig. 1aii), while substantial chemical 

reduction caused amorphization of HrGO14 (Fig. 1av). The thermal reduction at 

1,000 °C for 3 hours provided similar amorphous material (Fig. 1aiii and 1avi). After 

microwave treatment, peaks at 26 ° became sharper, suggesting partial graphitiza-

tion (Fig. 1aiv and 1avii), while the intensity of HrGOXMW remains 60 times lower 

than the original graphite (Supplementary Fig. S1). Interestingly, an intensified 

peak at 43° appeared for HrGOxT, indicating that a short-range order in stacked 

graphene layers could only be obtained through a slow heating process.[37] 

Raman spectra (Fig. 1b and Supplementary Fig. S2) were measured to confirm the 

degree of the defect (intensity ratio of D band and G band; ID/IG) and the formation 

of a few-layer (shape of 2D band).[38] Through the graphite oxidation into GO, the 

ID/IG  changes from 0.1 to 1.1, and its 2D band became symmetrical, indicating the 

formation of defects and few-layer material, respectively. After reduction by hy-

drazine, the ID/IG values of HrGO39 and HrGO14 were 1.1 and 1.4, respectively, indi-

cating the presence of large amounts of defect and disorder.[29,38] After the fur-

ther reduction in a tube furnace, both HrGO39T and HrGO14T showed an ID/IG value 
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of 1.4. The microwave treatment of HrGOs did not affect to the ID/IG values of 

HrGO39MW and HrGO14MW. These results indicate the limited defect healing effects 

of these treatments. 

Morphological observation of rGOs was performed by SEM and TEM analyses (Fig. 

1c and Supplementary Fig. S3, S4). Both analyses well match with our previous re-

sults, where we have confirmed that a high oxygen content GO, such as HrGO39, 

preserved the single-layer nature while a lower oxygen content GO, such as 

HrGO39MW, HrGO14, HrGO14T, HrGO14MW, wrinkled and stacked.[29] 

Elemental analysis of as-prepared samples (Table 1 and Supplementary Table S1 ) 

shows the formation of oxygen functional groups through oxidation; the oxygen 

content increased from 1.9 wt.% to 47.6 wt.%.[29] After chemical reduction, the 

oxygen content decrease reaching 39.1 wt.% and 14.4 wt.% for HrGO39 and HrGO14, 

respectively. The microwave treatment resulted in 4.8 wt.% and 6.5 wt.% for 

HrGO39MW and HrGO14MW, respectively, while the tube furnace treatment resulted 

in 2.9 wt.% and 5.5 wt.% for HrGO39T and HrGO14T respectively. The higher oxygen 

content HrGO was more efficiently reduced. We believe that the reduction was 

accelerated by CO originated from oxygen functional groups.[34] 

X-ray photoelectron spectroscopy (XPS) was conducted to identify oxygen func-

tional groups (Fig. 1di and Supplementary Fig. S5). The narrow C 1s spectra of GO 

showed the presence of C-OH (286.5 eV), C-O-C (287.1 eV), C=O (288.2 eV), and 
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C(=O)O (289.2 eV) upon oxidation, and the removal of C-OH and C-O-C was ob-

served upon reduction steps. As C=O groups remained nearly the same amount 

after reduction, its superior stability toward reduction methods was recog-

nized.[39] 

The electroconductivity was measured by a four-point probe method (Table 1). GO 

was not sufficiently conductive to be measured, but after mild and strong chemical 

reductions, the conductivity increased to 7.7×10-2 and 2.1×103 S m-1, respectively.  

After tube furnace treatment, the conductivity increased up to 5.6×103 and 4.4×103 

S m-1 for HrGO39T and HrGO14T, respectively. These results denote the correlation 

between the increase of the conductivity and the decrease of oxygen functional 

group of graphene. The microwave treatment also modified the conductivity to 

4.0×102 and 1.7×103 S m-1 for HrGO39MW and HrGO14MW, respectively, yet the values 

were lower than expected. This is caused by the morphology of HrGOXMW; the 

HrGOXMW are a tough and sponge-like structure, making it difficult to form pellets 

for electroconductivity measurement. Therefore, electron conductivity may be un-

derestimated for HrGOXMW.  

