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Abstract 

The ever-growing demand for high performance energy storage systems has become a driving 

force for seeking the ideal materials to deliver superior efficacy, and graphene oxide (GO) and 

vanadium oxide are such two promising nanostructured materials. However, neither of them 

has been widely adopted in the marketplace at the current stage, mainly limited by their cost-

effectiveness. While GO and vanadium oxide have been proved to outperform existing 

materials in the lab-scale studies, the more expensive and less scalable synthesis methods 

discourage industrial manufacturers from adopting the two materials. The research herein 

focuses on the novel low cost and scalable wet chemical synthesis methods, which may lead 

GO and vanadium oxide to greater commercial success. 

The PhD thesis generally is unfolded into two parts. In the first part, a simple hydrothermal 

method to synthesize tungsten-doped V6O13 is reported. The introduction of tungsten dopant 

can have a significant impact on the nanostructure evolution of vanadium oxide during 

hydrothermal reaction, which results in the formation of nanocrystalline structure. A real-

time characterization of the hydrothermal reaction process was employed to reveal the 

complex phase changes of vanadium oxide in the course, which can be important guidance 

for controlling the product quality in larger-scale production. Moreover, when applied to 

lithium ion batteries (LIBs), the doped nanocrystalline V6O13-based electrode can provide 

better battery performance than the undoped V6O13.  

In the second part, graphite oxide route to synthesize graphene oxide is investigated in terms 

of the choices of graphite sources (expanded graphite, graphite intercalation compound and 

natural graphite), pre-treatment of expanded graphite (microwave-induced expansion of 
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graphite in different atmospheres), reaction temperature, and post-processing of GO. It was 

found that the expanded graphite prepared in ambient air had higher dispersibility in organic 

solvent and finally led to higher GO yield, through the modified Hummers oxidation, than 

those prepared in pure carbon dioxide or argon. This is possibly due to the introduction of 

extra oxygen-containing functionalities accompanied by the rapid heating of graphite. We 

also found that graphite intercalation compound was a more suitable starting material for 

making large-sized GO at room temperature. One distinguishing feature of the GO produced 

at room temperature is that it has more thermal labile oxygen functional groups which allows 

the facile restoration of electrical conductivity via a mild thermal annealing. This characteristic 

will be very helpful to better combine GO with the electroactive particles in LIBs and thus 

benefit the overall battery performance. Finally, we further compared the cost-effectiveness 

between the room temperature synthesis method and the lower temperature method, using 

commercial expanded graphite powder as the graphite source. It revealed that the GO 

synthesized at room temperature could regain more conductive sp2 carbon and reached the 

same level of electrical conductivity through thermal or chemical reduction. Therefore, the 

room temperature method can produce conductive graphene for energy storage applications 

in a more cost-effective manner.  

On balance, this PhD thesis further develops the scalable wet chemical production of GO and 

vanadium oxide for energy storage by systematically investigating the key synthesis 

parameters and establishing the improved protocols. Ultimately, this work is anticipated to 

push forward the commercialization of GO and vanadium oxide in the field of energy storage 

in the near future. 
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Chapter 1. Introduction and Literature Review 
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The prevalence of smart electronics and electrical vehicles has fuelled the concerted and 

persistent research efforts in making high performance energy storage devices, such as 

rechargeable lithium ion batteries (LIBs)1-3 and supercapacitors.4-6 Moreover, the recent years 

have witnessed the fruitful studies on the energy storage applications turbocharged by 

nanostructured materials.7-9 When scaling to nanometre regimes, some materials will 

incorporate the bulk as well as surface properties to the overall behaviours and hence exhibit 

exceptional electrical, optical, mechanical and chemical properties in the energy storage 

devices.10 In this thesis, I focus on two types of nanostructured materials, vanadium oxides 

and graphene oxide (GO). The nanostructured vanadium oxides are the appealing electrode 

materials for LIBs due to their high output voltage, high electrochemical capacity, improved 

cycling performance and low cost.11-15 Graphene oxide (GO) is a two-dimensional (2D) carbon 

nanomaterial functionalized by some oxygen functional groups. Its high surface area,  

mechanical flexibility, and tunable electrical and chemical properties enable GO to be an 

outstanding platform for various energy storage applications.16-22 To deliver on their promise 

in the commercial market, it is significant to develop cost-effective and scalable routes to 

synthesize vanadium oxides and graphene oxide with desirable quality. In this regard, the wet 

chemical synthesis methods, which are based on the solution-phase chemical reactions, are 

promising for the large-scale production of nanostructured materials due to their advantages 

in production cost, processability, reproducibility and product yield.23-27 However, several 

challenges associated with quality control and scalability in the wet chemical routes remain 

to be addressed for the commercialization of nanostructured materials-based energy storage 

applications.28, 29 In this introductory chapter, the literature on the fabrications of vanadium 

oxides and GO is reviewed with a particular spotlight on the wet chemical methods towards 
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cost-effective energy storage applications. This inspires my investigations into the novel wet 

chemical syntheses of GO and vanadium oxides throughout my PhD training. 

1.1. Literature review 

1.1.1. Vanadium oxides and the related energy storage applications 

 

Figure 1.1. Schematics of the layered crystal structures of representative vanadium oxides.29 

Reproduced with permission from REF.29, Wiley-VCH. 

Vanadium is an abundant element in the Earth’s crust.30 Its oxides have a variety of crystalline 

structures, including V2O5, VO2, V2O3 and V6O13, which is ascribed to the multiple valence 

states of vanadium ranging from +3 to +5.15, 30, 31 As shown in Figure 1.1, the featured layered 

structures allow vanadium oxides to intercalate with foreign molecules/ions and, moreover, 

the intercalation process is reversible.32, 33 Because the repeated insertion and extraction of 

Li-ions in the electrodes are the dominant mechanism in LIBs, vanadium oxides are the ideal 

inexpensive yet high-performance electrode materials, as illustrated in Figure 1.2. For 

example, V2O5, the most studied vanadium oxides for LIBs, can deliver a theoretical capacity 

of 294 mA h g-1 with 2 Li-ions inserted per V2O5,30 which is superior to the common cathode 

materials, such as LiFePO4 (170 mA h g-1) and LiCoO2 (274 mA h g-1).34, 35 Also, V6O13 and 

metastable VO2 (B) are the excellent electrode materials for LIBs with improved battery 

performances.36-40 The presence of metallic characteristics in V6O13 at room temperature is 
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especially beneficial to high-rate charge and discharge.41, 42 VO2 (B) stands out for its intrinsic 

double layers of V4O10 type which provides abundant tunnels for rapid Li-ion diffusion and 

intercalation/deintercalation.43 

 

Figure 1.2. Diagram comparing the lithium ion capacity and electrochemical reduction 

potential of various anode and cathode materials.44 Reproduced with permission from REF.44, 

the Royal Society of Chemistry.  

However, vanadium oxides-based LIBs suffer from poor cyclability and structural stability 

during deep discharge.15 This is attributed to the irreversible phase transitions in vanadium 

oxides upon the intercalation of excess Li-ions, which is accompanied by a sharp drop in 

capacity.45, 46 In addition, the poor electrical conductivity of vanadium oxides suppresses the 

electrochemical kinetics of LIBs.30 To overcome the bottlenecks, substantial experiments have 

proved that the nanostructuring of vanadium oxides is an effective strategy to enhance the 

overall performances of LIBs.45, 47 The general mechanism is that the nanostructured 
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vanadium oxides have much larger specific surface areas and shorter ion diffusion distance 

than the bulk, which greatly facilitate the Li-ion intercalation/deintercalation processes.29 In 

addition, the nanostructures can reduce the build-up of stress related to the volume 

variations in vanadium oxides electrodes during the cyclic charge/discharge, thereby 

improving the structural stability and capacity retention.15, 48  

1.1.1.1. Nanostructured vanadium oxides for improved LIBs 

According to the morphology of materials, the nanostructured vanadium oxides can be 

classified into low-dimensional structures and three-dimensional (3D) hierarchical 

structures.29, 30 Low dimensional nanostructures include one-dimensional (1D) nanorods,49 

nanobelts,50 nanotubes51 and nanowires,52-54 and two-dimensional (2D) nanosheets.55, 56 In 

terms of 3D hierarchical nanostructures, they combine not only the low dimensional 

nanoscale building blocks but also the nano- or micro-scale secondary architectures, for 

example the hollow interiors and the porous structures.12, 42, 57-60  

i. Low-dimensional vanadium oxides 

Table 1-1. Summary of different low-dimensional nanostructured V2O5 electrodes and their 

corresponding performance for LIBs. Adapted from Liu, Su, Tang, Jiang, & Yu, 2017.36 

Morphology of 
nanostructured 

V2O5 

Specific 
Capacity 

(mA h g−1) 

Current 
Density 
(mA g−1) 

Capacity 
retention 

High-rate capacity 
(mA h g−1) 

Ref. 

Nanorod 260 147 
93.8% after 

30 cycles 
144 at 2352 mA g-1 [49] 

Nanowire 427 50 
59.7% after 

50 cycles 
40 at 874 mA g-1 [61] 

Nanotube 139.8 100 NA 114.1 at 6000 mA g-1 [51] 
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Nanotube 131.2 2000 
85.0% after 
250 cycles 

60 at 1500 mA g-1 [51] 

Nanosheet 290 58.8 
93.8% after 

50 cycles 
117 at 14700 mA g-1 [62] 

Nanobelt 430 43.7 
62.8% after 

50 cycles 
119 at 874 mA g-1 [61] 

 

 

Figure 1.3. The improved performance of LIBs by using low-dimensional nanostructured 

vanadium oxides. (a-b) The SEM images of the interconnected vanadium oxide nanowires.53 

(c) Charge/discharge curves of vanadium oxide nanowires at voltages of 1.75−4 V showing a 

high discharge capacity of 390 mA h g-1.53 (d) Schematic of lithiation and delithiation processes 

in the atomically thin vanadium oxide nanosheets.30 (e) Cycling performance of V2O5 
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nanosheets and bulk V2O5 in the voltage range of 2.05-4 V vs Li/Li+ (0.2 C, 1 C = 294 mA g-1).62 

Panel a – c are reproduced with permission from REF.53, American Chemical Society. Panel d 

is reproduced with permission from REF.30, Wiley-VCH. Panel e is reproduced with 

permission from REF.62, Royal Society of Chemistry.  

As aforementioned, the larger surface areas and shorter Li-ion diffusion lengths of low-

dimensional nanostructured vanadium oxides contribute to their higher specific capacity 

relative to the bulk counterparts.63-65 Some low-dimensional nanostructured V2O5 with 

different morphologies and their performances in LIBs are summarized in Table 1-1. The 1D 

vanadium oxide nanowires (V2O5 + VxO2), as illustrated in Figure 1.3a-c,  can be packed into a 

LIB cathode with highly interconnected ion conducting networks which exhibits a high 

discharge capacity up to 390 mA h g-1.53 For the 2D vanadium oxide nanosheets (Figure 1.3d), 

the intercalation and deintercalation of Li-ions take place in the interlayer spacings between 

the atomically thin layers (2.1-3.8 nm).62 Rui et al. reported that the V2O5 nanosheet cathodes 

can provide the prominently greater capacity and cycling stability than the conventional bulk 

V2O5 cathodes as a result of smooth Li-ion transport and effective strain relaxation in the 

crystals (Figure 1.3e).62 In addition to V2O5, other vanadium oxides, including V6O13,42, 66, 67 

VO2 (B)68-71 and V3O7·H2O,68, 72 can also be formed into low dimensional nanostructures for 

improved LIBs.29  

Although the electrochemical kinetics can be accelerated by nanostructuring, the low-

dimensional nanostructured vanadium oxides are prone to self-aggregation and pulverization 

under their high surface areas and surface energy.57, 73 Consequently, this will be adverse to 

the capacity retention and rate performance of LIBs.10, 74 The further optimization of 

nanostructured vanadium oxides can be realized by forming 3D hierarchical nanostructures 
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which inherit the merits of low-dimensional nanostructures and, more importantly, inhibit 

the agglomeration.12, 59, 75, 76 

ii. 3D Hierarchical vanadium oxides 

Table 1-2. Summary of different 3D hierarchical V2O5 electrodes and their corresponding 

performance for LIBs. Adapted from Liu, Su, Tang, Jiang, & Yu, 2017.36 

Hierarchical 
V2O5 

nanostructures 

Surface 
details 

Specific 
Capacity (mA 

h g−1) 

Current 
Density 
(mA g−1) 

Capacity 
retention 

High-rate capacity 
(mA h g−1) 

Ref. 

Hollow sphere Nanosheets 284 300 
74.3% after 
100 cycles 

NA [77] 

 Nanosheets 137 300 
93.43% after 

50 cycles 
125 at 1200 mA g-1 [77] 

 Nanoflakes 283 100 
76.68% after 

55 cycles 
119 at 2000 mA g-1 [78] 

 Nanorods 286.4 NA NA NA [79] 

York-shell Nanoplates 262 300 
86.64% after 

50 cycles 
160 at 2400 mA g-1 [12] 

 Nanoplates 275 300 
89.45% after 

50 cycles 
NA [80] 

Triple shell Nanoplates 146.8 147 
84.47% after 

350 cycles 
107.2 at 2940 mA g-1 [81] 

Rattle-type Nanosheets 290 300 

75.85% after 
50 cycles 

64.5% after 
100 cycles 

127 at 2400 mA g-1 [82] 

Nanocage Porous 142 73.5 
90% after 
100 cycles 

86.7 at 8232 mA g-1 [75] 

Nanoflower Nanoribbons 275 50 
87% after 50 

cycles 
188 at 2000 mA g-1 [83] 
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The hierarchical nanostructures usually consist of numerous nanoscale or low-dimensional 

sub-units aligned in a well-ordered fashion.84 Compared to the individual sub-units, the 

integrated architecture, as a whole, has minimized surface energy which potently prevent the 

aggregation and minimize the capacity loss during cycling.30 Additionally, the hierarchical 

nanostructures maintain the advantages of their building blocks, namely the high surface 

areas, structural stability and electrochemical kinetics.30 Extensive efforts have been devoted 

to the well-designed hierarchical vanadium oxide for LIBs, especially the nanostructured V2O5 

electrodes with diverse architectures as listed in Table 1-2. For example, Dong et al. fabricated 

the nanosheet-assembled V2O5 microspheres (Figure 1.4a) of which the battery performance 

was compared with that of the V2O5 nanorods (Figure 1.4b).85 As is evident in Figure 1.4c, the 

hierarchical V2O5 microspheres can provide higher discharge capacity (275.7 vs 264.9 mA h g-

1) and better cycling stability. A more complex hierarchical nanostructure was reported by 

Lou’s group who synthesized the hollow V2O5 microspheres with porous shells via a 

controllable solvothermal method.12 By carefully controlling the reaction time, the precursor 

VOC2O4 was transformed into the yolk-shelled VO2 microspheres, which was then oxidized 

into V2O5 without any change in the structure (Figure 1.4d-e). The porosity in the shell 

originated from the interparticle voids within the shell and it can promote the electrolyte 

penetration and increase the contact between the electrolyte and electrode. The core-shell 

structure provides a wealth of charge-storage sites and also shortens the Li-ion diffusion paths. 

When working as the cathode of LIBs, the resultant yolk-shelled V2O5 manifested improved 

capacity and cycling stability for LIBs relative to the normal solid V2O5 microspheres (Figure 

1.4f) and V2O5 nanoparticles.12, 86  

Besides V2O5, the 3D hierarchical nanostructuring can also be applied to other vanadium 

oxides, such as V6O13
87 and VO2 (B),43, 88 as the electrodes for LIBs. For example, Ding et al. 
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fabricated 3D V6O13 nanotextiles by assembling the interconnected nanogrooves of 20-50 nm 

diameter (Figure 1.4g-h).42 As shown in Figure 1.4i, Li-ions and electrons can migrate in all 

direction in the crosslinked networks. The plentiful nanomesh in the 3D nanotextile 

architecture allows the deep penetration of electrolyte into the electrode and the flexible 

accommodation of volume change during cycling. In addition, the crosslinked nanostructure 

is mechanically stable which effectively mitigates the self-aggregation of nanogrooves. As a 

consequence, the 3D V6O13 nanotextiles can deliver decent reversible capacities, 326 mAh g-1 

at 20 mA g-1 and 134 mAh g-1 at 500 mA g-1. Moreover, due to the relatively high packing 

density, the V6O13 electrodes based on this textured architecture can deliver high volumetric 

energy and power density, which exceed that of many conventional cathodes (such as 

LiMn2O4, LiCoO2 and LiFePO4 in Figure 1.4j).42  
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Figure 1.4.  Different 3D hierarchical vanadium oxides as a high-performance electrode for 

LIBs. SEM image of (a) nanosheet-assembled V2O5 microspheres and (b) V2O5 nanorods. (c) 

Cycling performance of two types of V2O5 nanostructures at a current density of 300 mA g-1.85 

(d) SEM and (e) TEM images of the 3D yolk-shelled V2O5 microspheres. (f) Specific discharge 

capacity of yolk-shelled V2O5 and solid V2O5 microspheres and the coulombic efficiency of 

yolk-shelled V2O5 within 50 cycles at a current density of 300 mA g-1
.
12 (g) SEM and (h) TEM 

images of 3D V6O13 nanotextiles which are used the cathode materials for LIBs. (i) The 

schematic of Li-ion intercalations in the 3D nanotextile electrodes. (j) The comparisons of 

energy density between some common LIBs electrodes.42 Panel a – c are reproduced with 

permission from REF. 85, Elsevier. Panel d – f are reproduced with permission from REF. 12, 

Wiley-VCH. Panel g – j are reproduced with permission from REF. 42, American Chemical 

Society.  
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1.1.1.2. Wet chemical syntheses of nanostructured vanadium oxides 

The distinctive architectures in nanostructured vanadium oxides contribute to their 

unprecedented electrochemical properties. Nevertheless, the creation of such sophisticated 

structures usually needs the complicated fabrication process of which the emphasis lies on 

the elaborate manipulation of morphology.15 The associated high cost and difficulty will 

hinder the commercialization of LIBs based on the nanostructured materials. To make a leap 

from lab to market, the solution-based wet chemical methods, well known for their 

reproducible process, simple reactions and facile scaling-up, are the most promising route for 

the large-scale synthesis of nanostructured vanadium oxides for commercial LIBs.15 Table 1-3 

summarizes the recent works on the preparation of nanostructured vanadium oxides through 

different wet chemical methods, including hydrothermal and solvothermal methods. 

Table 1-3. Some examples of the nanostructured vanadium oxides for LIBs produced by wet 

chemical methods and the corresponding synthesis parameters. Adapted from Liu, Su, Tang, 

Jiang, & Yu, 2017.36 

Morphology Size Precursor Solvent 
Temperature 

and time 

Thermal 
postprocessing 

conditions 
Ref. 

V2O5 
nanosheets 

>200 µm, 
thickness: 2-5 

nm 
V2O5, H2O2 

H2O, 
isopropanol 

180 °C, 6 h 350 °C, 2 h [55] 

V2O5 
nanobelts 

Length: >10 
µm, thickness: 

50 nm 
VCl3 H2O, pyridine 160 °C, 12 h NA [50] 

V2O5 
nanowires 

Length: >1 mm, 
diameter: 80-

120 nm 
V2O5, H2O2 H2O 205 °C, 96 h NA [52] 

V2O5 
nanowires 

diameter: 150-
200 nm 

V2O5, C2H2O4 H2O NA 300 °C [89] 

Urchin-like 
V2O5 

microflowers 
1.5 µm 

V2O5, H2O2, 
C2H2O4 

H2O 170 °C, 24 h 350 °C, 2 h [57] 
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Porous V2O5 
microspheres 

10 µm 
VO(OiPr)3, 
CH3COOH 

H2O 200 °C, 1.5 h 350 °C, 0.5 h [90] 

Hierarchical 
V2O5 

nanobelts 
50-300 nm 

NH4VO3, 
C3H4O2 

H2O 240 °C, 6 h 350 °C, 2 h [91] 

V6O13 

nanotextiles 

Diameter: 20-
50 nm, mesh 

size: 30-200 nm 
VOSO4, MnO2 H2O 

Room 
temperature, 

2-4 h 
NA [42] 

V6O13 
microflowers 

500 nm 
NH4VO3, oxalic 
acid and LiNO3 

H2O 200 °C, 24 h NA [87] 

Hollow VO2 
(B) 

microspheres 

Diameter of 
inner pore: 1 

µm 

V2O5, H2C2O4, 
C12H25SO4Na 

H2O 180 °C, 24 h NA [69] 

Hierarchical 
Mn-doped 
V2O5 flakes 

Thickness: 100-
250 nm  

VOSO4·3H2O, 
glucose, 

Mn(Ac)2·4H2O 

H2O, 1-
hexanol, 

CTAB 
195 °C, 1 h  

900 °C, 1 h in 
vacuum and 

then 400 °C, 1 
h in air 

[92] 

Cu-doped 
V2O5 

microflowers 
10 µm 

V2O5, H2O2, 
NH4H2PO4, 

Cu(NO3)2·4H2O 
H2O 180 °C, 2 h 400 °C, 2 h [93] 

 

The morphology and structures of the resulting vanadium oxides can be flexibly manipulated 

by changing the precursors and their concentration in the solvent, and the reaction time and 

temperature. For example, Cao’s group fabricated the VO2 (B) nanosheets starting from the 

mixture of V2O5/H2O2 and isopropanol which underwent the hydrothermal reaction at 180 °C 

for 6 h, as depicted in Figure 1.5a. Finally, VO2 (B) was converted to V2O5 nanosheets by 

calcination at 350 °C for 2h.55 On the other hand, the mesoporous V2O5 nanosheets can be 

formed by hydrothermally reacting the aqueous mixture of NH4VO3 and H2C2O4 at 180 °C for 

24 h and subsequently calcinating the as-prepared NH4V4O10 nanosheets (Figure 1.5b).56 In 

2013, Lou’s group demonstrated the time-dependent interior structural evolution of VO2 

microspheres from solid to yolk-shelled to multi-shelled, eventually to hollow structure in the 

course of solvothermal reaction (Figure 1.5c).12 At the first stage of reaction, the massive VO2 

nanoparticles derived from the hydrolysed precursor VOC2O4 cluster together to form the 
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microspheres. Then, due to the initial Ostwald-ripening, the specific regions in proximity to 

the surface layer become dissolved, leaving the intact interior core (yolk-shelled structure). 

In the third stage, the solid cores are subject to the secondary Ostwald-ripening which leads 

to the multi-shelled structures. Finally, the thorough dissolution and recrystallization of the 

interior architectures render the microspheres completely hollow. Apart from the evolving 

nanostructures with reaction time, it is also found that the concentration of the precursor 

and the amount of precursor solution have direct effect on the morphology and size of the 

products. Both higher precursor concentration and more solution added will bring about 

larger VO2 microspheres with rougher surface.12 

In addition, introducing some transition metal ions, such as Mn,92, 94 Nb95 and Cu,93 as the 

dopants in the hydrothermal or solvothermal methods allows the tunable chemistry and 

electrochemical properties of products. In 2015, Zeng et al. reported a nanostructured Mn-

doped V2O5 cathode material synthesized through the solvothermal reaction. The uniform 

Mn-doping expands the lattice of V2O5 and brings in a large amount of oxygen vacancies, 

which facilitates the transport of charge carriers and alleviates the stress caused by the 

insertion/extraction of Li-ions.94 In addition, doping is a feasible measure to manipulate the 

growth of vanadium oxide nanocrystals. By limiting the diffusion of charged nuclei to the grain 

surface of VOx, the doping of metal ions can inhibit the growth of crystal and, in other word, 

promotes the formation of VOx nanocrystals with high crystallinity.95, 96 The nanostructured 

vanadium oxide electrode can afford shorter and smoother diffusion path for Li-ions and, 

therefore, the doped V2O5 cathode exhibited improved cycling stability and rate capacity 

compared to the undoped.92  
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Figure 1.5. The schematic hydrothermal syntheses of (a) V2O5 nanosheets,55 and (b) 

mesoporous V2O5 nanosheets.56 (c) Time-dependent interior structural evolution of the VO2 

microspheres and the corresponding TEM images at different reaction times (the scale bars 

are all 200 nm).12 Panel a and b are reproduced with permission from REF. 30, Wiley-VCH. 

Panel c is reproduced with permission from REF. 12, Wiley-VCH. 

1.1.2. Graphene oxide and the related energy storage applications 

1.1.2.1. Overview of graphene and its synthesis routes 

Back in 2004, Geim’s team first successfully isolated single-layer graphene from highly  

oriented pyrolytic graphite by mechanical exfoliation.97 This atomically thin carbon material 

exhibited magnetic array of features, including ultrahigh specific surface area,98 good optical 
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transparency,99 excellent mechanical strength,100 high electrical conductivity,101 chemical 

inertness102 and ease of functionalization.17 Motivated by these superlative properties, the 

recent 15 years have witnessed the massive scientific advancement in a broad spectrum of 

applications of graphene and its derivatives, ranging from electrocatalysis to biomedicine.103-

107 Among the diverse applications, the graphene-focused studies have particularly benefited 

the development of energy storage technologies, including batteries, supercapacitors and 

hydrogen storage.22, 108 First, with a large surface-to-mass ratio (2630 m2/g), graphene 

provides substantial room for storing and releasing a large quantity of particles, such as 

electric charges (Li+), hydrogen atoms or molecules.19 Coupled with high electrical 

conductivity and mechanical stability, graphene is a superb venue for high-capacity batteries 

and supercapacitors. Second, the facile functionalization and curvature control of graphene 

sheets are especially useful to hydrogen storage.109-111 Third, graphene can be integrated into 

the flexible LIBs due to its superior mechanical flexibility.112 Currently, the purpose of 

developing energy storage devices is not only to address the increasing energy needs but also 

to meet the requirements for the emerging wearable technology.113-115 Therefore, graphene 

is expected to have thrilling potential to revolutionize this field if we can harness its properties 

and, ultimately, achieve large-scale and low-cost production of graphene for the commercial 

applications.24 

Despite the huge progress of graphene research at the laboratory level, graphene 

commercialization remains in a preliminary stage.116 In pursuit of greater commercial success 

like the prosperous Si-centred semiconductor industry, the foundation lies in the cost-

effective manufacturing of graphene on an industrial scale.24 This is particularly essential for 

energy storage devices which are heavily demanded by automobiles and portable electronics. 
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The cost-effectiveness of graphene production methods is associated with the production 

cost, scalability, processability, reproducibility and the quality of the graphene products.24  

 

Figure 1.6. Common graphene synthesis methods. (a) Top-down and bottom-up routes to 

make graphene materials.117 (b) Comparisons of product quality and price between different 

graphene synthesis methods.118 Panel a is reproduced with permission from REF. 117, 

Macmillan Publishers Limited. Panel b is reproduced with permission from REF. 118, 

Macmillan Publishers Limited. 
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As illustrated in Figure 1.6a, the graphene synthesis approaches can generally be divided into 

bottom-up routes, where graphene is built up from small molecular carbon precursors, and 

top-down routes, where the bulk graphite is exfoliated into single layer graphene.119 Figure 

1.6b compares some common synthesis methods in terms of product quality and cost. The 

best known examples of bottom-up routes are chemical vapor deposition (CVD)120-123 and 

epitaxial growth methods.124-127 They are well known for producing pristine monolayered 

graphene with high optical transparency and electron mobility, while fall short of production 

cost and scalability.24 Top-down strategies include mechanical exfoliation and wet chemical 

methods. The former is mainly used for fundamental study in the lab since it only produces 

pristine small-sized graphene at low yield.17 In terms of wet chemical methods, graphene 

products are synthesized from an inexpensive and abundant source (graphite) through a 

highly processable and scalable colloidal suspension-based reaction system.17 Although the 

products tend to have more defects than the other three methods, wet chemical methods 

offer unmatched advantages in low-cost, high-volume production with excellent 

processability. In addition, wet chemical methods can impart some specific properties, such 

as better wettability128 and binding capacity,129 to graphene products via chemical 

functionalization.17, 130 There are three common wet chemical methods, including liquid phase 

exfoliation, electrochemical and graphite oxide routes.  

In liquid phase exfoliation, graphite suspended in a suitable solvent can be exfoliated into 

single- or few-layer graphene via mechanical, solvothermal or sonochemical assistance.131-133 

In spite of the simple and scalable working mechanism, liquid phase exfoliation is challenged 

by the choice of solvent. Some specific solvents are good at dispersing graphene, but further 

processing is impeded by either high boiling point (N-Methyl-2-pyrrolidone or NMP) or 
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corrosive attack and atmospheric instability (chlorosulphonic acid).134, 135 In addition, 

prolonged sonication will dramatically reduce the size of as-exfoliated graphene sheets.24  

In electrochemical route, graphite works as an electrode in the electrolyser. The applied 

voltage will force the intercalation of ions between the layers of graphite and then the gas 

evolution initiated by an electrochemical reaction enables the efficient exfoliation of 

graphite.136-138 Owing to the rich field of electrochemistry, one of its most fascinating 

advantages is the versatile and controllable functionalization of exfoliated graphite through 

tuning the voltage and electrolyte.137, 139, 140 Additionally, electrochemically-derived graphene 

materials have high yield, few permanent defects and relatively large size.24, 141, 142 To push 

forward the widespread use in the industrial production, however, several issues need to be 

well resolved for electrochemical route, including the electrical connectivity to graphite 

materials, poor structural integrity, side reaction and recycle of electrolyte.24, 143-146 

 

Figure 1.7. Schematic of the procedures in graphite oxide route involving chemical oxidation 

of graphite, exfoliation of graphite oxide and reduction of graphene oxide. Reduced graphene 

oxide is also known as chemically converted graphene (CCG).147 Reproduced with permission 

from REF. 147, Wiley-VCH. 



20 
 

In graphite oxide route (Figure 1.7), graphite is chemically oxidized into graphite oxide in the 

colloid suspension based on strong acids and oxidants. During the chemical oxidation, 

multiple oxygen-containing functional groups are introduced to the oxidized layers of 

graphite, which not only weakens the van der Waal interactions between neighbouring layers 

but also entails strong hydrophilicity to graphite oxide.148, 149 Therefore, graphite oxide can be 

readily exfoliated into atomically thin graphene oxide (GO), which can be stably dispersed in 

water, assisted by sonication or stirring.150-152 In the post processing, GO can be deoxygenated 

into reduced graphene oxide (rGO) in chemical or thermal ways, accompanying a drastic 

increase in electrical conductivity and graphitic networks.153-155 Currently, graphite oxide 

route is the most popular wet chemical method for the synthesis of graphene materials, 

namely GO and rGO, in both laboratory studies and industrial production.24, 156 Its prevalence 

is ascribed to high throughput production, efficient exfoliation and superior solution 

processability.157-159 The major concern for graphite oxide route, however, is that the harsh 

oxidation condition will cause safety risks in the production process and considerable 

irreparable defects in the products.142, 160 Keeping the limitations in mind, our research 

concentrates on the improvement of graphite oxide route, aiming at producing cost-effective 

graphene materials for energy storage applications. 

1.1.2.2. History and key studies of graphite oxide route 

i. Development and mechanism of graphite oxide route 

The invention of graphite oxide route dates back to 1859 when Brodie successfully oxidized 

graphite flake using KClO3 and fuming nitric acid.161 After nearly 40 years, Staudenmaier 

improved Brodie’s method by adding chlorate and concentrated sulfuric acid (H2SO4), which 

performed more practically in a single reaction vessel.162 Both Brodie’s and Staudenmaier’s 
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methods are exceedingly hazardous and time-consuming, which need four days to finish the 

entire reaction.163 The next milestone came in 1958 when Hummers et al. developed an 

alternate oxidative treatment by reacting graphite with a mixture of KMnO4, NaNO3 and 

concentrated H2SO4, which was safer and faster than the previous methods.164  

 

Figure 1.8. (a) Chemical structure of single layer GO.165 The original sp2 conjugated network is 

disrupted by oxygen functional groups. Hydroxyl and epoxy groups are located on the basal 
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plane, while carbonyl, carboxyl and hydroxyl groups populate the edges of GO.166-168 (b) 

Comparison of original (HGO), modified (HGO+) and improved (IGO) versions of Hummers 

method which differ in the addition of NaNO3 and H3PO4.169 (c) Schematics of converting bulk 

graphite to dispersive GO through a three-stage gradual transformation.170 Panel a is 

reproduced with permission from REF. 165, Elsevier. Panel b is reproduced with permission 

from REF. 169, American Chemical Society. Panel c is reproduced with permission from REF. 

170, American Chemical Society.  

Since the ground-breaking discovery of graphene, substantial research interest has been 

devoted to developing graphite oxide route based on the Hummers methods.149, 163 The 

enthusiasm is driven by the unique structures of GO, which combines oxygen functionalities 

and graphene basal plane (Figure 1.8a). In 2010, Tour’s group reported an improved 

Hummers method (Figure 1.8b) which eliminated the use of NaNO3 and thus avoided the toxic 

nitrous gas evolution.169 Additionally, this improved method produced higher yield of GO with 

higher degree of oxidation due to the addition of H3PO4.169 A further step forward has been 

done by Dimiev and Tour who unveiled the mechanism underlying the graphite oxide route.170 

In the course of graphite oxide route, the conversion of bulk graphite into atomically thin GO 

involves three distinct, independent steps, as illustrated in Figure 1.8c. The first step is the 

insertion of sulfuric acid between the layers of graphite to form the graphite intercalation 

compound (GIC) which begins immediately upon the exposure to the acidic oxidizing medium 

(usually within 3-5 min). In the second step, the edge-to-centre diffusion of oxidizing agent 

into the preoccupied galleries of GIC promotes the progressive oxidation in graphite and 

eventually results in the pristine graphite oxide. Due to the diffusive-controlled nature, the 

second stage is the rate-determining step to the entire process of graphite oxide route. As the 

oxygen functionalities increase the interlayer spacing from 0.335 nm to more than 0.625 nm 

in graphite oxide, the Van der Waal interaction between the oxidized layers are considerably 
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weakened. This greatly facilitates the exfoliation of bulk graphite oxide into single atomic 

layer sheets at the third stage where water is added to the reaction system.152 In the third 

step, the addition of water will also trigger multiple chemical reactions with GO, contributing 

to acidic properties of GO and removal of covalent sulfates on the layers.171, 172 Additionally, 

Park and co-workers reported that GO could be subjected to the breakage of C=C bonds 

caused by the oxidizing species MnO4
- in acidic aqueous condition.173  

ii. Drawbacks of graphite oxide route 

Although chemical oxidation benefits the facile preparation of GO aqueous dispersions, it is a 

major reason for many drawbacks in graphite oxide route. First, in the Hummers method, 

KMnO4 reacts with concentrated H2SO4 to form dimanganese heptoxide (Mn2O7) which is the 

active oxidizing species at the second stage of graphite oxidation. However, either high 

temperature (>55 °C) or contact with organic compounds will initiate the explosion of 

Mn2O7.163 To guarantee the safety of reaction process, it is critically important to well control 

the temperature of the reaction system and even more so when scaling up to industrial 

manfacturing.24  

 

Figure 1.9. HRTEM of a single layer of (A) graphene, (B) GO and (C) rGO. On the right, graphitic 

area, holes and heavily oxidized areas are displayed in yellow, blue and red, respectively. Scale 

bar is 2 nm for all images.174 Reproduced with permission from REF. 174, Wiley-VCH. 

Second, the employment of strong oxidants in graphite oxide route likely leads to the over-

oxidation of graphite, which gives rise to the depletion of carbon atoms and creation of 
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permanent hole defects in the graphene backbone (Figure 1.9).175 This will deteriorate the 

electrical conductivity of rGO, thus degrading its performance in electroconductive 

applications. Additionally, overoxidation tends to invite more carboxylic groups on the GO 

edges, which are rather difficult to reduce.176  

 

Figure 1.10. SEM images of GO sheets after 6 h of oxidation (a) without mechanical shaking, 

(b) with mechanical shaking and (c) with mechanical shaking plus 0.5 h of sonication.177 It is 

apparent that the mechanical agitation can significantly reduce the size of GO sheets. 

Reproduced with permission from REF. 177, American Chemical Society. 

Third, graphite oxide route generally produces GO sheets with limited sizes due to the 

occurrence of fragmentation during chemical oxidation and exfoliation.178 Mechanical 

agitation, typically in the form of sonication or stirring, is necessary for maintaining the 

homogeneity of reaction system and assisting the exfoliation of graphite oxide, whereas it 

forces single-layer GO sheets to crack along the in-plane direction, which drastically reduce 

the sheet size (Figure 1.10).177 In addition to external mechanical input, chemical oxidation 

can also cause GO sheets to fall apart. An excessive dose of oxidant at the beginning of 

reaction will bring about more damaging oxidative attack and thus disintegrate GO sheets.178, 

179 During the oxidation process, the epoxy bridges (C-O-C) covalently bonded to the basal 

plane, as shown in Figure 1.8a,  are severly strained and have tendency to stretch due to their 
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sp3-hybridized geometry.180 The stress generated by multiple epoxy groups collectively 

induces the unraveling of the underlying carbon skeleton.180, 181 Therefore, GO sheets with a 

high content of oxygen functional groups strongly tend to break down into smaller pieces.178, 

182 The fragmentation also takes places in the third stage of GO formation (Figure 1.8c) where 

reaction temperature is normally increased to 95 °C, at which point GO flakes are readily cut 

by the remaining Mn(VII) species.183 In many electroconductive applications such as LIB 

current collectors and supercapacitor electrodes,184, 185 dispersible GO sheets are usually 

assembled and reduced to a lamellar rGO film of which the electrical conductivity mainly 

depends on the number of inter-sheet junctions (or contact resistance).186, 187 The film made 

from smaller-sized GO sheets have more junctions and thus lower conductivity, which 

impedes their applications as a conductive material.177  

iii. Strategies to improve graphite oxide route 

 

Figure 1.11. SEM images of expandable graphite (a) before and (b) after MW-induced volume 

expansion. (c) Optical micrograph of rGO sheet made from expanded graphite. (d) Size 
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distribution of rGO sheets.188 Reproduced with permission from REF. 188, American Chemical 

Society.  

In order to overcome the drawbacks, several strategies have been proposed to improve 

graphite oxide route mainly by pretreating the graphite source and promoting the milder 

oxidation conditions. In the course of chemical oxidation, the slow diffusion of oxidizers in 

graphite is a dominant impediment in forming fully oxidized graphite.170 Particularly for large 

flake graphite, the oxidizing species will have difficulty reaching the core region of graphite. 

As a result, only the peripheral regions of graphite are oxidized which then will be split into 

smaller pieces during exfoliation.177 To mitigate the limited oxidation, one strategy is to pre-

intercalate graphite (or form GIC) prior to the exposure to chemical oxidation. GIC maintains 

the intact graphite structure but has a spacer layer and weakened interlayer interactions as 

the intercalant molecules are only situated between the carbon layers.149 In 1999, 

Kovtyukhova et al. reported a two-step oxidation method in which natural graphite was first 

intercalated in concentrated H2SO4, K2S2O8 and P2O5, followed by Hummers oxdiation.189 This 

graphite pretreatment method is frequently adopted in many more recent studies ascribed 

to the advantages of GIC in easier oxidation and exfoliation into single-layer GO sheets over 

unintercalated graphite.20, 190-193 Graphite bisulfate is another type of GIC achieved by mixing 

graphite with concentrated H2SO4 and HNO3 for 16 h at room temperature.194, 195 The 

intercalant in graphite sulfate will rapidly gasify upon external thermal shock induced by 

thermal or microwave (MW) heating,178 thus initiating the drastic expansion in the volume of 

graphite (Figure 1.11a-b). The resulting expanded graphite, which features a worm-like 

structure, has been experimentally proved as a more suitable graphite source for preparing 

large-sized GO sheets than natural graphite.182, 188, 194, 196 For example, Luo and his co-workers 

synthesized monolayered GO with large size and good electric properties starting with MW-
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expanded graphite (Figure 1.11c-d).188 The principle behind it is that the less compact 

graphitic structure and more accessible specific surface area of expanded graphite greatly 

facilitate the diffusion of active oxidizers across the carbon layers, which promotes 

homogeneous oxidation of graphite and efficient exfoliation of large GO sheets.178, 188, 197 

Apart from graphite bisulfate, Dong et al. reported a novel CrO3-intercalated graphite for 

preparing high yield ultralarge GO sheets (average size: 83 µm).198 Different from thermally 

expanded graphite, the dramatic expansion of CrO3-intercalated graphite is caused by  oxygen 

evolution from the chemical reaction of CrO3 with H2O2.198, 199 Due to its open, porous 

microstructure with high specific surface area, the chemically expanded graphite is very 

readily oxidized even under conditions of no mechanical agitation and reduced oxidant 

usage.198 However, producing this novel expanded graphite at a larger scale is challenged by 

the introduction of carcinogenic Cr6+ ions and complicated pretreatment procedures. 