Finally, the porous structure and the specific surface areas (SSA) of all samples 

were investigated by nitrogen isothermal absorption. The results are summarised 

in Table 1. The adsorption-desorption isotherm (Fig. 1e,f) of all samples shows a 

type IV nitrogen adsorption with a capillary condensation step and a hysteresis 
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loop between the adsorption and desorption, which correspond to a mesoporous 

material. The SSA was evaluated by Brunauer–Emmett–Teller (BET) method for all 

rGOs (Table 1). Chemically reduced rGOs displayed higher SSA as the hydrazine 

amount was increased, reaching 88 m2 g-1 and 217 m2 g-1 for HrGO39 and HrGO14, 

respectively. These results suggest the presence of oxygen functional groups limits 

N2 to access interlayer spaces.[40,41] HrGO14 has a medium amount (14.4 wt%) of 

oxygen and wrinkled 2D structure (Supplementary Figure S3d, 4d), expressing a 

SSA of 217 m2 g-1. The tube furnace treatment slowly removes the oxygen func-

tional groups preserving the wrinkled 2D structure of HrGO14 (Supplementary Fig-

ure S3e, S4e), resulting in SSA improvement up to 422 m2 g-1 due to the formation 

of point defects by releasing CO and CO2.[42] The microwave treatment quickly 

removes the oxygen functional groups preserving the wrinkled 2D structure of 

HrGO14 (Supplementary Figure S3f, S4f), resulting in SSA improvement to 333 m2 g-

1, but less than that with the tube furnace method due to the repair of graphene 

defects by microwave.[43] HrGO39 has a large amount (39.1 wt%) of oxygen and 

flat 2D structure (Supplementary Figure S3a, S4a), expressing a small SSA of 88 m2 

g-1. The tube furnace treatment slowly removes the oxygen functional groups pre-

serving the flat 2D structure of HrGO39 (Supplementary Figure S3b, S4b), resulting 

in a small SSA improvement to 93 m2 g-1. The microwave treatment explosively 
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removes the large amount of oxygen functional groups of HrGO39, resulting in ex-

foliated wrinkled 2D structure (Supplementary Figure S3c, S4c), and large SSA im-

provement up to 532 m2 g-1. This last result indicates that to obtain a large SSA rGO 

needs to have both low oxygen content and a wrinkled 2D structure. 

The pore size distribution was evaluated by Barrett-Joyner-Halenda (BJH) method 

for all rGOs (Supplementary Fig. S6 and Table 1). The results indicate that the 

chemical reduction can generate mesopores, reaching a pore volume of 0.057 and 

0.354 cm3 g-1 for HrGO39 and HrGO14, respectively. The results for thermal reduc-

tion of those samples indicate the accentuation of the mesopore amount. For 

HrGO14, the reduction by furnace method is more effective than the microwave 

method, reaching 0.662 and 0.592 cm3 g-1 for HrGO14MW and HrGO14MW, respec-

tively. For HrGO39, the reduction by microwave method is more effective than the 

furnace method, reaching a pore volume of 3.512 and 0.111 for HrGO39MW and 

HrGO39T, respectively. The drastic increase of pore volume for HrGO39MW is corre-

lated with the formation of macropores resulting from the explosive gas formation 

during the reduction reaction. This change in the pore volumes leads to a pore size 

diameter of HrGO39MW to 26.5 nm, where pore sizes of all other samples remained 

between 3 to 8 nm. These results indicate that the oxygen content of GO, the heat-

ing time, and heating speed should be chosen accordingly to optimize the pore 

volume distribution and the SSA by thermal treatment. Specifically, when oxygen 
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content is low (14.4 wt.%), the heating time has more influence than heating speed, 

in contrast, when the oxygen content is high (39.1 wt%), the heating speed has 

more influence than heating time. 

Taken together, precise control over rGO properties can be possible by simply de-

signing the reduction routes. In other words, performing the same reduction on 

rGOs lead to different results when different oxygen content rGOs are used.  