The harsh oxidative treatment generally generates defective and ruptured GO products. To 

minimize the chemical damage, major efforts have been devoted to developing milder 

oxidation conditions in Hummers method, such as reducing the reaction temperature and the 

concentration of oxidants.24, 200, 201 In the Hummers oxidation, sufficiently high amount of 

oxidant (KMnO4, 3~6 wt. equiv. of graphite) is usually employed for ensuring the thorough 

oxidation of graphite,169 whereas it may introduce detrimental over-oxidation. In 2011, Shi’s 

group demonstrated that the reduced dose of KMnO4 (1 wt. equiv. of graphite) led to the 

decreased concentration of permanent defects of GO without sacrificing its dispersibility.200 

However, the reaction temperature was increased to 50 °C in their work, which was very close 

to the detonation temperature of Mn2O7 (55 °C),24 and hence it was an even higher risk 

reaction. In contrast, lowering the reaction temperature is a safer strategy to synthesize high 

quality graphene materials. In 2013, Eigler et al. first demonstrated the synthesis of highly 



28 
 

intact GO using low reaction temperature (< 10 °C) throughout the entire process.201 The low 

temperature oxidation greatly suppressed the loss of carbon atoms in the form of CO2 

evolution such that the hexagonal carbon networks were mostly preserved in the resulting 

GO.172, 201 Upon deoxygenation, the highly intact GO was converted to rGO with low defect 

density (< 0.01 %) which showed comparable electronic and mechanical properties to pristine 

graphene (Figure 1.12a).201-204 However, the scalability of this low temperature method is 

limited by time-consuming procedures and poor GO yield. Besides the use of milder oxidation 

conditions, Shi’s group has recently reported that the addition of a small amount of water to 

the chemical reaction system not only increased the degree of oxidation by introducing more 

removable hydroxyl/epoxide groups, but also reduced the defects in GO by prohibiting the 

functionalization of destructive carboxyl groups (Figure 1.12b).205, 206 Additionally, larger-

sized GO sheets were achieved by diluting the reaction system with substantial water/ice 

mixture at low temperature (< 10 °C) instead of raising the temperature to 95 °C in the third 

stage of GO formation,205 which effectively mitigated the chemical cutting. 

 

Figure 1.12. (a) Conventional Hummers method only produces GO with considerable 

permanent defects on the hexagonal frameworks due to carbon loss, and accordingly the rGO 
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also has a lot of defects. In comparison, the low temperature oxidation method can mildly 

functionalize the graphene layer without the sacrifice of structural integrity. The oxygen 

functional groups can be removed upon reduction, leaving near-pristine few-defect graphene 

layer.207 (b) Water-enhanced oxidation of graphite.205  Adding a small amount water to the 

Hummers reaction system could increase the content of hydroxyl and epoxide groups in GO 

without damaging the structural integrity of graphitic frameworks. In the case of 95 °C 

reaction, more carboxyl groups were introduced, and GO sheets had smaller lateral 

dimensions and more permanent defects. Panel a is reproduced with permission from REF. 

207, Wiley-VCH. Panel b is reproduced with permission from REF. 205, Royal Society of 

Chemistry.  

1.1.2.3. GO and rGO in energy storage applications 

As aforementioned, graphene is an ideal platform for energy storage applications, including 

batteries, supercapacitors and hydrogen storage. The fulfilment of its potential in this field on 

a commercial scale, most importantly, necessitates the large-scale and low-cost graphene 

production and, accordingly, graphite oxide route emerges as such a promising approach. The 

produced graphene materials, namely GO and rGO, surpasses the existing materials such as 

carbon black and activated carbon not only in electrochemical performance but also possibly 

in cost.118, 208 Here we will discuss the function of chemically exfoliated graphene in 

electrochemical energy storage. 
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i. Batteries 

 

Figure 1.13. Schematic of a LIB system where 2D graphene material (such as rGO) is applied 

to both anode and cathode. In the anode, graphene material can be employed alone and 

composite with other electrochemical active particles. The cathode is a hybrid graphene-

lithium compound which offers better electron transport kinetics than the one without the 

addition of graphene.19 Reproduced with permission from REF. 19, AAAS. 

A great number of researches have made use of rGO as an active material or an inactive 

component to improve the rechargeable metal-ion batteries, e.g., LIBs and sodium ion 

batteries (SIBs).208-214 A typical LIB comprises an anode and a cathode in between which Li-

ions keep shuttling through the electrolyte,215 and its specific capacity and energy density are 

determined by the amount of Li-ions hosted per unit mass of the electrode materials. As the 

active material in LIBs, rGO is involved in an energy-storage mechanism by either solely 

hosting Li-ions or synergizing with electroactive materials (Co3O4, Fe2O3, etc.) in a composite 

(Figure 1.13).216, 217 Due to the larger specific surface area, rGO-based anodes, where Li-ion 

uptake is achieved by adsorption on both sides of the sheet,212, 218 can host more Li-ions and 

thus afford greater theoretical specific capacity (744 mAh g-1) relative to the conventional 

graphite anodes (372 mAh g-1) where Li-ions are intercalated between the layers.218 In 

addition, edges and defects in rGO sheets are also active sites for reversible Li-ion storage.212, 
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219 Nonetheless, one limiting factor for exploiting rGO alone in the anode is that rGO sheets 

are prone to re-stacking during the preparation of electrodes,214 which considerably reduces 

the storage capacity.216 For the prevention of re-stacking, hybridizing rGO with electroactive 

particles is an effective strategy which even outperforms the bare rGO or graphite anode.220 

On the one hand, GO or rGO sheets can serve as a substrate for the growth of electroactive 

particles during the electrode preparation.214 In return, the embedded particles help reduce 

the van der Waal interactions between layers and hence prohibits the sheet re-stacking.221 

On the other hand, the involvement of electroactive particles is capable of providing extra 

capacity in LIBs by introducing new energy-storage mechanisms (or reversible lithiation 

reactions), including alloying with SnO2 and Si particles,222, 223 and conversion of Co3O4 and 

NiO particles.224, 225 Furthermore, the conductive rGO networks in the rGO-based composite 

anodes greatly encourage the interparticle transport of electrons (better rate performance), 

effectively restrain the particle aggregation and adaptably accommodate the volume 

variation accompanying the recurring lithiation/delithiation (improved long-term cycling 

stability), compared to the ones without rGO modification.214, 226-228 Another exciting aspect 

is that this type of high performance graphene-modified electrodes has already achieved 

preliminary success in transitioning from lab to market. For example, CalBattery from USA has 

commercialized the silicon-graphene composite anode material.28 

When contributing as an inactive component, rGO is principally utilized as a conductive 

additive to improve the electrical conductivity of active cathode materials for LIBs, e.g., LiCoO2, 

LiMn2O4 and LiFePO4.214 In comparison to the conventional conductive additive (amorphous 

carbon black), 2D rGO sheets have advantages in higher conductivity and better integration 

with the active materials, which increase the mobility of electrons and Li-ions.208 Taking 

advantage of the facile solution processability and chemical tunability of GO, many related 
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work in the literature fabricated the rGO-modified cathodes by reducing the dispersive GO 

simultaneously with the precursors to active particles in a suitable solvent, which promotes 

the uniform distribution of  active particles on the rGO matrix.208, 229, 230 The eventual 

composite cathodes exhibit improved electrochemical performance. Besides the conductive 

additive, rGO with decent thermal conductivity potentially has advantage in promoting the 

heat dissipation in LIBs, commonly caused by high current loads.118 Similar to its dual roles in 

LIBs, rGO is also useful in improving SIBs which is recognized as a cheap replacement of 

LIBs.231-235 

On top of the enhanced electrochemical performance, chemically exfoliated graphene is also 

playing an important role in the design and making of flexible and/or stretchable batteries, 

which are targeted to wearable electronics, electronic skin, implantable medical and so on.236 

The rGO flakes can be employed to form an electrically conductive and mechanically flexible 

framework for current collector, where the electrode materials firmly adhere regardless of 

deformation, or electrode scaffold, which loads the active materials, in flexible LIBs and SIBs 

(Figure 1.14).22 More significantly, the rGO-based flexible batteries reportedly deliver stable 

electrochemical performance which is independent of the external deformation state. 237-241  
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Figure 1.14.  Examples of (a-c) flexible LIB and (d-e) SIB based on rGO sheets. (a) The schematic 

of a rGO/Si film-based flexible LIB. (b) The flexible LIB shows stable capacity during cycling, 

regardless of the flat or bended state. (c) The flexible LIB is able to power the LED arrays under 

flat or bended state.237 (d) Schematic illustration of the components in a stretchable SIB. (e) 

The stretchable SIB is able to power a commercial LED light in the unstretched and stretched 

state with ≈50% strains.238 Panel a – c are reproduced with permission from REF. 237, 

American Chemical Society. Panel d and e are reproduced with permission from REF. 238, 

Wiley-VCH. 
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ii. Supercapacitors 

In the supercapacitors, energy storage is achieved by physical adsorption of ions on the 

electrodes (electrochemical double-layer capacitors or EDLCs) or fast redox reactions 

between the electrolyte and the active electrode materials (pseudocapacitors).6 Attributed 

by the rapid charge-storage mechanisms, supercapacitors can provide high power density (or 

faster energy transfer) of at least 10 kW kg-1, which is several orders of magnitude greater 

than LIBs which are limited by short ion diffusion length.19, 242, 243 This advantage is especially 

appealing for some specific applications which require fast charging and discharging, such as 

the energy recovery system in hybrid electric vehicles.5, 19 For EDLCs, the key to attaining the 

high-density capacitive energy storage in supercapacitors lies in a densely-packed electrode 

with high electrolyte-accessible surface area.21, 244 Although the packing density of graphene 

sheets is normally rather low (0.05-0.75 g cm-3),244, 245 the use of chemically exfoliated 

graphene sheets which have micro-corrugated configuration and self-assembly behaviour 

allows for the creation of such special electrode materials.21, 246-248 For example, Li’s group 

made use of capillary pressure induced by the controlled removal of trapped solvent to 

fabricate a highly compact rGO film (packing density: ~1.25 g cm-3).21 The highlight of their 

work is that the resulting rGO film retained highly efficient ion transport channels even after 

compression, which led to an ultrahigh capacitance (~206 F cm-3) in ionic liquid. In the case of 

pseudocapacitors, rGO can be used as a supportive matrix in forming composites with 

electroactive species, such as metal oxide and conducting polymers.249, 250 The rGO-modified 

composites have larger specific surface area, improved conductivity and mechanical 

robustness, all of which eventually translate to enhanced electrochemical performance.251, 252 
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iii. Hydrogen storage 

As an ideal alternative to traditional fossil fuels, hydrogen has incomparable advantages in its 

ultrahigh energy density (142 MJ/kg), which is at least three times higher than other chemical 

fuels, and clean combustion product (H2O).19, 253, 254 However, the safe and efficient storage 

of molecular hydrogen remains a crucial challenge in developing hydrogen-centred energy 

economy.254, 255 The conventional storage techniques mostly based on high pressure or 

cryogenics are expensive, unsafe and inefficient.253, 254 Instead, a solid-state storage system, 

which allows controllable adsorption and release of hydrogen, is regarded as a safe, viable 

strategy for storing hydrogen.254  

As in the case of LIBs, graphene can act as the active material or the inactive component in 

the solid-state hydrogen storage. When exploited as the active material, functionalized 

graphene, for example palladium-decorated rGO,256 is a promising substrate for providing 

strong binding to hydrogen molecules, which leads to high weight percentage of stored 

hydrogen.19, 257, 258 More importantly, the incorporated metals act as a catalyst to the 

hydrogen desorption by dissociating hydrogen molecules into ions on the rGO surface.256 In 

addition, controlling the curvature of graphene layer enables the tunable hydrogen load and 

release on graphene because the hydrogen adsorption prefers convex areas to concave areas 

of corrugated graphene.19, 259, 260 When serving as the inactive component, chemically 

exfoliated graphene can support and synergize with the active metallic nanoparticles in a 

metal hydrate-based storage system.258 For example, Cho et al. fabricated a novel hydrogen 

storage material by encapsulating active Mg nanoparticles in the rGO sheets.261 The rGO 

networks which are impermeable to O2 and H2O can prevent the nanocrystals from clustering 

and oxidation, while they selectively allow the small hydrogen molecules to penetrate into 

the active sites. Furthermore, according to their experimentation and theoretic modelling, 
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rGO layers can reduce the activation energy related to hydrogen adsorption/desorption of 

Mg nanocrystals, contributing to the enhance hydrogen capacity.261  

1.2. Limitations of current methods and research aims 

Several challenges in the current fabrication approaches thwart the large-scale adoption of 

vanadium oxide and graphene oxide in industry. Herein, this thesis is aimed at the better 

understanding of the complex phase changes and multiple reaction parameters involved in 

the synthesis processes. This will deliver the rationale for developing novel and cost-effective 

wet chemical syntheses of the materials with desired properties, which will propel their 

commercial success in energy storage fields. 

1.2.1. Developing novel and cost-effective hydrothermal method to prepare 

nanostructured vanadium oxide with high performance in LIBs 

As described in the previous section, producing the nanostructured vanadium oxides by 

hydrothermal or solvothermal methods is an intricate undertaking which usually requires the 

complicated processing and precise control over certain parameters, including reaction 

temperature and time, heating rate, the composition of solution, pH value and autoclave 

filling ratio.12, 82, 262 This will lead to the more difficult scaling up of materials synthesis and 

lower batch-to-batch reproducibility. In addition, current approaches are limited by the use 

of toxic chemicals, long reaction time and poor productivity.30 All of these factors will 

eventually increase the cost of nanostructured vanadium oxides and lessen their appeal in 

the market.  

The first objective of this thesis is to develop a facile, green and cost-effective hydrothermal 

method to prepare vanadium oxide-based electrodes with excellent electrochemical 
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performance in LIBs. To achieve the goal, it is essential to have the in-depth knowledge of the 

reaction pathways for forming the product which holds the key to optimizing the reaction 

parameters. When investigating the synthesis process by means of conventional ex-situ 

characterizations, however, one of the most challenging aspects is the observation of elusive 

phase changes of vanadium oxides in the course of hydrothermal reactions, associated with 

their variable oxidation state and polymorphism.30 The necessary cooling, purification and 

drying of samples might introduce the unwanted alteration in vanadium oxides and thus the 

ex-situ methods hardly reveal their phase transformations during reactions.263 In contrast, the 

in-situ characterizations can directly exhibit the real-time evolution of hydrothermal reactions, 

in particular the presence of transient intermediate phases.263-267  

In order to increase the scalability and cost-effectiveness, the preparation of nanostructured 

vanadium oxide is inspired by the facile one-pot hydrothermal syntheses under the mediation 

of transition-metal dopants in the literature.92-95 With the support of in-situ synchrotron XRD, 

we will better comprehend the reaction mechanism and effects of doping in the formation of 

nanostructures, which is fundamental to the rational design of high-performance vanadium 

oxide electrodes for LIBs. (Chapter 2) 

1.2.2. Improving graphite oxide route for making high-quality graphene as an 

electroconductive material in energy storage applications 

In 2019, nearly thousands of tonnes of graphene materials are produced mostly by graphite 

oxide route and they have gained initial commercial success in the materials sector, such as 

anti-corrosion coatings and polymer additives.28, 116, 117 The next step is to promote graphene 

in the energy sector,116 while it particularly requires high-throughput and low-cost synthesis 

of high-quality graphene materials. As reviewed in Section 1.1.2, graphite oxide route is a 
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promising approach to cost-effectively producing rGO for energy storage applications. For 

quality control of graphite oxide route, applying milder oxidation conditions is viable to 

reduce defects and ruptures in rGO and thus improve its electronic properties. However, the 

broader adoption of low temperature oxidation methods in industrial manufacturing remains 

questionable due to low GO yields, poorer dispersibility of mildly oxidized GO in water and 

the demand for constant refrigeration.24 Therefore, it is of significant importance to further 

improve graphite oxide route, targeting a scalable production of high quality product.  

To realize the purpose, inspiration is taken from the earlier work on conducting the chemical 

oxidation at room temperature (20~25 °C). It has been recently reported by Chen et al. that 

graphite powder (particle size: 70 µm) can be fully converted into GO at room temperature.206 

The room temperature oxidation not only eliminated the demand for external heating (safer 

and energy-saving) but also likely introduced more removable functional groups (hydroxyl 

and epoxy groups) to GO basal plane without breaking the hexagonal lattice. This would make 

rGO less defective and more conductive. In addition, the produced GO had higher degree of 

oxidation than that made at low temperature (< 10 °C), which enables better solution 

dispersibility and processability.206 Limited by the thermodynamics of diffusing oxidizers, 

however, it will become more difficult to completely oxidize larger flake graphite (> 200 µm) 

at room temperature, or otherwise, at the expense of longer reaction time.170 To obtain large-

sized GO sheets at room temperature, GIC or expanded graphite is possibly a more suitable 

graphite source as they can provide smoother diffusion paths for oxidizers.20, 188, 197  

Our first attempt is to use MW-expanded graphite as the starting material in Chapter 3. In 

this study, we are particularly interested in the MW heating process where the expandable 

graphite undergoes the immediate volume expansion. Because carbon materials are 
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generally good MW absorbers,268 it is expected that graphite will strongly interact with 

surrounding gas molecules at high temperature and hence different atmosphere might 

functionalize the expanded graphite differently, which possibly affect the properties of the 

final GO product. Unfortunately, the previous related work rarely concerned the rationale of 

MW heating atmosphere (inert gases or ambient air).188, 194, 269 To fill in the blanks, we aims 

to differentiate MW-expanded graphite heated in different atmospheres (ambient air, CO2 

and Ar) and their corresponding Hummers GO products. 

In the process of GO synthesis, it is observed that the fluffy expanded graphite with large flake 

size tends to float in the concentrated H2SO4 due to the trapped air in its worm-like structure, 

resulting in the insufficient wetting of graphite. According to the mechanism of GO formation, 

graphite wetted by H2SO4 will transform into GIC upon exposed to the oxidants, and then 

oxidizing agents will diffuse into the intercalated galleries to oxidize the carbon layers.170 Thus, 

the partially wetted expanded graphite has difficulty in uniform oxidation. To better wet the 

expanded graphite, one feasible approach is to increase the volume of the acid and the period 

of stirring at the beginning of GO synthesis.188, 194 From an industrial perspective, the excess 

use of strong acid will increase the cost and generate more hazardous acidic waste. In contrast, 

more compact GIC has better acid wettability and does not need extra thermal expansion 

process which often involves the generation of irritant gases.  

Considering these reasons, in Chapter 4, we choose flake GIC (200~300 µm) as the starting 

material for producing large-sized GO at room temperature which is then in comparison to 

those synthesized at higher temperature (35 and 45 °C) in terms of oxidation degree, 

functionalities, defect density and morphologies. The as-prepared GO is subsequently applied 

as a conductive binder in LIBs. For the battery fabrication, it is important to form the 
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homogeneous wrapping/coating of large-area rGO sheets around the electroactive particles 

which benefits the electrochemical performance.34 Bearing this in mind, we blend the highly 

dispersible GO with electrode materials, followed by in-situ thermal reduction. The thermal 

treatment temperature should be low enough to assure the efficient reduction of GO without 

influencing other materials mixed with. Therefore, we carry out an in-depth investigation into 

the thermal lability of oxygen functional groups in GO produced at different temperature with 

the assistance of thermogravimetric analysis (TGA).  

In Chapter 5, we further compare the room temperature-made GO (25 °C) with those oxidized 

at lower temperature (5 °C) on condition of the same oxidation time. The challenge presented 

here is that, due to the sharp decrease in the dynamics of oxidizers at low temperature, the 

5 °C reaction needs a much longer period to complete than the 25 °C reaction, whereas longer 

reaction time may cause more mechanical cutting in GO.177, 201 To facilitate the oxidation at 

5 °C, we choose expanded graphite powder (6 µm) as the starting material in this 

experimental chapter. Unlike the large-sized counterpart, fine expanded graphite powder can 

be better wetted by acid possibly due to less trapped air. In addition, we pay particular 

attention to the changes in defect density and electrical conductivity of the two types of GO 

before and after reduction and assess the cost-effectiveness of the room temperature GO 

synthesis approach.  

1.3. Outlines of the thesis 

A chapter-by-chapter outline is given as follows. 

Chapter 1 has reviewed the current wet chemical methods to synthesize nanostructured 

vanadium oxides and GO, and the recent progress in the electrochemical energy storage 

based on the two materials. Overcoming the limitations in existing methods is a driving force 
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of developing novel methods for scalable production of vanadium oxides and graphene 

targeted to energy storage market. Finally, the specific aims of my PhD research are set and 

the overall scope of this thesis is also provided. 

Chapter 2 introduces a novel hydrothermal method to fabricate nanocrystalline tungsten-

doped vanadium oxide which is applied as a LIB electrode. In-situ XRD is utilized to real-time 

reveal the complicated phase changes of vanadium oxide in the course of hydrothermal 

reaction, which offers insightful knowledge regarding the formation of nanocrystalline 

vanadium oxide. 

Chapter 3 focuses on the MW-expanded graphite as a starting material for GO synthesis. 

Particular attention is paid to the effects of different surrounding atmospheres during MW 

heating on the MW-expanded graphite and the eventual GO products.  

Chapter 4 introduces a room temperature-based method (25 °C) to prepare large-sized GO 

from GIC. This room temperature-made GO is compared with those oxidized at higher 

temperature as regards the thermal liability of oxygen-containing function groups, electrical 

conductivity of the reduced states, defect density and so on. As a proof of concept, a LIB 

cathode modified by thermally reduced GO is provided. 

Chapter 5 further makes comparison of properties between room temperature-synthesized 

GO and  low temperature-synthesized GO (at 5 °C), both of which are made from fine graphite 

powder given the equal reaction time. The products in unreduced and reduced states are 

comprehensively analysed using multiple characterization techniques. 

Chapter 6 summarizes the major findings from the four experimental chapters and also 

provides the personal views on future work. 
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Tungsten-Doped Nanocrystalline V6O13 Nanoparticles as
Low-Cost and High-Performance Electrodes for Energy
Storage Devices

Shujun Wang, Jiadong Qin, Yubai Zhang, Fang Xia, Minsu Liu, Hao Chen,
Mohammad Al-Mamun, Porun Liu, Regan Rigway, Ge Shi, Jingchao Song,
Yu Lin Zhong,* and Huijun Zhao*

Vanadium oxide (VOx) nanomaterials are promising candidates for energy
storage devices, such as lithium- and sodium-ion batteries and supercapacitors,
in which many complicated structural designs and composite strategies are
applied to harness the high theoretical capacity of these materials. Herein, a
simple yet effective method to achieve improved performance of electrodes via
tungsten doping in a green hydrothermal reaction is demonstrated. The evolution
of three VOx phases (V2O5, VO2, and V6O13) during the synthesis of the VOx

nanostructures is revealed by the systematic investigation of the reaction
products. The dopants are critical for the formation of nanocrystalline structures.
The as-fabricated VOx is tested for lithium-ion batteries, which shows that
tungsten doping significantly improves the battery performance, including initial
discharge capacity of the VOx (doped VOx= 615.2� 41.6 mAh g–1, undoped
VOx= 377.9� 72.8 mAh g–1, and precursor V2O5= 393.4� 74.0 mAh g–1),
cycle stability, and rate performance. This research provides important insights
into the understanding of the dopant-induced phase tuning of VOx nanostruc-
tures for energy storage–related applications.

1. Introduction

Vanadium oxide–based electrodes for energy storage devices are
a very dynamic research field, thanks to their high capacity,[1]

which originates from the layered structures in vanadium oxide
that provides sufficient space for the intercalation of ions or small
molecules between layers.[1a,e] In addition to having a high the-
oretical capacity, vanadium is one of the most abundant elements

found on the earth’s crust, facilitating the
possibility of the low production cost of
vanadium oxide using facile synthesis
methods.[1b] However, the translation of
the theoretically predicted high capacity
into the practical device performance has
been proven challenging due to the poor
stability and reversibility of electrodes
made from those materials.[1b,d,2] To date,
most research works mainly focus on
improving the performance of these elec-
trode materials via complicated structural
designs or combining them with other
materials to form composites.[1a,b,3] In
terms of the nanostructure designs, they
can be classified into ID (e.g., nanotubes,[3]

nanobelts,[4] and nanowires[5]), 2D (e.g.,
nanosheets,[6] nanostructured films,[7] and
membranes[8]), and 3D (e.g., microspheres[9]

and microflowers[10]), which have shown
enhanced electrode performance. Another
strategy is to synthesize the VOx composite

materials with different supportive substances, such as carbon–
based materials (e.g., carbon nanotubes,[11] grapheme,[12] graphene
oxide,[13] and carbon fibers[14]), polymers (e.g., polyaniline[15] and
polypyrrole[16]), and metal oxides.[17] However, most of these
approaches are difficult to be scaled up for mass production
due to the complexity of processing, toxicity of the reactants,
high cost, unavailability of supportive materials, and low
productivity.
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In this study, we report a facile and green approach to achieve
improved performance of the vanadium oxide–based electrodes
for energy storage devices. Specifically, a green and one-pot
hydrothermal reaction under the mediation of tungsten dopants
was developed for the synthesis of nanocrystalline V6O13 par-
ticles. We systematically studied the reaction pathways for
the formation of VOx using ex situ X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy,
high-resolution transmission electron microscopy (HRTEM),
and in situ synchrotron XRD. Through a comparison to the
undoped VOx control reaction, we revealed the critical roles
of the tungsten doping in the formation of nanocrystalline
structures of V6O13. Due to the contribution of tungsten
doping, the as-synthesized VOx materials possess substantially
enhanced electrode performance, showing great potential
for low-cost and high-performance electrodes in energy
storage devices.

2. Results and Discussion

2.1. Phase Evolution of VOx during Hydrothermal Reactions

We used an aqueous mixture of water and isoproponal
(VolH2O=VolC3H8O¼1:1) as the solvent as well as the reducing
agent (isoproponal) for both hydrothermal reactions to synthe-
size the doped and undoped VOx nanostructures. During a
hydrothermal or solvothermal synthesis, the reduction of high
valence state of a vanadium compound usually involves compli-
cated chemical reaction pathways due to the various valence
states of vanadium in the oxides,[18] but generally the whole reac-
tion involves dissolution and recrystallization.[19] The as-reduced
products often possess polymorph features and contain multiple
valence states.

Figure 1a,b shows the ex situ XRD patterns of undoped and
doped VOx samples, respectively. The final products of both
doped and undoped reactions show characteristic patterns corre-
sponding to the V6O13 structures.[20] Comparing the two XRD
patterns clearly shows that the abrupt componential changes
did not take place in the doped sample until 120min of reaction
duration, longer than the undoped counterpart (between 60
and 120min). The final product was V6O13 from the undoped
reaction,[21] whereas the doped one yielded a mixture of the tung-
stite (or tungstic acid) and V6O13 at the end. The V6O13 charac-
teristic is also evident from HRTEM as shown in Figure 1c,d.
In addition, Figure 1a indicates that an intermediate phase
V10O24·12H2O appears after 2 h of the undoped reaction but dis-
appeared in the final product (or after 3 h of reaction). However,
the presence of this intermediate phase cannot be determined
from the ex situ XRD patterns of the doped products (Figure 1b).
Therefore, we applied the more detailed in situ XRD to obtain
more insights into the phase evolution in the doped reaction
in a continuous and timely manner. The evolution of the spectra
revealed that the V2O5 gradually dissolved as indicated by the
fading away of the characteristic V2O5 peak, finally disappeared
at around 80 min; in the meantime, an intermediate phase
V10O24·12H2O appeared from the saturated solution, followed
by the formation of V6O13. The color changes (shown in
Figure S2, Supporting Information) were also consistent with

the phase evolution in the reaction system. The yellow color
of the mixture became lighter from 24min, which was most
likely associated with the dissolution and consumption of the
precursors V2O5 and H2WO4, and simultaneously, the dark-
green color phase emerged in the solution. After 85 min of heat-
ing, the dark-green color phase totally replaced the yellow phase
in the heated region, indicating the depletion of V2O5 and
H2WO4. We also selected the in situ XRD patterns from four
different stages of the doped reaction, as shown in Figure S1,
Supporting Information. It was obvious that the intermediate
phase V10O24·12H2O completely replaced the precursors in
the system after 80min of reaction. After 130min, the product
V6O13 appeared in the mixture at the expense of the intermediate
phase V10O24·12H2O, which disappeared in the final product
(220min). Moreover, unlike the ex situ XRD patterns (Figure 1b),
the tungstic acid did not appear in the in situ XRD patterns of the
ongoing doped reaction (Figure S1, Supporting Information),
which was caused by the dissolution of H2WO4. When cooling
down from 220 �C to room temperature in the ex situ experi-
ments, the tungstic acid recrystallized from the saturated solu-
tion, forming part of the product. In addition, the 3D in situ
XRD (Figure 1e) suggested the short window for the intermedi-
ate phase V10O24·12H2O in the doped reaction, and hence the
ex situ XRD with longer sampling time intervals missed its for-
mation. It is necessary to point out that as the synchrotron exper-
iment was conducted in a capillary tube with fewer amount of
precursors (see the Experimental Section for the details of the
experiment), the temperature rise within the reactants was faster
than the autoclave reaction for the ex situ XRD analysis; conse-
quently, the reaction also proceeded faster when compared to the
same reaction in a laboratory-sized autoclave.

XPS studies were used to further explore the initial conversion
process in the hydrothermal reaction. The results are presented
in Figure 2, and more XPS spectra and fitting data are shown in
Figure S3 and S4, Table S1 and S2, Supporting Information.
Figure 2a,b (undoped) and c,d (doped) shows the presence of
two valence states V5þ (V2O5) and V

4þ (VO2) in both the undoped
and doped products with the spin orbital split peaks: V2p3/2,
�517.70� 0.10 eV (V5þ) and �516.30� 0.08 eV (V4þ) ; V2p1/2,
�525.00� 0.12 eV (V5þ) and �523.50� 0.09 eV (V4þ), respec-
tively. These values are generally consistent with the reported val-
ues in the literatures.[22] However, we noticed that the V5þ peak
displayed a continuous shift and broadening toward higher bind-
ing energy (Figure S5, Supporting Information). This might be
correlated to the continuous increase of the V6O13 fraction that
alters the bonding strength of V—O. As revealed by the previous
crystallographic study, the V5þ forms two types of V—O bonding
with two different bond valences (i.e., an indication for bonding
strength) in the unit cell of V6O13.

[20b] Moreover, the broadening
and shift of the overall XPS peak due to the formation of V6O13

superstructure is also in agreement with the evolution of
the Raman spectra. The frequency of Raman bands of V—O
bonding is closely correlated to its bonding strength; namely,
high-frequency Raman bands result from the stretching and
vibration of V—O with high binding energy and vice versa.[23]

In this study, the low-frequency Raman bands (<500 cm�1) of
the VOx underwent a continuous decrease in the intensity and
eventually became uncharacteristic with the rise of broad bands
at the high-frequency ranges (600 cm�1–1000 cm�1) as shown in
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Figure 2e (undoped),f (doped). This spectral evolution directly
indicates that the phase change gradually modified the V-O bond-
ing strength of the VOx agreeing well with our XPS analysis.[23]

Figure 2g summarizes the fractional evolution of the two
valence states (each valence state is the combination of two spin
orbital splitting states [i.e. V2p3/2 and V2p1/2]) for both undoped
and doped VOx. Based on the trend of the conversion of V5þ into
V4þ for both doped and undoped cases, the presence of dopants
may hinder the overall transformation from V2O5 to V6O13 at the
initial stage (consistent with the evolution of XRD spectra) as
evident from the mild change within the first 2 h when the satu-
rated solution underwent nucleation; however, the reaction rate

significantly boosted after 2 h of reaction. This indicates that the
presence of tungsten dopants increased the nucleation sites of
V6O13 in the saturated solution following the hydrolysis within
V2O5 during the first 2 h, which eventually led to the sharp
increase in the reaction rate in the period post 2 h.

2.2. Promotion of Nanostructures by W-Doping

Apart from the effects of chemical doping on altering the reaction,
we also observed that tungsten doping can promote the formation
of nanocrystalline structures. Figure 3 presents the TEM images of

Figure 1. Crystallographic (XRD, HRTEM, and fast Fourier transform (FFT), synchrotron in situ XRD) of the undoped and doped VOx: a,b) ex situ XRD
patterns of VOx for the undoped and doped reactions, respectively; c) HRTEM; d) FFT of a particle from the undoped VOx synthesized for 180min
showing characteristic crystal planes of the V6O13 structure; e) 2D view of the time-resolved in situ synchrotron XRD patterns of the W-doped reaction,
showing the progressive phase change from precursors to the intermediate, and finally to the product.
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the typical particles of the doped and undoped VOx (more TEM
images are available in Figure S7, Supporting Information).
When zooming in on the translucent parts of the doped samples,
the embedded nanostructures become visible. It is obvious that
doping promotes the formation of nanostructures. Those domains
can eventually grow into nanocrystalline structures as shown in
Figure 3e (sample from 3 h reaction) instead of forming large crys-
tal grains. In contrast, the majority of the undoped nanoparticles
appeared as a result of continuous growth of crystals with a certain
preference in orientation so that most of the undoped samples
appeared to be in “needle,” “bar,” or “spiky” shapes. Except for
the growth of crystal branches (as shown in Figure 3f), nanostruc-
tures featured in the doped samples are not observable in the
undoped ones, which implies that the crystal nucleation and
growth are quite different in the doped and undoped reactions.

Without the presence of the dopant, a crystallite can continue
to grow at the expense of precursors around it to form larger crys-
tals. However, when dopants are introduced to the reaction, they
can act as barriers that spatially hinder the continuous growth of
crystals and create additional nucleation sites that possess

different crystal orientations in favor of creating nanostruc-
tures.[24] The nucleation within the saturated solution is likely
to have taken place within the initial 2 h, as indicated by the mild
overall reaction with a gradual increase in the VO2 fraction
revealed in the ex situ XRD and XPS studies (Figure 1e). The
subsequent crystal growth is faster than the undoped as there
are more nucleation sites as evident from the boost of the reac-
tion rate after 2 h (Figure 1e). We schematically summarize the
crystal growth mechanisms revealed by the studies showed in
Figure 4. In general, regardless of the presence of dopants,
the process follows the dissolution of V2O5 precursor in the sol-
vent, and the nucleation and crystal growth in a hydrothermal
reaction.[19] The main difference between the doped and
undoped reactions lies in the extent of nucleation and crystal
growth. In particular, without the presence of dopants, crystal-
lites sporadically form within the saturated solution of precur-
sor (i.e., V2O5) on reduction and continue to grow at the
expense of the precursors around them to form larger crystals
rapidly. In contrast, in the case of the doped reaction, the dop-
ants act as spatial barriers and significantly increase the

Figure 2. Chemical (XPS) analysis of the undoped and doped VOx: a–d) the spin split V2p (3/2) and V2p (1/2) peaks for VOx synthesized for 15min and
3 h showing the presence of two valence states V5þ (i.e., V2O5) and V4þ (i.e., VO2); e,f) Raman spectra of the undoped and doped VOx showing the
decrease in intensities of the low-frequency peaks (as shaded in light green) with the rise of broad peak on the high-frequency part (as shaded in light red),
a sign of change in V-O bond strength; g) fractional evolution of different valence states in the doped and undoped VOx.
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nucleation sites within the saturated solution of the precursor.
These scattered and randomly oriented crystallites start to grow
rapidly after the initial nucleation process, but the growth stops
at some point because the random growths of scattered crystal-
lites hinder each other, eventually forming nanocrystalline
structures.

2.3. Doped VOx as Potential High-Performance Electrode for
Energy Storage Devices

Based on the aforementioned study, it is clear that the doping
process can promote the formation of nanocrystalline V6O13

structures. V6O13 has been considered an excellent electrode
material for energy storage devices, such as lithium-ion
batteries.[20a,22c,25] Figure 5 shows the initial discharge capacity
and the cycle stability of the as-fabricated electrodes for both
doped and undoped VOx prepared from 3 h of hydrothermal
synthesis. Both the doped and undoped VOx possess higher open
circuit voltages than the pure V2O5 precursor (Figure 5a). More
importantly, our tests show that the cells fabricated with the
doped VOx possess an excellent maximum initial discharge
capacity of 615.2� 41.6mAh g–1, which is a significant

improvement to either the precursor (393.4� 74.0mAh g–1)
or the undoped VOx (377.9� 72.8mAh g–1). This unoptimized
maximum discharge capacity value of the doped VOx is higher
than that of most reported vanadium-based materials.[1b]

Moreover, the cycling performance test shows that the doped
VOx electrode materials possess higher capacity as well as better
cycle stability than the undoped VOx and the precursor V2O5, at a
current density of 0.1 C, as shown in Figure 5b. It should be
noted the capacities of all three VOx electrodes experienced a
sharp decrease during the first 10 cycles and then a gradual
increase from 40 to 240 cycles. The initial fading capacities were
attributed to the formation of solid electrolyte interphase (SEI)
film and the Liþ diffusion paths in the electrodes at the early
stage, whereas the later increase in the capacity was due to
the activation process.[26] The cycle stability and reversible capac-
ity of the doped VOx is also comparable to or even better than
previously reported V6O13 electrodes that required special geo-
metrical designs, such as micro-flowers[25b] and nano-textile.[25a]

The scanning electron microscopy (SEM) images, as shown in
Figure S11, Supporting Information, display the morphologies
of electrode materials before and after the cycling test. It is obvi-
ous that V2O5 experienced the most dramatic chemical dissolu-
tion and structural breakdown. For the hydrothermal synthesized

Figure 3. HRTEM images of the a,c,e) doped and b,d,f) undoped VOx: (a),(b), (c),(d), (e),(f) are VOx synthesized at 60, 120, and 180min, respectively;
panels in the middle are the zoom-in views, and the SAED patterns of the marked areas in (a), (c), and (e), show the different nanostructures formed, and
SAEDs in (b), (d), and (f) are from the whole particles.
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VOx, the doped version had less lithium ion diffusion resistance
because it underwent less structural collapse and had more inter-
connected structures than the undoped counterpart. Therefore,
the doped VOx retained the highest capacity after cycling. In addi-
tion, the electrochemical impedance spectra (EIS) showed that
the doped VOx exhibited lower Warburg impedance than the
undoped version (Figure S8, Supporting Information), indicat-
ing that tungsten doping can enhance the lithium-ion diffusion
coefficient.[27] In contrast, the doping effect had little influence
on the combined SEI film resistance (Rsf), charge transfer resis-
tance (Rct), and bulk resistance (Rb), as shown in Table S2,
Supporting Information. Our work also suggested that the doped
VOx has the best rate performance among the three samples
(Figure S9, Supporting Information). Although the performan-
ces of our unoptimized VOx anode were not as good as those
of the previously reported metal oxide anodes (see Table S3,
Supporting Information), the significant improvement achieved
by simple tungsten doping provides a facile and effective route in
designing high-performance electrode materials.

3. Conclusion

In this work, we systematically studied the evolution of the hydro-
thermal reduction of vanadium pentoxide with and without tung-
sten doping. It was found that the presence of dopant changed
the course of the hydrothermal reaction by promoting the forma-
tion of nanocrystalline V6O13 superstructures. The doped V6O13

was applied as electrodes for lithium-ion batteries, and enhanced
battery performance over the V2O5 precursors was achieved.

Without extensive device optimization, the preliminary results
showed promising potential for LIB application, including high
initial discharge capacity of the VOx (doped VOx= 615.2� 41.6
vs undoped= 377.9� 72.8mAh g–1 vs precursor V2O5= 393.4�
74.0mAh g–1) and improved cycle stability and rate perfor-
mance. The performance indicates that tungsten doping is a
cost-effective method to improve the performance of vanadium
oxide–based electrode materials for energy storage devices. This
research is expected to lead to increased fundamental under-
standing of the reaction pathways and controllable synthesis
of VOx nanostructures for their applications in energy storage
devices.

4. Experimental Section
Hydrothermal Synthesis of VOx: For the doped VOx samples, 500mg vana-
dium pentoxide (V2O5, 99%, Chem Supply) was homogeneously mixed with
500mg tungsten acid (H2WO4) in an aqueous mixture containing 10mL
isopropanol (99%, Sigma-Aldrich) and 10mLMiliQ water. For the undoped
VOx samples, tungsten acid was not added. The suspension was then trans-
ferred into an autoclave with 50mL Teflon cell and sealed. The sealed auto-
clave was placed in a preheated oven at 180 �C, and the desired isothermal
hydrothermal durations (15min, 30min, 60min etc.) were timed when the
oven temperature first reached 220 �C at a heating ramp of 5 �Cmin�1. After
taking the autoclave out of the oven and cooling down to room temperature,
the product was repeatedly washed and recovered via centrifugation with
copious amount of water, followed by ethanol. After the washing steps,
the product was collected and dried in a vacuum oven overnight.