3.2 Lithium-ion battery application 

3.2.1 Half-cell study.  

The characteristics and performances of anode materials were assessed by a con-

stant charge-discharge test in half cell vs. Li+/Li. Based on the theoretical capacity 

of graphite, the current rate was fixed as 1C = 372 mA g-1, and the voltage window 

was fixed between 0.01 V and 3.0 V to realize complete discharge and charge of 

lithium into the carbon host. In Fig. 2a, the charge-discharge behavior of HrGO14T 

is displayed. HrGO14T and other rGOs (Supplementary Fig. S7) show typical adsorp-

tion behavior. This behavior transcribes the change from battery to capacitor be-

havior from graphite to rGOs through the oxidation-reduction processes. The rate 

performances (Fig. 2b and 2c) present the consecutive charge response for 5 cycles 

from 1C to 100C. It demonstrates that all samples, except HrGO39, have improved 

capacity compared to the theoretical capacity of graphite. This first difference 

highlights the improvement of capacity from graphite to rGOs as a result of lithium 
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storage on both sides of graphene layers and internal spaces. Thus, the results for 

rGOs present an improved capacity as the SSA and the conductivity increase, 

reaching the capacity of 507 and 629 mAh g-1 at 1C for HrGO14T and HrGO39MW, 

respectively. At 20C, their capacity decreased to 186 and 281 mAh g-1 for HrGO14T 

and HrGO39MW. These results indicate the higher capacity and the superior rate ca-

pability of HrGO14T and HrGO39MW. The cyclability of HrGO14T and HrGO39MW were 

evaluated over 500 cycles at 5C (Fig. 2d and Supplementary Fig. S8), expressing 

good stability and excellent coulombic efficiency among all. The charge-discharge 

cycling of as-prepared carbon materials showed three phases; at first, the capacity 

decreased until the 20th and 70th cycles, then increased until the 420th and 399th 

cycles, and finally decreased for HrGO14T and HrGO39MW, respectively.  

Next, the potential was plotted against the differential capacity (Fig. 2e and Sup-

plementary Fig. S9, S10). The storage mechanism of lithium by graphene analogs 

can be divided from 0.01 V to 0.7 V and from 0.7 V to 3.0 V between the lithium 

intercalation/deintercalation occurring in graphene inter-layer and the lithium ad-

sorption/desorption and redox reactions occurring on the graphene surface, re-

spectively. In Fig. 2f (Supplementary Fig. S11, S12), the capacity evolution above 

and below 0.7 V is presented. Bellow 0.7 V, all graphene samples expressed an 

increase and decrease in their deintercalation behavior, originating from graphene 

interlayer wetting with the electrolyte and the formation of the solid electrolyte 
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interface (SEI) formation, respectively. The SEI is formed by the decomposition of 

the solvent and lithium salt into a protective layer between the active material and 

the electrolyte.[44] The SEI hiders the diffusion of Li+ and isolates graphene from 

the electrode and the electrolyte leading to reduced performance. The SEI is 

mostly generated from the initial discharge process and is sensitive to graphene 

size, edge to basal plan ratio, pore size, and surface composition. Wetting elec-

trode materials also leads to form SEI, and graphene volume change induces stress 

leading to the SEI crack and reformation.[45] Above 0.7 V, all graphene samples 

showed three successive phases: 1) a decrease corresponding to the fading of ox-

ygen redox reactions at 1.2 V, 1.8 V, and 2.5 V related to graphene carbonyl oxygen 

functional groups; 2) an increase corresponding to the wetting of graphene by the 

electrolyte resulting in an increased active surface; 3) a decrease originating from 

the continuous SEI formation isolating graphene from the electrode and the elec-

trolyte. The maximum desorption capacity performances of graphene analogs are 

observed to correlate with their SSA (Supplementary Figure S9). The HrGOs results 

indicate that chemical reduction improves both the deintercalation and desorption 

behaviors by removing oxygen functional groups from its interlayer and surface 

(Supplementary Fig. S10a,S11a,S12a,S13a). Furthermore, compared with ther-

mally reduced samples, chemically reduced HrGOs did not present any increase of 

capacity related to the Li+ desorption denoting the fasten of SEI formation from 
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excess oxygen functional groups. For HrGO14, the tube furnace reduction method 

improved the intercalation and adsorption behavior, while the microwave method 

improved the intercalation behavior partially and only stabilized the adsorption 

behavior (Supplementary Fig. S10,S12). Compared with HrGO14 (SSA of 217 m2 g-1 

and oxygen content of 14 wt.%), HrGO14MW has a similar wrinkled 2D structure 

(Supplementary Figure S3f, S4f), superior SSA (333 m2 g-1), and lower oxygen con-

tent (6.5 wt.%). These differences demonstrate that the capacity is related to the 

SSA and that a large amount of oxygen tends to reduce LIBs stability. Compared 

with HrGO14MW, HrGO14T has an identical wrinkled 2D structure (Supplementary Fig-

ure S3e, S4e), similar oxygen content (5.5 wt.%), and larger SSA (422 m2 g-1). These 

differences confirm that the capacity correlates with the SSA and that small oxygen 

content difference has a limited effect on LIBs stability. 

Above chemical and morphological analysis of HrGO14x revealed the decrease of 

the oxygen content and the increase of SSA and micropore amount, which are re-

sponsible for the superior capacity performance of HrGO14T over HrGO14MW. For 

HrGO39, the tube furnace heating reduction method improved the intercalation 

and the adsorption behavior, while the microwave method improved the interca-

lation behavior and, more drastically, the adsorption behavior (Supplementary Fig. 

S11,S13). Compared with HrGO39 (SSA of 88 m2 g-1 and oxygen content of 39 wt.%), 

HrGO39T has a similar flat 2D structure (Supplementary Figure S3b, S4b), SSA (93 m2 
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g-1), and lower oxygen content (2.9 wt.%). These differences result in a slight im-

provement in capacity and a clear improvement in stability, highlighting that a 

large amount of oxygen tends to reduce LIBs stability. Compared with HrGO39T, 

HrGO39MW has similar oxygen content (4.8 wt.%), an original wrinkled 2D structure 

(Supplementary Figure S3c, S4c), and a larger SSA (532 m2 g-1). These differences 

indicate that the capacity is drastically improved by forming a wrinkled 2D struc-

ture as it leads to superior SSA, and that small oxygen content difference has a 

limited effect on graphene LIBs stability. According to the chemical and morpho-

logical analyses, the superior performance of HrGO39MW is due to its low oxygen 

content, which reduces SEI formation, superior SSA, which increase intercalation 

and adsorption behaviors, and original macropores corresponding to 6 times more 

pore volume compared with HrGO14T, which is correlated with the drastic increase 

of the absorption capacity. Furthermore, among all samples, HrGO39MW expressed 

significant fluctuation in its capacity through cycling despite that it showed the 

highest capacity; this phenomenon might be related to the large pore volume and 

diameter of HrGO39MW, which accelerates its wetting rate and SEI formation, lead-

ing to a faster active surface increase and decrease, respectively. 

These results indicate that in order to produce the best rGO for LIBs in terms of 

capacity, rate capability, and cyclability; rGO should be synthesized from GO at its 



 

 

19 

highest oxygen level, the reduction steps should start with a fast temperature in-

crease, to exfoliate graphene layers taking advantage of oxygen functional groups 

decomposition, and maintain this high temperature to remove residual oxygen 

functional groups. As obtained rGO will display high SSA, high conductivity, and low 

oxygen content, which respectively mainly influence rGO capacity, capability, and 

stability. 

 

3.2.2 Full-cell study.  

Convinced by the above results, we decided to assemble a full-cell combining 

HrGO39MW, and our previously reported BTO-LCO as a cathode (Supplementary Fig. 

S14). We expected that both of these high rate capability materials hold great 

promises for high rate capability full-cell LIBs system. In order to build a full-cell 

system, irreversible consumption of lithium upon cycling must be considered since 

the lithium amount is limited in the full-cell; in the case of a half-cell, excess lithium 

can be supplied from the counter Li electrode.[45] The lithium consumption can 

be caused by (1) the SEI formation and (2) the additional SEI formation at the cracks 

upon charge/discharge cycle. As for cathode, BTO-LCO suppresses the formation 

of native SEI at a triple-phase junction, where the redox reaction actively oc-

curs.[24,25] However, prepared graphene analogs suffer from large irreversible 

lithium consumption upon the first lithiation process, which correlates with their 
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SSA (Supplementary Table S2 and Figure S15). To overcome this problem, we in-