Fabrication of LIB and Electrochemical Measurement: For a typical cell,
the active materials (i.e., V2O5, undoped VOx, or doped VOx) were mixed
with conductive carbon black and binder polyvinylidene fluoride (PVDF,

Figure 4. Schematic representation of the hydrothermal reduction of V2O5 for the synthesis of V3O16 with and without doping: Regardless of the presence
of dopant, the VOx is mainly the product of two steps of reactions: hydrolysis (dissolving of the V2O5 into solvent under hydrothermal conditions) and
condensation (i.e., nucleation and crystal growth). Without the presence of the dopant, on sporadic nucleation in the saturated solution, the minimum
number of crystallites will continue to grow rapidly into large particles. The presence of dopant spatially hinders the continuous growth of crystallites and
therefore significantly increases the density of nucleation sites creating numerous crystallites within the precursor solution. Upon growth, these
crystallites with different orientation hinder the growth of each other leading to the formation of nanostructures.
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Sigma Aldrich) in a ratio of 25:3:2 (mass). Lithium metal was applied as
the counter electrodes. A mixture of LiPF6 (1M, Sigma Aldrich), ethylene
carbonate (EC, Sigma-Aldrich), dimethyl carbonate (DMC, Sigma-Aldrich),
and ethyl methyl carbonate (EMC, Sigma-Aldrich) in a volume ratio of 1:1:1
was prepared as the electrolyte. The assembling of cells was conducted
in a glove box with moisture (i.e., H2O) and oxygen controlled below
0.1 ppm. The battery performance, including the charge and discharge,
cycle stability, and rate performance, was evaluated using a Land battery
tester at room temperature. Electrochemical impedance spectroscopy
(EIS) was tested in the frequency range from 0.1MHz to 0.01 Hz.

Characterizations: Elemental compositions and chemical bonding
status were quantitatively analyzed using X-ray photoelectron spectros-
copy (XPS, Kratos Axis Ultra). Samples in the powder form were deposited
and compressed on a sample loading bar and were carried into the test
chamber. X-ray diffraction (XRD) patterns were collected using an advance
X-ray powder diffractometer (Bruker D8). The data were analyzed using the
X'pert Highscore Plus (version: 3e) software accompanied by the COD
reference database (2014). The in situ synchrotron XRD was conducted
at the Australia Synchrotron facility with a photon energy of 21 keV
(i.e., λ= 0.059 nm). The precursor suspension was heated within the
quartz glass capillary by a hot-air blower, while time-resoled XRD patterns

were collected throughout the hydrothermal synthesis. The exact setup
was used in previous studies.[28] HRTEM was acquired using a Philips
Tencai F20 system. Sample was dispersed in ethanol then drop-casted
on a copper grid for TEM characterization.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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In-situ synchrotron XRD patterns of the doped reaction at different stages 

 

Figure S1. The in-situ XRD patterns of the precursors, intermediate and final VOx products from the different 

stages of the tungsten doped reaction (0, 80, 130 and 220 min).  

 

Figure S2. Selected pictures of different stages of the doped reaction taken by the surveillance camera during the in-situ PXRD 

experiment at 220 °C with rapid heating (20 °C/min). 

The in-situ synchrotron XRD was carried out in the Australia Synchrotron facility with a photon energy 

of 21 keV (i.e. λ = 0.059 nm). Patterns were taken at a rate of 2 min/scan thereby enabling us to map 

out the evolution of the reaction in a more continuous and timely manner.   
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 XPS analysis and valence status of dopant  

 

Figure S3. Typical XPS survey spectra for both undoped and doped VOx 

Fig. S3 exhibits the XPS survey spectra of the doped and undoped VOx synthesized for 15 min and 180 

min, respectively. Both doped and undoped samples show strong V2p and O1s peaks. The presence of 

tungsten peaks (W4p and W4d) in the doped samples is apparent. The corresponding atomic 

concentration is listed in Table S1. C1s is a regular environmental contamination during the spectra 

acquisition which could be utilized for calibration purpose.  

Table S1. The atomic concentrations of the V, O and W at different reaction time 

 
Time (min) V (%) O (%) W (%) 

Undoped 15 28.9 71.1 0.0 

60 29.0 71.0 0.0 

120 29.2 70.8 0.0 

180 29.5 70.5 0.0 

Doped 15 27.2 66.8 6.0 

60 27.3 66.9 5.8 

120 27.6 66.8 5.6  
180 28.3 65.8 5.9 
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Figure S4. The peaking fitting results of all the vanadium oxides. 

The fitting shown in Fig. S4 was conducted by the following procedures. Shirley background and a 

Lorenzen and Gaussian ratio of 30% were applied throughout all the samples for all the components 

including the tungsten peaks in latter section. An area ratio of 1:2 was fixed between each pair of the 

spin orbit split peaks of all the chemical bonding forms of V2p3/2 and V2p1/2. After fitting, all the peaks 

were calibrated according to the C1s peak (i. e. shifting the same binding energy required to shift C1s 

to 284.8 eV for the spectra and fitting components). All the fractions of the different binding status of 

V are summarized in Table S2. 

Table S2. Atomic concentration of the different Vanadium binding states derived from the spin orbit split XPS peaks fitting 

  
V 2p 3/2 V2p 1/2   

V5+ V4+ V5+ V4+ 

Peak Position (ev) 517.7 516.3 525.0 523.5 

Error (ev) 0.10 0.08 0.12 0.09 

 Time (min)     

undoped 15 61.7 5.0 30.8 2.5  
30 60.4 6.3 30.2 3.1  
60 57.0 9.7 28.5 4.9  
120 52.4 14.3 26.2 7.1  
180 63.4 18.6 8.7 9.3 

doped 15 60.8 5.8 30.4 2.9 
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30 60.9 5.8 30.4 2.9  
60 60.0 6.6 30.0 3.3  
120 56.8 9.9 28.4 5.0  
180 43.2 23.5 21.6 11.7 

 

 

Figure S5. Normalized XPS spectra showing the overall peak broadening and shifting to higher binding energy 

As shown in Fig.S5, the consistent shift in the overall XPS spectra to the higher binding energy can be 

observed in both samples, suggesting that the chemical reaction and phase evolution change the 

chemical bonding strength of the samples.   

 

Figure S6. The chemical status of tungsten dopants via XPS curve fitting showing the dopants in the form of W6+. 
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Fig. S6 is the fitting results for the W4f peaks. The ratio between the spin orbit split peaks W4f7/2 and 

W4f5/2 is 3:4. The peaks indicate the tungsten is in the W6+ valence state.  

 

Morphology evolution via more TEM images 

 

Figure S7. TEM images of VOx: (a1 ~ a4) and (b1 ~ b4), particles from undoped (a1 ~ a4) and doped (b1 ~ b4) samples 

synthesized with a duration of 60min; (c1 ~ c4), particles from undoped (c1 ~ c2) and doped (c3 ~ c4) samples synthesized 

with a duration of 120min; (d1 ~ d4), particles from doped (d1 ~ d2) and undoped (d3 ~ d4) samples synthesized with a 

duration of 180min. 

Figure S 7 presents more TEM images for the undoped and doped VOx synthesized with hydrothermal 

durations 60 min, 120 min and 180 min.  All undoped samples (Figure S 7 a1 ~ a4 (60 min samples), c1 

and c2 (120 min samples), d1 and d2 (180 min samples)) show ‘dark solid’ appearances under TEM. 

They also show a trend to gradually transform into the structures which possess large main grains 

accompanied with ‘spiky’ branch grains. In contrast, the doped VOx Figure S 7 b1 ~ b4 (60 min samples), 
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c3 and c4 (120 min samples), d3 and d4 (180 min samples) are more ‘translucent’ under TEM, the 

nucleation of nanoparticles within the V2O5 is apparent as in Figure S7 b1 ~ b4. The final morphology 

of the VOx shows nanocrystalline structures formed by fine nanoparticles.  

 

Battery tests 

 

Figure S8. Analysis of electrochemical impedance spectra for the doped and undoped VOx. 

According to the electrochemical impedance spectroscopy (EIS) curves, the internal resistances, 

including electrolyte resistance Re, charge transfer resistance Rct, SEI film resistance RSF, bulk 

resistance Rb, and Warburg impedance W, in the coin cell can be determined (see Table S2).   

Table S2. The resistances of the undoped and doped VOx. 

Samples Re (Ω) Rsf+ Rct+ Rb (Ω) W (Ω) 

 

Undoped 

 

1.339 

 

1.15×104 

 

1.588×10-3 

Doped 88.82 1.04×104 7.964×10-4 
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Figure S9. Rate performance of precursor V2O5, undoped and doped VOx synthesized with 3 hr hydrothermal reactions 

Figure S9 shows the typical rate performance of the lithium batteries assembled in this study. In general, 

all the batteries made from the precursor V2O5, undoped VOx and doped VOx do not have rate 

performance comparable to the commercial grate materials, which is a common challenge for all 

vanadium oxide based batteries. However, the doped VOx does possess obviously improved rate 

performance in contrast to V2O5 and undoped VOx, manifesting that doping is able to improve the 

overall battery performance. However, the rate performance in general is not ideal in comparison to 

commercial grade materials, we believe this could be improved via device optimization such as 

introducing supportive materials to maintain the structural soundness during the charge and discharge 

cycles. 
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Figure S10. The curves of Coulombic efficiencies for three samples which indicate the reversibility of the capacity during 

charge and discharge cycles. 

 

Figure S11. SEM images of the electrode materials: before cycling, V2O5 (a), undoped VOx (b) and doped VOx (c), and after > 

240 cycles, V2O5 (e), undoped VOx (f) and doped VOx (g). The cycling condition is the same as in Figure 5(b). 
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Table S3. Comparison of this work with previously reported metal oxides-based anodes for lithium ion batteries. 

Metal Oxides 

Initial Discharge 

Capacity (mA·h·g-1) 

Cycle 

Number 

Capacity Fading 

Per Cycle (%) 

Current Density 

(A·g-1) 

Ref. 

Undoped VOx 378 240 -0.014 0.032 This work 

W-doped VOx 615 240 -0.045 0.032 This work 

VOx  550 1000 0.048 5 [3] 

V2O5 1776 50 1.24 0.25 [4] 

Fe3O4  1400 100 0.57 0.7 [5] 

Fe2O3 1693 50 0.79 0.1 [6] 

Co3O4 1097 30 0.49 0.05 [7] 
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Expanded graphite can be formed by rapid microwave 

heating in the process of which the choice of gaseous 

environment can make a significant difference on the chemical 

properties of as-prepared expanded graphite. This will further 

affect the yield of graphene oxide synthesized from it.  

Expanded graphite is a suitable starting material for preparing 

large-sized graphene oxide (GO) sheets as its less compact 

structure and greater accessible specific surface area to 

oxidizers can greatly help the homogeneous oxidation of 

graphite and efficient exfoliation into large-sized GO sheets.1-6 

To form the expanded graphite, microwave (MW) irradiation is 

an effective approach to instantly gasifying the decomposable 

intercalants in the precursor graphite bisulfate.3 MW irradiation 

can strongly interact with graphitic carbon which leads to fast 

and contactless heating (increase temperature to > 1000 °C 

within less than one minute). In comparison with conventional 

furnace heating, the more time- and energy-saving MW heating 

can suppress the undesired side reactions and enable the new 

reaction pathways in the field of graphene synthesis.7, 8 For 

example, MW is a simple yet efficacious method to reduce the 

oxygen functionalities of GO by generating a localized heating 

in the unoxidized regions.9, 10 The local high temperature will 

initiate the deoxygenation reaction in the oxygen functional 

groups in close proximity and thus reduce GO.10, 11 In 2016, Voiry 

and co-workers reported a MW-reduced GO which exhibited 

highly ordered structure, similar to CVD graphene, at the atomic 

scale.12 The high-quality product was attributed by the 

reorganization of carbon bonding along with the removal of 

oxygen in the process of 1- to 2-second pulses of MW irradiation 

(heated in a household MW oven).12  

In addition to reduction and atomic rearrangement, MW 

heating also enables the facile chemical functionalization of 

graphite, which was thought unlikely due to the chemical 

inertness of graphite. In 2012, Zhu’s group reported a MW-

assisted production of Cl- and Br-functionalized monolayer 

graphene sheets from graphite.13 In their method, expandable 

graphite was first immersed in the liquid chlorine or bromine, 

which was then subject to MW irradiation to form the 

chlorinated or brominated graphite via a MW spark-assisted 

halogenation reaction. Finally, the halogen-modified graphite 

was exfoliated into single layers through the liquid phase 

exfoliation.13 Inspired by this work, we herein aim to figure out 

the interactions of MW-expanded graphite with different 

surrounding gas molecules (pure argon, CO2 and ambient air) 

and how they affect the chemical properties of expanded 

graphite and chemically exfoliated GO. It is still an unknown 

question in the literature in which some work microwaved 

graphite in the inert gases, such as nitrogen3 and argon,12 while 

some simply heated in ambient air.14-17 Some specific ambient 

gases (like O2 and CO2) may react with graphite during the rapid 

MW heating, thus resulting in chemical functionalization or 

formation of defects in graphitic lattice. 

In this work, we investigate the influences of different heating 

atmospheres on the chemical properties of MW-expanded 

graphite and GO produced by modified Hummers method.18-20 

We find that expanded graphite sources heated in different 

atmosphere differ in the oxygen content, the dispersibility in 

organic solvent and the GO yield from Hummers oxidation. In 

addition, the use of expanded graphite allows more uniform 

oxidation and exfoliation into larger-sized GO flakes than that of 

natural graphite and GIC. It is expected that our work can 

provide the insightful guidance for the MW-assisted graphene 

synthesis methods 

The expandable graphite was heated in a household MW oven 

under the atmosphere of ambient air, pure argon or carbon 

dioxide for a period of 10 s or 30 s. The as-obtained expanded 

graphite was marked as EGAir, EGCO2 or EGAr according to the 

heating atmosphere employed. The expanded graphite was 

then used as a starting material in the modified Hummers for 

GO synthesis and the resulting GO products were accordingly 

denoted as GOAir, GOAr and GOCO2.18, 21 At the same time, we also 

a. Centre for Clean Environment and Energy, School of Environment and Science, 
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prepared GO using expandable graphite or natural graphite as 

graphite source, and the products were termed as GOGIC and 

GONG (See detailed synthesis and characterizations of GO in 

supporting information). From the XRD results (Figure 1a), all 

the graphite samples display a characteristic (002) peak at 2θ≈

26.5°, which corresponds to an interlayer distance of 3.38 Å, 

and a weak (004) peak at 2θ≈54.5°. This indicates the MW-

induced volume expansion would not change the crystalline 

structure of expanded graphite. However, the noticeable drop 

in the intensities of two peaks reveals the decreased degree of 

interlayer order in the expanded graphite compared to the 

expandable graphite.  

 The SEM-EDS results of MW-expanded graphite are displayed 

in Figure S3. It clearly shows that the sulfur content in the 

expandable graphite, which mainly originated from the 

intercalants, drops sharply from ~4.2 % to lower than 0.5 % with 

the thermal expansion. This demonstrates that MW heating can 

rapidly gasify the sulfate intercalant in the expandable graphite. 

Comparing the differently heated expanded graphite, it is 

noteworthy that the sulfur content is much lower in EGAir (~0.1 

%) than in EGAr and EGCO2 (~0.5 %) even if prolonging the MW 

treatment time from 10 to 30 s. This might be associated with 

the incomplete decomposition of intercalants under the 

atmosphere of more inert gases. In addition, EG30s is observed 

to have lower oxygen content (or higher C/O ratio) than EG10s. 

Usually, elemental oxygen derives from residual intercalants, 

water and oxygen functionalities in graphite.22 The decreased 

atomic percentage of oxygen suggests the overheating of 

graphite under MW irradiation would give rise to 

deoxygenation, which deprived expanded graphite of oxygen 

atoms. 

The SEM images show the obvious morphological changes in 

the expandable graphite before and after the thermal 

expansion (Figure 1b-e). The original expandable graphite was 

in the form of tightly packed large flakes (300 ~ 500 μm in size) 

but it expanded into the fluffy worm-like structure after MW 

irradiation. As a result, graphite flakes lost the interlayer order 

and become considerably thinner after expansion,3 consistent 

with the XRD results. In Figure 1c-e, the expanded graphite 

samples generally have the similar morphologies regardless of 

the surrounding gases, which implies the heating atmosphere 

would not directly influence the structure of expanded graphite 

under MW irradiation. 

Table 1. Weight of the exfoliated graphite thin film after the 
filtration and drying. 

On condition of 10 s of MW irradiation, the exfoliated EGAir 10s 

has the highest dispersibility in DMF solvent, which leads to the 

heaviest filtered membrane, as indicated in Table 1. This implies 

that EGAir 10s has a better affinity to DMF than EGCO2 10s and EGAr 

10s. One possible reason is that rapid heating in ambient air 

introduced some extra oxygen-containing functional groups to 

the expanded graphite which aids its dispersion in the polar 

DMF solvent. Although their oxygen contents are similar to each 

other from EDS results, EGCO2 10s and EGAr 10s remained higher 

amount of sulfate intercalants which also involved oxygen and 

hence EGAir 10s is expected to possess more oxygen-containing 

functional groups on the carbon layers. Apart from the chemical 

cause, the use of different containers may also contribute to 

their different dispersibility in DMF. To verify this hypothesis, 

the expandable graphite was MW-heated in the same set-up 

Sample 
Weight of exfoliated 

graphite thin film (mg) 

EGAir 10s (in the open beaker) 0.89 

EGAir 10s’ (in the conical flask) 0.88 

EGCO2 10s 0.52 

EGAr 10s 0.58 

EGAir 30s 1.09 

EGCO2 30s 1.16 

EGAr 30s 0.84 

Figure 1. (a) The XRD spectra of unexpanded graphite, EGAr 10s, EGCO2 10s and EGAir 10s. SEM images of (b) original unexpanded 
graphite and 10s-MW-expanded graphite under the atmosphere of (c) air, (d) CO2 and (e) argon. The insets are the corresponding 
magnified views of the circled areas. 
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(enclosed conical flask filled with air). However, the result 

evidenced that the shapes of containers did not influence the 

dispersibility of the expanded graphite in DMF. Comparing EG30s 

with EG10s, it is observed that the exfoliated expanded graphite 

samples which underwent longer MW heating time had better 

dispersibility in DMF. This is possibly due to the presence of 

more holes in expanded graphite which arises from the longer 

MW-heating period.16 

XRD was utilized to confirm the conversion of graphite to 

graphite oxide. XRD patterns of all GO made from expanded 

graphite (Figure 2a) by the Hummers method show the 

characteristic GO peaks at the very similar position (2θ ≈ 10.5°), 

indicating an interlayer distance of 8.42 Å. The expanded 

interlayer distance is caused by the oxygen functional groups 

covalently bonded to graphene basal plane. Besides, there is a 

weak broad peak at around 20° which is attributed to randomly 

stacked single- or few-layer less oxidized graphene sheets.23 

Due to the absence of graphitic peak (~26°), it can be confirmed 

that the GO samples produced from expanded graphite were 

both fully oxidized. In contrast, GO made from expandable 

graphite (3 h) and natural flake graphite (14 h) show a significant 

graphitic peak at 26.40° (interlayer distance: d = 3.38 Å), related 

to the unoxidized region. GIC can be fully converted to well-

oxidized GO (no graphitic peak) until the oxidation period was 

extended to 6 h. However, natural graphite had greater 

difficulty fully converting into well-oxidized GO despite 

increasing the mid-temperature oxidation time (up to 14 h). It 

is also noted that the characteristic GO peak in GONG is located 

at 2θ = 9.8° which corresponds to a greater interlayer spacing of 

9.03 Å. This is possibly attributed by the organosulfate located 

between the GO sheets (higher sulfur content in GOEG). 

Additionally, the full widths at half maximum (FWHM) of GO 

peaks are also measured: GOCO2 (0.66°), GOAir (0.53°), GOAr 

(0.52°), GOGIC (6h) (0.48°) and GONG (14h) (0.66°). Because the 

FWHM has a positive correlation with the oxidation degree of 

GO,24 GO derived from expanded graphite had higher oxidation 

degree than that from GIC. 

The ATR-FTIR spectra of GO made from expanded graphite 

and expandable graphite are shown in Figure 2b. The intensity 

ratios of the C=O (1740-1720 cm-1) peak to H2O peak (~1620 cm-

1) in the expanded graphite-derived GO sample are rather close 

to each other and is much higher than that in GOGIC, which 

Figure 2. (a) XRD spectra of different GO samples. (b) ATR-FTIR spectrum of GO films of GOCO2, GOAir, GOAr and GOGIC (6h). 

Figure 3. Typical SEM images and the corresponding histograms 
of size distributions for (a) GOAir, (b) GOCO2, (c) GOAr and (d) 
GOGIC (6h). 
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should have the lowest content of carbonyl groups.25 However, 

other oxygenated groups (C-O-C, ~1066 cm-1; C-O, 1287 ~1230 

cm-1 and 1370 cm-1; O-H, 3600 – 3300 cm-1) exhibit comparable 

intensities in all of the FTIR spectra. These hydrophilic oxygen-

containing functional groups can provide GO sheets with good 

dispensability in water. 

The EDS results (Figure S4) show that the atomic C/O ratios 

for four different GO samples are all around 2:1. Among these 

samples, GO made from expandable graphite (unexpanded) has 

the lowest C/O ratio. Because the dialysis was not applied to the 

further purification of GO colloid solutions, some foreign 

elements, including Cl-, Mn2+ and SO4
2-, were shown in the EDS 

spectra. Comparing the GO yield from Hummers oxidation, 

GONG and GOAir have the highest yield among all five GO samples 

(Table S1). The higher yield is often associated with higher 

degree of oxidation. For GONG, the periphery regions in the 

natural flake graphite have been heavily oxidized after long 

period of mid-temperature oxidation (14 h), rendering greater 

amount of oxygenated function groups in GONG. For GOAir, it has 

higher yield than GOAr and GOCO2 although they were all made 

from expanded graphite. One possible reason is that MW-

heating in ambient air can create more hole defects in EGAir, 

which consequently introduce more oxygenated groups in 

GOAir.26 

The SEM images in Figure 3 display the morphologies of GO 

flakes. The areas of all four different GO sheets have a wide 

distribution from ~100 up to over 1000 μm2, mainly in the range 

of 200-800 μm2. It is associated with the harsh oxidation in the 

conventional Hummers method which inevitably breaks GO 

sheets into fragmented pieces with random sizes. It is also 

obvious that GOGIC sheets have the smallest area in average 

(~313.22 μm2), indicating GOGIC sheets experienced severe 

cutting by longer time mid-temperature oxidation (at 45°C for 6 

h). In contrast, the GO sheets made from expanded graphite 

have relatively larger areas, attributed by the easier and milder 

oxidation of them. Especially, GOAir sheets have the largest 

areas in general, suggesting EGAir, as a precursor to GO, is a 

better choice to obtain larger-sized GO sheets with high yield.  

In sum, this work has studied the influences of heating 

atmospheres on the chemical properties of MW-expanded 

graphite. The rapid MW-induced volume expansion in air 

possibly introduces more oxygen-containing functional groups 

to the expanded graphite and it can promote the dispersion of 

exfoliated expanded graphite in DMF solvent. Applied as a 

starting material in GO synthesis, the modified Hummers 

oxidation tended to convert different MW-expanded graphite 

into GO with similar chemistry based on the results of XRD and 

EDS spectra. However, GO made from EGAir had the highest 

yield and largest average areas of flakes. Compared to natural 

flake graphite and GIC (unexpanded expandable graphite), the 

use of MW-expanded graphite is more conducive to making 

large-sized graphene oxide sheets. 
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ESI-1. Experimental section 

Materials 

The expandable graphite was received from Asbury Carbons (Grade 1721, nominal size > 300 

μm). The natural flake graphite (>100 mesh, Product No. 332461) and potassium 

permanganate (KMnO4) were purchased from Sigma Aldrich. N.N-Dimethylformamide (DMF), 

hydrogen peroxide (H2O2), hydrochloric acid solution (32 wt.%)  and 98% sulfuric acid were 

purchased from Chem-Supply. Deionized water was used in all experiment steps.  

MW-assisted expansion of graphite  

 
Figure S1. (a) Photos of expandable graphite before and after the MW heating in air. (b) MW-
heat the expandable graphite under the atmosphere of Ar or CO2. 

The expandable graphite sources were MW heated in a domestic MW oven (1000 W) for 10 

s and 30 s, respectively, under the atmospheres of ambient air (EGAir), carbon dioxide (EGCO2) 

or argon (EGAr). To prepare the EGAir, 1.2 g of expandable graphite was placed in a beaker 

which was then put into the MW oven for heating. It was observed that the volumes of 

expanded graphite were both approximately 200 mL after 10 s and 30 s of MW irradiation 

(see Figure S1a). Therefore, it is reasonable to predict that the graphite source can rapidly 

expand to its maximum volume in less than 10 s. To prepare EGCO2 and EGAr, as shown in 

Figure S1b. 1.2 g of expandable graphite was sealed in a conical flask and purged with high 

purity argon and carbon dioxide for 2 hours, respectively. The flask was then heated in the 
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MW oven (1000 W) for 10 s or 30 s. Graphite that had not expanded fully was picked and 

discarded. 

Liquid phase exfoliation of MW-assisted expanded graphite 

Figure S2. Schematic of liquid phase exfoliation of MW-expanded graphite in DMF solvent. 

Liquid phase exfoliation (LPE) is an intuitive method to show the differences between the 

dispersibility of differently microwaved expanded graphite in a specific solvent. DMF is one 

of the most commonly used dispersing agents in liquid phase exfoliation methods. In our 

experiment, 50 mg of expanded graphite was soaked and dispersed in the DMF (100 mL) 

under constant magnetic stirring for 1 hour, to ensure the graphite was fully wetted by DMF. 

It was then sonicated by a bench-top ultrasonic homogenizer for one hour. The mixture then 

became homogeneous black dispersion. After standing for another 30 minutes, 30 mL of 

dispersion was collected from the upper layer which was subsequently cast into a compact 

membrane by vacuum filtration through nylon membranes (pore size = 0.1 μm). The entire 

process is illustrated in Figure S2. After filtration, the resultant membrane was dried in a 

vacuum oven (60 °C) overnight before weighing.  

Synthesis of graphene oxide 

Preparation of GO from expanded graphite. 0.5 g of MW-expanded graphite (10 s of MW 

heating) from different atmospheres (air, CO2 and argon) was immersed in the ice-cooled 

concentrated sulfuric acid (100 mL, <10 °C) in a 500-mL round-bottom three-neck flask setting 

in an ice-bath with mechanical agitation at 120 r.p.m. After cooling down to <10 °C, KMnO4 

(1.5 g) was slowly added to keep the temperature of the suspension below 20 °C. The mixture 

was kept in the ice bath (0 °C) for 1 h and then the residual ice was taken out from the bath 

to facilitate the subsequent heating to 45 °C. Successively, the mixture was vigorously stirred 

for 3 h. At the end of mid-temperature oxidation, 300 mL of water was slowly added to the 

reaction system using a peristaltic pump within 30 min (to minimize the heat generated from 
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the exothermic reaction of water with concentrated sulfuric acid). After finishing the water 

addition, the mixture was kept in 45 °C water bath for another 1 hour. In all the cases, 5 mL 

of H2O2 (30%) was then added dropwise, turning the colour of the solution from dark brown 

to yellow. Afterward, the resultant mixture was poured into a large beaker (1 L) for the 

following purification process. The products were coined as GOAir, GOAr and GOCO2 according 

to the starting materials employed. 

Preparation of GO from natural graphite. 1g of natural graphite flake, 4 mL of water (for 

helping increase the degree of oxidation17) and 56 mL of concentrated sulfuric acid were 

added to a 500-mL round-bottom three-neck flask. Under constant mechanical stirring (120 

r.p.m.) in an ice bath, KMnO4 (3g) was slowly added to the mixture, carefully keeping the 

temperature of suspension lower than 20 °C. After keeping in the ice bath for 1 h, the reaction 

system was heated to 45 °C and stirred for 14h. When finishing the mid-temperature 

oxidation, 180 mL of water was gradually added into the mixture and then kept in the 45 °C 

water bath for another 1 h. Finally, 5 mL of H2O2 (30%) was then dropped into the mixture to 

terminate the whole chemical reactions. The resultant product was named as GONG. 

Preparation of GO from GIC (unexpanded expandable graphite). 1 g of expandable graphite 

flake and 60 mL of concentrated sulfuric acid were added to a 500-mL round-bottom three-

neck flask. Under mechanical stirring (120 r.p.m.) in an ice bath, KMnO4 (3g) was slowly added 

to the mixture, carefully keeping the temperature of suspension lower than 20 °C. After 

keeping in the ice bath for 1 h, the reaction system was heated to 45 °C and stirred for 3 h 

and 6 h, respectively. When finishing the mid-temperature oxidation, 180 mL of water was 

slowly added dropwise into the mixture and then kept in the 45 °C water bath for another 1 

h. Finally, 5 mL of H2O2 (30%) was then dropped into the mixture to terminate the whole 

chemical reactions. The product was coined as GOGIC (3h) and GOGIC (6h). 

Purification of GO 

As finishing the Hummers oxidation, the as-prepared products were washed with 1:9 HCl 

aqueous solutions (500 mL, 3 times) to remove the metal ions. After overnight standing, the 

supernatant which contained some floating unoxidized graphite was discarded and the 

sediment at bottom was carefully collected. The collected solid was re-dispersed into the 

water and then was centrifuged at 15,000 r.p.m for 15 min. This step was repeated for six 
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times to further remove the metal ions and sulfate ions. It was observed that GO aqueous 

dispersion became more readily dispersed in the water after multiple centrifuges (more 

difficult to spin down GO from the dispersion), accompanying the colour change in GO 

sediment (from yellow to brown). The resultant GO aqueous dispersion was then stirred 

overnight to exfoliate it to GO. Successively, the GO dispersion was centrifuged at 1,500 r.p.m 

for 30 min to remove the unexfoliated particles (discard the black sediment this time).  

Measurement of GO yields  

A certain volume (5 mL) of purified GO aqueous dispersion was freeze-dried for over 48 h, 

and the weight of dried sponge-like GO was used to calculate the concentration of GO (CGO in 

mg/mL). The yield of GO (YGO) was calculated by 𝑌𝐺𝑂  =  (𝐶𝐺𝑂 ×
𝑉𝐺𝑂

𝑚𝐺𝑟
) × 100%, where VGO is 

the total volume of purified GO dispersion (in mL), mGr is the weight of feeding graphite source. 

Characterizations 

X-ray diffraction (XRD) was carried out by the use of a Shimadzu XRD-6000 diffractometer 

with Cu Kα radiation (λ=0.15418 nm). The step size and the time per step were, respectively, 

fixed at 0.01° and 5 s. The X-ray diffraction diagrams were recorded with a PANalytical 

HighScore Plus software. Attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR) spectra were recorded on a Fourier transform infrared spectrometer 

(Bruker Alpha). Scanning electron micrographs (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) were performed by the use of a field-emission scanning electron 

microscope at 15 kV (JEOL JSM-7100). The samples used for SEM characterizations were 

prepared by depositing the sediment of GO aqueous solution from the centrifuge (15,000 

r.p.m) onto the clean 300 nm SiO2/Si wafers. The sheet sizes were measured to be the mean 

value of the length and width of an individual GO sheet. 

87



ESI-2. Characterizations of EG and GO 

 

Figure S3. EDS spectra and the corresponding elemental analysis results (the atomic 
percentage of carbon, oxygen and sulfur) of (a) expandable graphite, (b) EGAir 10s, (c) EGAir 30s, 
(d) EGAr 10s, (e) EGAr 30s, (f) EGCO2 10s and (g) EGCO2 30s. 
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Figure S4. The EDS elemental analysis and the corresponding C/O ratios of (a) GOAir, (b) GOCO2, 
(c) GOAr and (d) GOGIC. 

 

Table S1. Yield of GO from natural flake graphite, EGAir 10s. EGAr 10s
, EGCO2 10s and expandable 

graphite, respectively. 

Samples Yield 

GONG 176% 

GOAir 172 % 

GOAr 163 % 

GOCO2 150 % 

GOGIC 145 % 

 

89



90 
 

Chapter 4. Room Temperature Production of 

Graphene Oxide with Thermally Labile 

Oxygen Functional Groups for Improved 

Lithium Ion Battery Fabrication and 

Performance 

  



91 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

Jiadong Qin*, Yubai Zhang*, Sean E. Lowe, Lixue Jiang, Han Yeu Ling, Ge Shi, Porun Liu, 

Shanqing Zhang, Yu Lin Zhong and Huijun Zhao (* Joint first authors) 

Room Temperature Production of Graphene Oxide with Thermally Labile Oxygen 

Functional Groups for Improved Lithium Ion Battery Fabrication and Performance 

Published in Journal of Materials Chemistry A, 2019, 7(16), 9646-9655 DOI: 

10.1039/C9TA02244A 

My contribution to the paper involved: 

Initial concept, experimental design and implementation; 

Data collection and analysis; 

Preparation of the manuscript. 

(Signed)____________________________________________ 1 December 2019 

Name of Student: Jiadong Qin 

(Countersigned)_____________________________________ 1 December 2019 

Corresponding author of paper: Huijun Zhao 

(Countersigned)_____________________________________ 1 December 2019 

Supervisor: Yu Lin Zhong 



Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

01
9.

 D
ow

nl
oa

de
d 

by
 G

ri
ff

ith
 U

ni
ve

rs
ity

 o
n 

4/
17

/2
01

9 
8:

44
:0

1 
A

M
. 

View Article Online
View Journal  | View Issue
Room temperatu
Centre for Clean Environment and Energy, S

University, Gold Coast Campus, Queensla

griffith.edu.au; h.zhao@griffith.edu.au

† Electronic supplementary information
Fig. S1–S6. See DOI: 10.1039/c9ta02244a

‡ These authors contributed equally to th

Cite this: J. Mater. Chem. A, 2019, 7,
9646

Received 28th February 2019
Accepted 22nd March 2019

DOI: 10.1039/c9ta02244a

rsc.li/materials-a

9646 | J. Mater. Chem. A, 2019, 7, 964
re production of graphene oxide
with thermally labile oxygen functional groups
for improved lithium ion battery fabrication and
performance†

Jiadong Qin,‡ Yubai Zhang,‡ Sean E. Lowe, Lixue Jiang, Han Yeu Ling, Ge Shi,
Porun Liu, Shanqing Zhang, Yu Lin Zhong * and Huijun Zhao *

Graphene oxide (GO) has drawn intense research interest over the past decade, contributing to remarkable

progress in its relevant applications. The chemical production of GO, however, is challenged by destructive

and slowly propagating oxidation, especially for large flake graphite. Herein, we report a simple but effective

method to produce well-oxidized and less defective GO by chemically oxidizing commercially available

expandable graphite at room temperature (25 �C). Compared to natural graphite with similar flake sizes,

expandable graphite afforded faster complete oxidation under the same oxidizing conditions. In addition,

chemical oxidation at room temperature, relative to that at higher temperatures (35 and 45 �C), resulted
in a reduced defect concentration in GO. Furthermore, the GO derived from the oxidation of expandable

graphite at room temperature exhibited superior electrical conductivity after mild thermal treatment at

150 �C. Considering the energy-saving in both GO synthesis and reduction, the low temperature GO

conversion process can be easily integrated into many other electroconductive applications. As a proof

of concept, we achieved a good LiFePO4 (without carbon-coating) cathode formulation with our GO,

which contributed as a 2D binder (before annealing), and obtained a conductive cathode with improved

capacity and high rate performance after mild thermal annealing at 150 �C.
Introduction

Graphene and graphene-based materials are appealing for
a myriad of applications, such as energy storage devices,1 elec-
trocatalysis,2 and sensors.3 As one of the most important
precursors to graphene materials, graphene oxide (GO) has
been widely adopted in both lab-scale research and industrial
production due to its excellent chemical processability and
production scalability.4–6 Currently, the exfoliation of chemi-
cally oxidized graphite, produced via the modied Hummers
method, to GO is the most popular GO synthesis method owing
to its rich oxygen functional groups and quantitative yield of
single-layer GO.7–15 However, the harsh conditions in the strong
chemical oxidation will incur permanent defects, uncontrol-
lable functionality and even fragmentation in the resultant
GO.16–19 In addition, it is limited by the slow diffusion of
oxidizing agents.20 Particularly for large ake graphite, oxidants
will have difficulty reaching the core region of the graphite,
chool of Environment and Science, Griffith

nd 4222, Australia. E-mail: y.zhong@

(ESI) available: Tables S1–S4 and

is work.

6–9655
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resulting in non-uniform oxidation and cracking in the GO
sheets.18 Therefore, much effort has been put into optimizing
the chemical oxidation method, mainly focusing on the starting
materials and oxidation conditions.

To facilitate oxidation and exfoliation, one strategy is to pre-
intercalate graphite to form a graphite intercalation compound
(GIC) with increased interlayer spacing and weakened Van der
Waals interactions between graphite layers.21 In 1999, Kovtyu-
khova et al. demonstrated a two-step oxidationmethod in which
natural graphite was pre-intercalated in concentrated H2SO4,
K2S2O8 and P2O5, followed by the Hummers method.22 It was
later found that the pre-treated graphite was more susceptible
to oxidation and exfoliation into monolayer GO sheets and
hence the protocol has been adopted in many more recent
studies.9,23 This two-step oxidation route, however, presents
challenges for the mass production of GO due to the time-
consuming pre-treatment, which involves the wetting and
drying of graphite. Another strategy is to employ expanded
graphite, which features a worm-like structure, as the starting
material to produce GO. The expanded graphite is typically
achieved by the thermal expansion of graphite bisulfate, a type
of graphite intercalation compound (GIC), also known as
expandable graphite. In 2009, Luo et al. synthesized high-
quality GO sheets using microwave-expanded graphite, where
This journal is © The Royal Society of Chemistry 2019
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the interlayer galleries were dramatically expanded, as the
starting material.24 Since then, several research groups have
shown that expanded graphite is a more suitable graphite
source for preparing large-area GO sheets than natural
graphite.25–27 Recently, Lu et al. proposed a new type of chemi-
cally expandable graphite in which the expansion was initiated
by oxygen evolution from the chemical reaction of a CrO3

graphite intercalant with H2O2.28 Though the expanded graphite
was very readily oxidized even under mild agitation-free
conditions, this novel method is challenged by complicated
procedures and the introduction of toxic Cr6+ ions.28

With regard to oxidation conditions, Eigler et al. kept the
oxidation temperature below 10 �C to yield highly intact GO
with preserved structural integrity.29,30 However, this low-
temperature method has its limitations, namely time-
consuming procedures and low GO yield. Apart from lowering
the reaction temperature, it has been reported that the addition
of a small amount of water to the chemical oxidation system not
only promoted oxidation but also reduced the defects in GO.31,32

Typically, reduction of GO, by which its electrical conduc-
tivity can be restored, is required for the majority of applications
such as lithium ion batteries (LIBs) and supercapacitors.9,33 The
common reduction methods involve chemical reduction (such
as with hydrazine and hydroiodic acid)34,35 and thermal treat-
ment at high temperatures.19,36 Zhu and co-workers reduced
a GO dispersion in an anhydrous organic solvent, propylene
carbonate, by heating at only 150 �C, but for 12 hours.37 The
mild thermal reduction, without the need for a reducing agent
or high temperature treatment, will be very useful for the
incorporation of reduced GO (rGO) into a wide range of elec-
troconductive applications. For example, it has been shown that
rGO worked well as the conductive additive in lithium ion
battery (LIB) electrodes, effectively improving charge transport
due to its good conductivity, high surface area and exible two
dimensional structure.6,36,38 The low temperature thermal treat-
ment could help to simplify the fabrication of LIBs by allowing
GO to be blended with electrode materials and then reduced in
situ. Due to its good dispersibility in multiple solvents, unre-
duced GO can be homogeneously mixed with LiFePO4 particles.
This can enable the uniform coating/wrapping of GO around the
particles, minimizing unwanted polarization in LIBs.39

In this work, we report a mild GO production approach from
large-sized expandable graphite (graphite bisulfate, a type of
GIC) akes via the modied Hummers method, resulting in
more thorough oxidation than that with natural graphite under
the same conditions. We optimized the oxidation temperature
and time for this GIC-based GO synthesis and found that well-
oxidized GO was obtained at an oxidation temperature of
25 �C for 8 h (denoted as GOGIC-25-8h). This GO, synthesized at
room temperature, was found to be less defective and more
prone to deoxygenation during low temperature annealing (150
�C). Aer the 150 �C thermal reduction in air, GOGIC-25-8h
restored more sp2 carbon atoms and was also more conductive
than other GO oxidized at higher temperatures, which indicates
the facile removal of oxygenated functional groups. Our work
also demonstrates that the GOGIC-25-8h was able to blend well
with a typical LiFePO4 (without carbon-coating) cathode
This journal is © The Royal Society of Chemistry 2019
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formulation and helped to deliver a pronounced improvement
in the capacity and high rate performance of LIBs aer the mild
thermal annealing process.

Experimental
Materials

The expandable graphite used in the experiments was received
from Asbury Graphite Mills (Grade 1721). The natural ake
graphite was obtained from Sigma-Aldrich (Product no.
332461). Both graphite sources were carefully sieved to control
the ake sizes between 200 and 300 mm for the GO synthesis
reactions. KMnO4 (99.0%), concentrated H2SO4 (98%), H2O2

aqueous solution (30% w/w) and hydrochloric acid (32 wt%)
were purchased from Chem-Supply. Deionized water was used
in all experimental procedures, including the synthesis reaction
and purication.