vestigated several pre-lithiation methods; chemical pre-lithiation, electrochemical 

pre-lithiation, and direct contact pre-lithiation (DCPL).[46–48] Compared with 

chemical and electrochemical pre-lithiation; DCPL is fast, easy, and scalable. For 

these reasons, DCPL was applied to our rGOs (Fig. 3a). The DCPL was performed by 

pressing the anode and lithium foil in the presence of 1 M L-1 LiPF6 dissolved in a 

mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (v/v, 3/7). By using 

the LIPF6 electrolyte, we consider a flow of electron is created due to the difference 

of potential between the active anode material and the lithium foil.[46–48] In or-

der to control and optimize the DCPL, a time study was conducted (Supplementary 

Fig. S16). The results showed that as the DCPL time increases, more lithium is ab-

sorbed into the carbon electrode, decreasing its half-cell initial potential. The DCPL 

was continued until potential values were stabilized (state of charge (SOC) of 50%). 

In the case of graphite after only 15 min of DCPL, the potential stabilized at 100 

mV, indicating complete pre-lithiation, and while for HrGO39MW, the pre-lithiation 

required 2 hours to reach a stable value of 250 mV. The lithiation of the graphite 

electrode was visually recognizable; changing color from black to yellow (Fig.3a). 

The progress of graphite lithiation was also confirmed by XRD; its original structure 

showed a peak at 26.3°, while after DPCL, it displayed a mixture of graphite inter-

acted compound stage 1 at 23.9° and stage 2 at 25.1° (Fig. 3b). The effect of DCPL 
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on HrGO39MW anode half-cell was evaluated; as a result, the initial irreversible ca-

pacity decreased (Supplementary Table S3), and the SEI formation within 1.4 V to 

1.0 V disappeared (Supplementary Fig. S17), indicating the successful SEI formation 

by our DCPL treatment. 

In light of these positive results, full-cell was prepared by applying DCPL on anode 

material prior assembly. Two full-cells were assembled composed of a BTO-LCO 

cathode and a HrGO39MW anode using a capacity ratio of anode to cathode (N/P 

ratio) of 1.1 and 2.3, respectively named LC-rGO1.1 and LC-rGO2.3. The full-cells 

were evaluated at constant current at various current rate from 1C (1C = 160 mA 

g-1) to 100C.  

The results (Fig. 4a) show that both designs have similar capacity performances at 

1C and 2C showing a capacity of 154 mAh g-1. At higher current density LC-rGO2.3 

showed superior rate capability performance compared with LC-rGO1.1, at 20C LC-

rGO2.3 showed 88 mAh g-1 while LC-rGO1.1 showed 10 mAh g-1, corresponding to 

56% and 6% capacity retention once compared with the maximum capacity at 1C. 

Furthermore, stability study indicated that LC-rGO1.1 start fading after only 50 cy-

cles (Fig. 4bi), while LC-rGO2.3 remained stable even after 180 cycles (Fig. 4bii). All 

these results demonstrate the higher capacity, rate capability, and stability of LC-

rGO2.3 over LC-rGO1.1. The poor stability and capability of lower N/P ratio LC-rGO 

might be due to the irreversible capacity consumption of rGO electrode from the 
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LC electrode, as in this configuration rGO volume deformation upon lithium ab-

sorption and desorption lead to higher mechanical stress and SEI cracking.  More-

over, the charge-discharge behavior of LC-rGO2.3 full-cell showed excellent battery 

behavior similar to BTO-LCO half-cell, displaying a flat charge-discharge plateau at 

3.7 V (Fig. 4cii). Furthermore, LC-rGO2.3 showed similar to better capacity perfor-

mances compared with BTO-LCO cathode half-cell; at 50C, the full-cell shows 42 

mAh g-1 while the half-cell shows close to 0 mAh g-1 (Supplementary Fig. S9). These 

results demonstrate the superiority of our pre-lithiated rGO over lithium foil, open-

ing the door for higher rate performance LIBs. Compared with other recently re-

ported metal oxide-based full-cells (Fig. 4d), our LC-rGO2.3 battery showed excel-

lent power and energy densities;[3,49–53] LC-rGO2.3 delivered 604 Wh kg-1 at 432 

W kg-1 and maintained 293 Wh kg-1 at 8,658 W kg-1 and 20 Wh kg-1 at 43,333 W kg-

1.  