Synthesis of graphene oxide from expandable graphite (GIC)
and natural graphite (NG) under different conditions

The GO synthesis procedures were based on a modied
Hummers method as illustrated in Fig. 1.14,40 Flake graphite (1
g) was mixed with concentrated H2SO4 (50 mL) in a 500 mL
three-neck ask which was placed in an ice bath with
mechanical stirring at 120 rpm. Aer cooling to below 10 �C,
KMnO4 (3 g) was slowly added to the mixture and the mixture
was kept in the ice bath for 1 h. Then, aer removing from the
ice bath, the temperature was elevated to the designated
temperature (25, 35 and 45 �C) at which point the mixture was
stirred for a specied period (4, 6 and 8 h.). Aer this stage, the
water bath was replaced by an ice bath to minimize the
temperature rise in the following steps. 150 mL of chilled water
was slowly dropped into the mixture via a peristaltic pump over
a period of 90 min and then the reaction system was kept in the
ice bath for another 30min. At the end of the reaction, H2O2 was
added to the mixture dropwise to react away the residual
KMnO4 until the color of the resulting product no longer
changed. To remove metal ions, 300 mL of a diluted aqueous
HCl solution (1 : 9) was added to the product. The product was
allowed to settle overnight. The resulting sediment was washed
with water and centrifuged at 13 000 rpm for 15 min repeatedly
until the pH of the supernatant stabilized at �4. Finally, the
resultant sediment was resuspended in deionized water to
a total volume of 200 mL. The GO products made from
expandable graphite and natural graphite are denoted as GOGIC

and GONG, respectively, and the oxidation temperatures and
reaction times are abbreviated as, for example, GOGIC-25-4h (the
product derived from the GIC at 25 �C, with a 4 h reaction time).

Yield calculation

5 mL of the puried GO aqueous dispersion was cast into
a dense lm on a nylon membrane via vacuum ltration and
then dried in a 60 �C oven overnight. The polymer membrane
was then gently peeled off and the weight of the freestanding
GO lm was used to calculate the concentration of GO
(CGO, mg mL�1). The yield of GO was calculated using the
J. Mater. Chem. A, 2019, 7, 9646–9655 | 9647
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Fig. 1 Schematic overview of the experimental design, including GO synthesis routes under different conditions, with different characterization
and application tests.
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equation YGO ¼ CGO � VGO/mGr where VGO is the total volume of
the GO solution aer purication (200 mL) and mGr is the mass
of the starting graphite. In particular, in the case of GOGIC, mGr

only refers to the graphite component, excluding the intercalat-
ing compounds.
Characterization

X-ray diffraction (XRD) patterns were measured on a Bruker D8
ADVANCE diffractometer with Cu Ka radiation (l ¼ 1.5418 Å).
The chemical compositions of GO samples were analyzed by X-
ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA
incorporating a 165 mm hemispherical electron energy
analyzer). Scanning electron microscopy (SEM) was conducted
on a JEOL JSM-7500FA microscope with an accelerating voltage
of 15.0 kV. Atomic force microscopy (AFM) images were
collected using a Bruker Dimension Icon AFM using peak force
tapping mode. The statistical analysis of ake thickness was
based on the line proles of �80 pieces of GO sheets from AFM
images. Raman spectroscopy was carried out on individual GO
sheets using a Renishaw inVia Raman microscope with
a 532 nm laser. The samples were prepared by spin-coating
a diluted GO dispersion (�0.1 mg mL�1) onto a conductive
silicon wafer (for SEM and AFM) or thermal oxide silicon wafer
(for Raman analysis). Attenuated-total-reectance Fourier
transform infrared (ATR-FTIR) spectra were acquired on
a Bruker Alpha spectrometer equipped with a platinum ATR
single-reection diamond module. TGA of GO lm samples was
9648 | J. Mater. Chem. A, 2019, 7, 9646–9655
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performed on a Netzsch STA 449F3 analyzer in 100% argon or
20% oxygen/80% argon. For the argon atmosphere experiment,
GO samples were heated from 50 to 700 �C at a rate of 5
K min�1. For the oxygen atmosphere experiment, the GO
samples were rapidly heated from 50 �C to 150, 175 or 200 �C
(heating rate: 30 K min�1), and the samples were maintained at
the high temperature for 6 h. To measure the graphite content
in the expandable graphite (GIC), it was heated from 50 to
1000 �C at a rate of 5 K min�1 under an argon atmosphere. As
a contrast, the same TGA test was performed on natural
graphite. Electrical conductivity measurements for the rGO
lms of similar weight (�100 mg) were conducted on a Jandel
RM3000 four-point probe system with a linear array head (probe
spacing of 1 mm).
LIB testing

To prepare the control LIB cathodes, 10 wt% polyvinylidene
diuoride (PVDF), 10 wt% carbon black, and 80 wt% LiFePO4

(LFP) were mixed with N-methyl-2-pyrrolidone (NMP) by
magnetic stirring for 24 h. The homogeneous slurry was cast
onto aluminium foil and was then dried in an 80 �C vacuum
oven for 12 h. The assembly of coin cells (2032) was conducted
in an argon-lled glove box. Lithium foil was used as the anode,
and 1 M LiPF6 dissolved in ethylene carbonate (EC) and diethyl
carbonate (DEC) with a volume ratio of 1 : 1 served as the
electrolyte. The testing voltage in constant current mode ranged
from 2.5 to 3.8 V, and the cells were charged in constant voltage
This journal is © The Royal Society of Chemistry 2019
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mode at 3.8 V until the current reached 10% of the current rate.
To show the effect of different reduced GOGIC in LIBs, half of the
carbon black was replaced with GOGIC-25-8h and GOGIC-45-4h,
respectively, in the cathode compounds. The GO samples in the
aqueous dispersions were freeze-dried for the preparation of
electrodes. The freeze-dried GOGIC was dispersed into NMP,
forming an 8 mg mL�1 dispersion and then LFP, carbon black
and PVDF were added. Prior to battery assembly, GOGIC/LFP
cathodes were annealed in a 150 �C oven for 5 h in air. The
charge and discharge performance tests were carried out using
a Neware battery tester (Shenzhen, China) with a potential range
between 2.5 and 3.8 V. The cyclic voltammetry (CV) measure-
ment was performed on a CHI 660D electrochemical worksta-
tion with a scan rate of 0.1 mV s�1.
Results and discussion
The effects of graphite sources

GO samples were prepared by oxidizing expandable graphite
(GIC) and natural graphite (NG), respectively, at different
temperatures (25, 35 and 45 �C) for varying duration (4, 6 and 8
h) with the modied Hummers method and the products were
examined via X-ray diffraction (XRD). The XRD patterns of the
two starting materials (Fig. S1†) showed that GIC had greater
interlayer spacing between the graphene layers (3.41 Å vs. 3.36 Å)
and lower crystallinity (broader graphitic peak) than NG. This
suggests that GIC, with a less compact structure, can provide
more accessible paths for the diffusion of oxidizing agents than
NG. Experimentally, this advantage of GIC can be demonstrated
with the XRD results of GONG and GOGIC (Fig. 2a–c). As displayed
Fig. 2 XRD patterns of (a) GONG under different oxidation conditions,
oxidized at different temperatures for 4 h. (d) Yield comparison between

This journal is © The Royal Society of Chemistry 2019
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in Fig. 2a, despite subjecting it to a prolonged oxidation time (8
h) and sufficiently high temperature (45 �C), GONG still shows
a pronounced broad graphitic peak at about 26� (corresponding
to the interlayer spacing d z 3.4 Å), which is related to unoxi-
dized graphite.41,42 In addition, for GONG-25-4h and GONG-25-8h,
the position of the sharp low-angle peak, also known as the GO
peak, did not change and was at about 10.9� (d ¼ 8.1 Å). This
suggests that the interlayer distance between GO sheets did not
change with the oxidation time at 25 �C.41 In contrast, there was
a shi in the GO peak to the le (from 10.6� to 10.1�) when the
oxidation time was doubled at 45 �C, which is associated with
the interlayer expansion and the oxidation degree of GO.15

As is evident in Fig. 2b, it is easier to oxidize GIC at 25 �C. The
graphitic peak was much weaker in GOGIC-25-4h (relative to that
in the product derived from NG under the same oxidation
conditions), and the graphitic peak disappeared aer prolong-
ing the oxidation time to 8 h. Meanwhile, the le shi in the GO
peak (from 11.1� to 10.5�) reected the expansion in interlayer
spacing (from 8.0 Å to 8.4 Å) and hence the slight increase in the
degree of oxidation with reaction time at 25 �C. The GIC can also
be completely transformed into GO aer 4 h of oxidation at
higher temperatures of 35 �C and 45 �C, evidenced by the
absence of the graphitic peaks in Fig. 2c. Therefore, using GIC
as the starting material allows for milder reaction conditions
and more effective oxidation. Note that the small and broad
peaks at around 21� in the XRD patterns can be attributed to the
randomly packed single graphene layers.43

To measure the graphite content in GIC, the material was
heated to 1000 �C under an argon atmosphere in order to gasify
the intercalants and water and remove any oxygen
(b) GOGIC oxidized at 25 �C for different time periods, and (c) GOGIC

GONG and GOGIC.

J. Mater. Chem. A, 2019, 7, 9646–9655 | 9649
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functionalities.24,44 TGA curves (Fig. S2†) showed that 76 wt% of
material remained in GIC, attributed to the graphite component
of GIC,45 while NG did not lose any mass aer heating to 1000 �C.
Therefore, the yield of GOGIC can be calculated with respect to the
starting graphitic material and compared with that of GONG, as
illustrated in Fig. 2d. In general, the GOGIC had higher yield than
GONG under the same reaction conditions and the gap became
even wider at higher temperatures due to the greater extent of
oxidation in GIC. In comparison to other reported room or low
temperature syntheses, our yield of 190% for GOGIC-25-8h is one
of the highest so far.29,32,46
Fig. 3 Morphological characterization of fully oxidized GOGIC samples. (a
the corresponding flake size distributions. (b), (d) and (f) Frequency distrib
on more than 80 GO flakes). The insets are the AFM images of the indiv

9650 | J. Mater. Chem. A, 2019, 7, 9646–9655
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Morphological characterization of fully oxidized GOGIC

In the subsequent work, only the fully oxidized samples (GOGIC-
25-8h, GOGIC-35-4h and GOGIC-45-4h) were further characterized
and compared. The lateral size distributions of GO sheets were
obtained statistically from SEM images (Fig. 3a, c and e). For
GOGIC-25-8h, GOGIC-35-4h and GOGIC-45-4h, the average sizes
were 20.1 � 17.9, 27.3 � 18.6 and 24.5 � 22.0 (mean � standard
deviation) mm, respectively. It is noteworthy that GOGIC-25-8h
had the smallest average lateral size as well as the highest
content of <20 mm akes. Although the oxidation proceeded at
), (c) and (e) SEM images of GOGIC sheets coated onto the Si wafers and
utions of the number of layers in the GO samples (statistics were based
idual GO sheets and their corresponding height profiles.

This journal is © The Royal Society of Chemistry 2019
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a lower temperature, GOGIC-25-8h was also subjected to 8 h of
mechanical stirring which likely led to the mechanical cleavage
of the GO sheets.18,47 Examining the thickness distributions of
GOGIC sheets from AFM images (Fig. 3b, d and f), the majority of
GOGIC sheets were successfully exfoliated down to a single layer.
The single-layer sheets were between 1.0 and 1.5 nm thick,
consistent with previous literature reports.15,48
Chemical characterization of fully oxidized GOGIC before and
aer thermal reduction

To further investigate the effect of different oxidation condi-
tions, Raman spectroscopy (Fig. S3†) was used to discriminate
different carbon atoms, typically featuring D (�1350 cm�1), G
(�1585 cm�1) and 2D (�2700 cm�1) peaks. The D peak is
attributed to the breathing modes of six-atom carbon rings in
proximity to defect areas. The 2D peak is the overtone of the D
peak, while the G peak is related to the motion of sp2 carbon
atoms.49 The ratio of the defect-activated D peak to G peak is an
important parameter to reveal the defect density in GO.
According to Ferrari and Robertson,50 for graphene materials,
ID/IG initially increases with defect density at a low defect
concentration (stage 1) and subsequently decreases aer
reaching a certain defect concentration (stage 2). From the
Raman spectra of various GOGIC in Fig. S3,† it can be seen that
the value of ID/IG tends to decrease with a longer oxidation time
or higher temperature. Therefore, all GOGIC samples were likely
to be in the stage 2 state because more defects will be intro-
duced into the honeycomb lattice in graphene layers as the
chemical oxidation proceeds or the temperature increases.18,29

Comparing the fully oxidized GOGIC samples (Fig. 4a), the defect
density increased in the following sequence: GOGIC-25-8h <
GOGIC-35-4h < GOGIC-45-4h.
Fig. 4 Chemical properties of different GOGIC samples. (a) Raman spectr
heating rate. (c) The corresponding first derivative of the TGA curves in the
of GOGIC at 150, 175 and 200 �C under a 20% oxygen/80% argon atmos

This journal is © The Royal Society of Chemistry 2019
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The weight change in GOGIC with increasing temperature
was tracked using thermogravimetric analysis (TGA, Fig. 4b),
and it was found that the greatest weight loss was observed for
GOGIC-45-4h. Only 53.6% of the material remained aer heating
to 700 �C, which suggests that it had the highest content of
thermally labile oxygenated functional groups. Moreover, the
corresponding rst derivative TGA curves (Fig. 4c) were plotted
to give insight into the peak decomposition temperature (Td)
where GO samples underwent the greatest rate of change in the
weight.31,32 It was obvious that GOGIC-45-4h had a higher Td (198
�C) than GOGIC-25-8h (181 �C) and GOGIC-35-4h (175 �C). In fact,
the removal of oxygenated functional groups from GO basal
planes is always accompanied by the formation of various gases,
including CO2, CO and H2O.51 Because the gasication process
must overcome the interlayer interactions, it can be inferred
that GOGIC-45-4h with the highest Td had the greatest amount of
carboxyl groups with strong hydrogen bonding ability.31

Mild thermal annealing in ambient air is a simple and effec-
tive method to deoxygenate GO.52 On comparing the weight
changes of GOGIC annealed at different constant temperatures
(Fig. 4d–f), it was seen that GOGIC-25-8h exhibited themost weight
loss at 150 �C, relative to other conditions, while GOGIC-45-4h lost
more weight at 175 and 200 �C, implying that deoxygenation of
GOGIC-25-8h occurred more readily at lower temperatures than
that of GOGIC-45-4h. As shown in Table S1,† the percentage of
residual mass changed from 69% to 65% in GOGIC-25-8h as the
annealing temperature was raised from 150 to 200 �C. This
change was much smaller than that in GOGIC-35-4h or GOGIC-45-
4h, also indicative of the easier deoxygenation of GOGIC-25-8h at
150 �C. In addition, GOGIC-35-4h always experienced the lowest
mass reduction, regardless of the annealing temperature, sug-
gesting that GOGIC-35-4h was less oxidized than GOGIC-25-8h and
GOGIC-45-4h. This was consistent with the XPS survey scan which
a of GOGIC flakes. (b) TGA curves for heating GO in argon at a 5 K min�1

temperature range 50–300 �C. (d–f) TGA curves for thermal annealing
phere.

J. Mater. Chem. A, 2019, 7, 9646–9655 | 9651
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showed that GOGIC-35-4h had the highest C/O ratio (Fig. S4†). In
addition, during the 150 �C thermal treatment, the residual
weights of GOGIC-25-8h and GOGIC-45-4h became stable aer 5 h
(Fig. 4d), corresponding to the completion of thermal reduction.

The XPS C 1s peak (Fig. 5) can be deconvoluted into ve
components, including C]C/C–C in aromatic rings (284.6 eV),
C–O (286.1 eV), C]O (287.5 eV), COOH (289.0 eV) and p–p*

satellite (290.6 eV),53 and the fractions of these components in
each sample are summarized in Tables S2 and S3.† Among the
GOGIC samples (Fig. 5a, c, and e and Table S2†), the highest
fraction of C]C/C–C was found in GOGIC-35-4h (56.6%) and the
lowest was in GOGIC-45-4h (45.1%), which indicated that GOGIC-
35-4h retained themost intact sp2 graphitic carbon while GOGIC-
45-4h was the most oxygen-functionalized. GOGIC-25-8h had the
Fig. 5 XPS C 1s spectra for the fully oxidized GOGIC samples (a, c and e
150 �C for 5 h (b, d and f).
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least amount of C]O and COOH (7.33%) compared to GOGIC-
35-4h (7.62%) and GOGIC-45-4h (9.53%). Due to the fact that
carbonyl and carboxyl groups preferentially form at the edge of
GO akes or vacancy defects,31,53,54 GOGIC-25-8h was the least
defective among all fully oxidized GOGIC samples, consistent
with results from the Raman spectra (Fig. 4a) and the previous
reports for GO produced at room temperature.32 Hence, room-
temperature oxidation can more effectively maintain the struc-
tural integrity of GO. Comparing the ATR-FTIR spectra of GOGIC

(Fig. S5†), GOGIC-35-4h had a weaker peak at �1722 cm�1 which
suggested a lower concentration of carbonyl groups, and this is
also in agreement with the XPS results.

To investigate the changes in the functionalities aer thermal
reduction, the three reduced GOGIC samples, annealed at 150 �C
), and the thermally reduced GOGIC samples which were annealed at

This journal is © The Royal Society of Chemistry 2019
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for 5 h, were examined by XPS (Fig. 5b, d and f). As shown in Table
S3,† rGOGIC-25-8h had the largest increase in the content of sp2

carbon with thermal treatment (from 48.18% to 72.56%). This is
indicative of its considerably easier deoxygenation and restoration
of sp2 domains by the 150 �C thermal treatment, consistent with
the isothermal TGA result (Fig. 4d). Comparing the sheet resis-
tances of the ultrathin rGOGIC lms (all annealed at 150 �C for 5 h)
measured using the four-point probe, rGOGIC-25-8h (0.81 � 0.34
MU,�1, mean � standard deviation) was more conductive than
rGOGIC-35-4h (1.13 � 0.14 MU ,�1) and rGOGIC-45-4h (8.48 �
0.73 MU,�1), which is related to the higher fraction of graphitic
carbon in rGOGIC-25-8h. The p–p* satellite peak became more
pronounced aer thermal reduction of all GOGIC samples, due to
the formation of p conjugation in graphene.55

Application of GOGIC and mild annealing condition for LIBs

Because of its facile thermal recovery of conductivity, we
employed the GOGIC as a 2D binder and conductive (aer
thermal annealing) additive in LiFePO4 (LFP) cathodes for LIBs.
Fig. 6 Electrochemical performances of rGOGIC-25-8h and rGOGIC-45
black as the conductive additive served as a control. (a) Cyclic voltamme
s�1. (b) The voltage profiles for the second charge/discharge cycle at 0.1 C
test of LIBs showing the discharge rate capacity at different rates and th

This journal is © The Royal Society of Chemistry 2019
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Carbon black was used as a control conductive additive. Under
the experimental conditions, 50% of the carbon black was
replaced with either GOGIC-25-8h or GOGIC-45-4h. As mentioned
before, the residual weights of GOGIC-25-8h and GOGIC-45-4h
stabilized aer 5 h of thermal treatment at 150 �C, as shown in
Fig. 4d. As such, the blended cathode materials were annealed
at 150 �C in air for 5 h prior to the assembly of LIB coin cells.
SEM images (Fig. S6†) show that the LFP particles are homo-
geneously wrapped by GO sheets, which facilitates the forma-
tion of a conducting network aer mild thermal annealing. As
shown in Fig. 6a, cyclic voltammetry (CV) curves of the control
and the two experimental cathodes display a pair of redox peaks
during the anodic/cathodic scan, associated with the reversible
Fe2+/Fe3+ redox reaction in LFP cathodes. LFP–carbon black
had greater separation between the two redox peaks than rGO
modied LFP, indicating that rGO assisted in reducing polari-
zation and improving the reversibility of LFP cathodes. The
charge/discharge proles in Fig. 6b exhibit a voltage plateau at
�3.42 V vs. Li+/Li for all LIB samples, also correlated with the
-4h modified LFP cathodes in LIBs. The LIB cathode with only carbon
try curves of GO modified LIBs and the control at a scan rate of 0.1 mV
. Inset is a magnification of the 9–23 mA h g�1 region. (c) Performance
e cycling stability at 2 C (1 C ¼ 170 mA g�1).
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redox reaction in LFP. Apparently, LFP-rGOGIC-25-8h can ach-
ieve the highest discharge capacity up to 170.8 mA h g�1 at 0.1 C
rate. This value is similar to the theoretical specic capacity of
LFP (170 mA h g�1) which is likely contributed by the reversible
redox reaction between Li+ of the electrolyte and rGO.39 Besides,
the wider gap between discharge and charge plateaus in LFP–
carbon black (inset in Fig. 6b) indicated its higher polarization
than LFP-rGOGIC-25-8h or LFP-rGOGIC-45-4h, which was in good
agreement with the CV result. According to Fig. 6c, all LIBs
show good reversibility in discharge capacity as the current rate
returned to 5 C and 10 C. It also clearly shows that the addition
of GO can enhance the specic capacity at different discharge
rates (except the highest rate 20 C for the LIB with rGOGIC-45-
4h) relative to the LIB without GO additives (carbon black only),
and improve the cycle life due to less decay in discharge
capacity of LIBs with GO aer 55 cycles at 2 C rate (Table S4†).
rGOGIC-25-8h modied LFP consistently exhibited better rate
capability than LFP-rGOGIC-45-4h at all discharge rates, partic-
ularly at high rates (10 and 20 C). This is attributed to the better
conductivity of rGOGIC-25-8h. As demonstrated by XPS, rGOGIC-
25-8h had more sp2 carbon which can provide a more
conductive pathway for electron transport to the rGO modied
LFP particles, thereby facilitating the Li+ insertion and extrac-
tion process.56 Furthermore, LIBs with rGOGIC-25-8h had
comparable or even better battery performance relative to those
in previous studies which adopted rGO modied LFP (Table
S4†). It is noteworthy that the LFP particles employed in this
work do not have any carbon coating and the entire LFP
cathode fabrication process does not require any high
temperature treatment (typically at 700 �C under an inert
atmosphere).
Conclusions

In conclusion, we have presented a simple modied Hummers
method to prepare well-oxidized but less defective GO using
expandable graphite as the starting material. Compared to
that of natural graphite with a similar ake size, the oxidation
of expandable graphite was easier and, more importantly, can
be carried out at room temperature. The GO synthesized at
room temperature has less carbonyl and carboxylic acid
groups and most of its thermally labile oxygen groups (C–O)
could be removed, with restoration of conductive sp2 carbon,
at a mild annealing temperature of 150 �C. Finally, we directly
employed the GO in our LIB cathode formulation, which
contributed as a 2D binder, followed by the mild annealing
process to afford a superior graphene-wrapped LFP cathode
with improved capacity as well as rate performance. The mild
but effective thermal reductive deoxygenation of this type of
GO opens up the possibility of a more facile, energy saving and
greener approach to preparing graphene materials for a variety
of electroconductive applications.
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Figure S1. The XRD curves for expandable graphite and natural graphite.