4. Conclusions 

In summary, the combination of chemical and thermal reduction process allows 

excellent control over rGO crystallinity, disorder, oxygen content, conductivity, and 

surface area. These differences are ascribed to the amount and speed of oxygen 

functional group decomposition. The application of as prepared rGOs toward half-

cell LIBs technology reveals that the control of such reduction methods and thus 
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control over rGO properties is a key to unlock high capacity, high rate capability, 

high stability anode materials. Furthermore, optimized rGO applied toward full-cell 

LIBs using our DCPL method allows perfect technology transfer from our previous 

high rate BTO-LCO cathode half-cell toward higher energy density and power den-

sity full-cell. 
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Table and Figure captions 

Table 1: Effect of thermally induced CO and CO2, SSA, pore volume, pore size, and con-

ductivity of rGOs. 

Fig. 1 - Characterization of (i) GO, (ii) HrGO39, (iii) HrGO39T, (iv) HrGO39MW, (v) HrGO14, 

(vi) HrGO14T, (vii) HrGO14MW. (a) XRD, (b) RAMAN spectroscopy, (c) TEM of HrGO14T, 

(d) XPS C1s narrow scan. Isothermal N2 absorption-desorption of (e) HrGO39s and (f) 

HrGO14s.  

Fig. 2 - Half-cell lithium ion battery results of (i) HrGO39, (ii) HrGO39T, (iii) HrGO39MW, 

(iv) HrGO14, (v) HrGO14T, (vi) HrGO14MW.  (a) galvanostatic charge discharge behavior, 

(b) and (c) rate capacity performances, (d) cycling performances and coulombic efficiency, 

(e) differential capacity plot of HrGO39MW, (f) Capacity evolution above and below 0.7 V 

of HrGO39MW. 

Fig. 3 - (a) Illustration and digital images of DCPL treatment, and (b) ex-situ XRD of 

pre-lithiated graphite electrode. 

 

Fig. 4: Full-cell lithium-ion battery results of LC-rGO  with N/P equal to (i) 1.1, (ii) 2.3. 

(a) Full-cell rate performances, (c) Full-cell cyclability at 1C, (c) full-cell galvanostatic 

charge-discharge behavior, (d) Ragone plots of lithium metal oxide full-cell.  
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 Table 1 

 

Figure 1 

Reducing method 

Hydrazine 62.5  µL g-1 Hydrazine 1 mL g-1 

 Tube furnace Microwave  Tube furnace Microwave 

Sample name HrGO39 HrGO39T HrGO39MW HrGO14 HrGO14T HrGO14MW 

Effect of thermally in-

duced CO and CO2 - 

rGO  

decomposition 

rGO  

exfoliation - Low Low 

Oxygen wt% 39.07 2.87 4.77 14.42 5.49 6.52 

SSA (m2 g-1) 88 93 532 217 422 333 

Pore diameter (nm) 3.5 5.2 26.5 6.8 6.7 7.4 

Pore Volume (cm3 g-1) 5.7 10-2 0.111 3.512 0.354 0.662 0.592 

Conductivity (S m-1) 7.7 10-2 5.6 103 4.0 102 2.1 103 4.4 103 1.7 103 
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Figure 2 

 

Figure 3 
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Figure 4 
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Highlights : 

• Combine chemical and thermal reduction methods were employed for the synthesis 

or reduce graphene oxide. 

• Best reduced graphene oxide material for LIBs was prepared via combined small 

chemical reduction and fast heating thermal reduction. 

• Best reduced graphene oxide shows 947 mAh g-1 at 372 mA g-1. 

• Correlation of behavior was observed between SSA and capacity, conductivity and 

capability, and oxygen level and cyclability. 

• High-rate full-cell LIBs was assembled using LiCoO2@BaTiO3 cathode and our op-

timized rGO anode displaying high energy and power density, 293 Wh kg-1 at 8,658 

W kg-1.  

 