Figure S2. TGA curves of expandable graphite and natural graphite heated from 50 to 1000 °C 
at the rate of 5 K/min under pure argon atmosphere.
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Figure S3. The Raman spectra of GOGIC (a) at the temperature of 25 °C for different time, and 
(b) at different temperature for 4 h. 

Figure S4. XPS survey spectra for different GOGIC samples. The C/O ratios for GOGIC-25-8h, 
GOGIC-35-4h and GOGIC-45-4h were 2.68, 3.05 and 2.41, respectively.
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Figure S5. ATR-FTIR spectra for GOGIC films which indicated the presence of C=O (the peak at 
~1723 cm-1), C-O (at 1400 and 1225 cm-1) and -OH (3700-2700 cm-1) in GO samples.1, 2

Figure S6. SEM images for GOGIC modified LFP cathodes and unmodified LFP cathode. 
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Table S1. The residual weight percentage of GOGIC after 6 h of thermal treatment at 150, 175 
and 200 °C in 20% O2/80% Ar atmosphere.

Annealing temperature 150 °C 175 °C 200 °C

GOGIC-25-8h 69 % 66 % 65 %

GOGIC-35-4h 77 % 73 % 70 %

GOGIC-45-4h 72 % 65 % 61 %

Table S2. The atomic percentages of five components in the unreduced GOGIC according to 
the fitted C1s XPS curves in Figure 4g-i.

GOGIC-25-8h GOGIC-35-4h GOGIC-45-4h

C=C/C-C 48.18% 56.53% 44.79%

C-O 44.43% 35.44% 45.61%

C=O 5.04% 4.81% 6.04%

COOH 2.29% 2.81% 3.49%

π-π* 0.05% 0.41% 0.07%

Table S3. The atomic percentages of five components in the reduced GOGIC after 5 h of 150 °C 
thermal annealing according to the fitted C1s XPS curves in Figure 4j-l.

rGOGIC-25-8h 
(150 °C, 5h)

rGOGIC-35-4h 
(150 °C, 5h)

rGOGIC-45-4h 
(150 °C, 5h)

C=C/C-C 72.56% 66.44% 63.83%

C-O 15.01% 20.00% 19.37%

C=O 5.93% 6.21% 9.10%

COOH 4.34% 4.51% 4.95%

π-π* 2.16% 2.84% 1.97%

106



Table S4. Summary of various rGO modified LiFePO4 cathodes. In the case of pre-reduced 
GO, GO was reduced first and then mixed with other active materials for the assembly of 
LIBs.

Surface 
treatment on 
LFP particles

Conductive additives

Specific 
Capacity at 
0.1 C rate 
(mA·h·g-1)

High rate 
performanc
e (mA·h·g-1)

Capacity 
Fading Per 
Cycle (%)

Ref.

No rGOGIC-25-8h 171 (at 0.1 C) 77 (at 10 C)
54 (at 20 C)

-0.11 (55 
cycles at 2 C)

This 
work

No rGOGIC-45-4h 166 (at 0.1 C) 45 (at 10 C)
11 (at 20 C)

-0.09 (55 
cycles at 2 C)

This 
work

No No rGO, carbon black only 152 (at 0.1 C) 36 (at 10 C)
13 (at 20 C)

-0.18 (55 
cycles at 2 C)

This 
work

No
Electrophoretic deposition of GO and 

LFP particles on carbon cloth 
followed by annealing at 700 °C

174.7 90 (at 10 C) -0.0027 (400 
cycles at 2 C) [3]

No Pre-reduced GO (reduced by 
hydrazine) Not provided 87 (at 10 C)

69 (at 20 C) Not provided [4]

APS-modified LFP Reduced GO (co-heated with LFP at 
600 °C under Ar/H2) Not provided 105 (at 10 C)

70 (at 20 C)
-0.009 (950 

cycles at 10 C) [5]

Carbon coated 
LFP

Pre-reduced GO (reduced by 
hydrazine and annealed under N2/H2) 152 107 (at 10 C) 0.167 (100 

cycles at 0.1 C) [6]

Hydrothermal 
synthesized 

LFP/rGO hybrids
rGO (co-heated with LFP at 700 °C) 166 75 (at 10 C)

60 (at 15 C)
-0.013 (100 

cycles at 0.1 C) [7]
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Graphical Abstract 

Abstract 

Graphene oxide (GO) is well known as a key material to the commercialization of graphene-

based applications due to its abundant raw materials and excellent processability. However, 

producing high quality intact GO still remains a challenge despite the significant research effort 

over the past decade. Herein, we demonstrate an effective approach to achieving well-oxidized 

GO within only 5 h of oxidation time at 5 °C or 25 °C from expanded graphite as a starting 

material. Our finding reveals that the less conductive GO synthesized at 25 °C can regain more 

graphitic sp2 networks and thus becomes as conductive as the GO prepared at 5 °C by means 

of thermal annealing or green chemical reduction. We also found that green chemical reduction 
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using vitamin C (VC) is more efficient in restoring the conductivity and reducing the defects 

in the GO produced at room temperature. The protocol reported in this paper offers a promising 

way to fabricate high quality GO with minimal energy input, while being inexpensive and 

environmentally friendly. 

  

111



 

3 

 

1. Introduction 

Since the discovery in 2004, graphene, a monolayer of carbon atoms arranged in hexagonal 

rings, has been sitting in the spotlight owing to its fascinating properties [1, 2]. As the most 

important graphene derivatives, graphene oxide (GO) and its reduced form, reduced graphene 

(rGO), have been the subject of intense exploration and achieved great success in a diverse 

range of applications, ranging from energy-storage and -conversion devices [3, 4] to ionic and 

molecular sieving membranes [5, 6] to biomedical applications [7-9]. The ultimate goal of 

developing these applications is to promote the broad commercialization of graphene-based 

products with high performance and cost-effectiveness [10]. In order to realize this goal, the 

scalable and cost-effective fabrication of GO materials is of significant importance [11]. 

Currently, the exfoliation of chemically oxidized graphite into single layers using the KMnO4-

based Hummers method [12], namely the graphite oxide route, is the most extensively used 

method to produce GO in bulk [11]. Typically, it involves the edge-to-core diffusion of 

oxidizing agents in the narrow graphite interlayer galleries, which determines the reaction rate 

of forming GO [13]. To facilitate the conversion of graphite into GO, one common strategy is 

to pre-intercalate graphite with foreign species which enables to expand the interlayer spacings 

[14-17]. The spacing expansion is more dramatic when gasifying the thermo-decomposable 

intercalants, namely forming the expanded graphite [18, 19]. In addition, applying external 

heating (≥ 35 °C) can thermodynamically favor the diffusion process [20, 21]. Owing to the 

inexpensive sources, good dispersibility, rich oxygen functional groups and high product yield, 

graphite oxide route has been successfully scaled up from lab-scale researches to industrial 

mass production [11, 22].  

Despite its preliminary commercialization, the graphite oxide route with harsh oxidation 

conditions, such as the use of strong acids, oxidants and heating, usually introduces 

uncontrollable functionalities and enormous permanent defects into final products . This will 

result in poor electronic properties of rGO, including electrical conductivity and charge-carrier 

mobility, which are undesirable for electroconductive applications [23]. To preserve the sp2 

honeycomb structure in graphene basal plane, using low reaction temperature (< 10 °C) in the 

graphite oxide route can effectively minimize the loss of carbon atoms in the GO. The resulting 

highly intact rGO exhibited excellent electronic properties that are comparable to the pristine 

graphene [24-26]. However, the low temperature modified methods are of higher cost and will 
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sacrifice the scalability of GO production because of the demand for constant refrigeration, 

poor GO yield (< 50%) and time-consuming process (> 1 day per batch).  

To obtain high quality GO without compromising scalability, our group recently reported a 

simple but effective method to synthesize GO with rich thermally labile oxygen functional 

groups from pre-intercalated graphite at room temperature (25 °C) [27]. In comparison to the 

conventional graphite oxide routes (reaction temperature ≥ 35 °C), the advantages of our 

approach are that the resultant GO is not only less defective but also restores more electrical 

conductivity after simple thermal annealing at only 150 °C in ambient air. This makes the room 

temperature GO (RT-GO) more conducive and cost-effective to electroconductive applications 

relative to the traditional GO, for example the conductive binders in lithium ion batteries [27]. 

The benefits of the facile deoxygenation and high structural integrity of RT-GO have also been 

demonstrated by Li and his co-workers [28]. Furthermore, it is worth noting that the RT-GO 

prepared by Li’s group, which was oxidized for 3 h, exhibited comparable defect density and 

electrical conductivity to the GO oxidized at 5 °C for 12 h (low T-GO) after chemical reduction. 

The diffusion of oxidants in natural graphite or pre-intercalated graphite proceeds in a 

noticeably slower manner at room temperature and below, thus requiring much longer reaction 

time [13, 27, 29]. To address this issue, the use of expanded graphite with larger galleries and 

less compact structure as the starting material is likely to facilitate the propagation of oxidation 

under mild conditions [18, 19, 30-33]. Here we demonstrate that the conversion of expanded 

graphite into monolayered GO can be accomplished within only 5 h at both 5 °C (low 

temperature) and 25 °C (room temperature). Further, this allows more rational comparisons 

between RT-GO and low T-GO on the same reaction conditions except for temperature. We 

found that in spite of its higher oxidation degree and lower electrical conductivity, RT-GO 

could regain considerably more electrical conductivity as compared to the low T-GO after 

150 °C thermal treatment or vitamin C (VC) chemical reduction. In addition, it is found that 

the VC is more efficient for the restoration of conductivity than the thermal reduction. As a 

result, both the VC reduced low T-GO and RT-GO showed the similar conductivity of 40k S 

/m, despite the fact that the initial conductivity of the RT-GO was much lower than that of the 

low T-GO. Extensive characterizations revealed that more conjugated sp2 carbon networks and 

less defective structure recovered from VC reduction led to the soaring conductivity in the RT-

GO. On account of the time-saving synthesis process with no heating and minimal chilling, it 

is expected that the RT-GO derived from expanded graphite will offer advantages over the 

bulk-scale production of graphene materials at low cost for electroconductive applications. 
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2. Experimental 

2.1. Materials 

Expanded graphite powder (≥ 99% carbon, 6 µm) was purchased from Qingdao FRT 

Graphite Co. Ltd. KMnO4 (99.0%), concentrated H2SO4 (98%), aqueous H2O2 solution (30% 

w/w), N,N-dimethylformamide (DMF), ethanol (undenatured, 100%) and hydrochloric acid 

(32wt.%) were all purchased from Chem-Supply. Vitamin C (L-ascorbic acid, C6H8O6) was 

purchased from Ajax Chemicals. Deionized (DI) water was used in all experimental procedures, 

including the synthesis reaction and purification. 

2.2. Synthesis of RT-GO and low-T GO 

GO samples were prepared from expanded graphite according to our recent protocol based 

on the modified Hummers method [27], while the ice bath was replaced with a chiller-

controlled 5 °C water bath. For the preparation of RT-GO, the reaction system was placed in 

the 5 °C water bath in the first hour. Then, the temperature was increased to 25 °C at which 

point the reaction system was stirred for a specified period (2h, 4 h and 8 h) before exposed to 

water-induced hydrolysis. Depending on the period of oxidation, the resulting GO were termed 

as GO-25C3h, GO-25C5h and GO-25C9h, respectively. On the other hand, for the low T-GO, 

the entire reaction process was carried out in the 5 °C water bath for 5 h, followed by water-

induced hydrolysis. The product was denoted as GO-5C5h. After the purification, GO was 

homogeneously dispersed in 200 mL DI water by magnetic stirring and then 5 mL GO 

dispersion was collected to deposit onto a nylon membrane (average pore size: 0.22 µm) by 

vacuum filtration, followed by drying in an oven at 60 °C overnight. The polymer membrane 

was then gently peeled off. The weight of the freestanding GO films can be used to measure 

the concentration of GO dispersion (CGO, mg/mL). Moreover, the yield of GO can be measured 

based on the total volume of the purified GO dispersion (200 mL) and the mass of the starting 

graphite (1 g). All samples were stored in a refrigerator at 4 °C. 

2.3. Reduction of the free-standing GO films 

Mild thermal annealing and green chemical reduction were used to reduce the free-standing 

GO films. The thermal annealing of GO films was carried out in the 150 °C oven for 5 h in 

ambient air. For the chemical reduction, GO films were dipped in a VC aqueous solution (10 

mg/mL) for 24 h, followed by washing with excess DI water to remove the residual VC solution. 

Then the VC reduced GO films were dried in the 60 °C oven overnight.  
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2.4. Characterizations 

X-ray diffraction (XRD) spectra were measured using a Bruker D8 advance diffractometer 

with Cu Kα radiation (λ = 1.5418 Å). The elemental analysis of GO and rGO samples were 

carried out using an X-ray photoelectron spectroscopy (XPS, Kratos Axis ULTRA 

incorporating a 165 mm hemispherical electron energy analyzer). Raman spectroscopy was 

conducted on the free-standing GO and rGO films employing a Renishaw inVia Raman 

microscope with a 532 nm laser source. UV-vis spectroscopy of the GO aqueous dispersion 

was performed on an Agilent Cary 5000 spectrophotometer. Scanning electron microscopy 

(SEM) was conducted on a Joel JSM-7500FA microscopy with an accelerating voltage of 15.0 

kV. Atomic force microscopy (AFM) images were collected on a Bruker Dimension Icon AFM 

using a peak force tapping mode. The samples for the SEM and AFM were prepared by spin-

coating diluted GO dispersion (~ 0.1 mg/mL, mixed solvent: 50 vol.% ethanol + 50 vol.% DI 

water, sonicated for 30 min) onto a silicon wafer. The statistical analysis of the number of 

layers was carried out based on the line profiles of more than 120 pieces of GO sheets from 

AFM images. To track the weight loss during the heating, thermogravimetric analysis (TGA) 

was performed using a Netzsch STA 449F3 analyzer under pure argon (Ar) atmosphere. For 

the TGA test, GO samples were gradually heated from 50 to 1000 °C at the rate of 5 K/min. 

The electrical conductivity of the GO and rGO films were measured using a Jandel RM3000 

four-point probe system with a linear arrayed head (probe spacing of 1 mm). The film 

thicknesses were measured using a micrometer (resolution 0.001 mm). The conductivity 

measurement was based on the conversion of sheet resistance (Ω per square) of multiple points 

on a single film into the electrical conductivity (S/m). 
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3. Results and Discussion 

3.1. Chemical properties of as-prepared RT-GO and low T-GO 

 

Figure 1. Chemical characterizations of various GO samples. (a) XRD patterns for the starting 

expanded graphite and GO. (b-c) High resolution XPS C 1s spectra with deconvolution to 

indicate the contributions from different carbons. (d) TGA curves for GO-5C5h and GO-25C5h 

measured in pure argon at a heating rate of 5 K/min.  

XRD was first utilized to investigate the conversion of expanded graphite to graphite oxide, 

as shown in Figure 1a. Compared to the original expanded graphite, all GO samples lost the 

strong graphitic peak at 26.4°, which was associated with the interlayer spacing between 

unoxidized graphene sheets (3.46 Å). Instead, they exhibited a characteristic main peak, or GO 

peak, at around 11°, indicative of an expanded interlayer spacing after oxidation (~ 8.04 Å). It 

is noted that the main peak in GO-5C5h was shifted to a lower angle (10.42°). This suggests 

that low T-GO had a greater spacing than RT-GO, which has also been confirmed by previous 

literature reports [28, 29]. In addition, GO samples had a small broad peak between 20° and 
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25°, the magnified view of which is shown in Figure S1, and it is attributed to the less oxidized 

parts in GO [34-36]. For GO oxidized at 25 °C, the intensity of this broad peak is highest in 

GO-25C3h and decreases to the same level in GO-25C5h and GO-25C9h. This implies the 

content of less oxidized GO has reached the minimum when the oxidation time is up to 5 h. In 

the case of the milder 5 °C oxidation, GO-5C5h had a similar proportion of less oxidized parts 

to GO-25C5h and GO-25C9h. Therefore, it is expected that converting to GO was completed 

in GO-5C5h, GO-25C5h and GO-25C9h. For the three GO samples, the freeze-dried powders 

can be readily re-dispersed into a 50 vol.% ethanol/water solvent, forming smooth, light black 

dispersions (Figure S3). We also compared the XRD patterns of expanded graphite-derived 

GO (GO-25C9h) with that of GO produced from pre-intercalated graphite, as reported in our 

previous work, on the same conditions (Figure S2) [27]. It is apparent that, although the pre-

intercalated graphite was much larger in flake size, the resultant GO from it had a smaller 

proportion of less-oxidized regions relative to that from expanded graphite. This is possibly 

due to the lower acid wettability of porous expanded graphite with some trapped air, which 

leads to fewer accessible diffusion paths for oxidizing agents [13].  

More in-depth chemical information about GO-5C5h, GO-25C5h and GO-25C9h can be 

revealed from the XPS characterizations (Figure 1b-c and Figure S4-S6). From the XPS 

survey spectra (Figure S4), GO-5C5h had a C/O ratio of 4.05, which was higher than GO-

25C5h (3.40) and GO-25C9h (3.17). The greatest C/O ratio indicates the limited oxygen 

functionalization at 5 °C, thus contributing to the lowest GO yield for GO-5C5h as shown in 

Table S1. TGA results (Figure 1d) also confirm that GO-5C5h was less oxygen functionalized 

than GO-25C5h since the former underwent less mass loss amid the incremental heating under 

pure argon atmosphere. In addition, the sharpest weight loss appeared between 136 °C and 

200 °C for both GO-5C5h and GO-25C5h, suggesting the similar thermal lability of oxygen 

function groups in the two GO samples. The XPS C 1s spectra (Figure 1b-c and Figure S6) 

were deconvoluted into five components: C=C/C-C (284.6 eV), C-O (286.8 eV), C=O (287.8 

eV), COOH (288.8 eV) and π-π*satellite (290.6 eV) [37-39]. According to the deconvolution 

results (Table S2), GO-5C5h evidently retained higher fraction of sp2 conjugated carbon (61.13 

at.%), than GO-25C5h (54.62 at.%) and GO-25C9h (52.65 at.%). Meanwhile, the π-π*satellite 

tail towards higher binding energy was more pronounced in GO-5C5h, correlated to more π 

conjugated network [40]. The UV-vis spectra (Figure S7) of diluted GO dispersion shows the 

obvious redshift occurred in the maximum absorption peak of GO-5C5h (~ 250 nm) relative to 
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GO-25C5h and GO-25C9h. This is indicative of larger conjugated graphitic domains in GO-

5C5h [17], consistent with the XPS results.  

Apart from different functionalities, the differences between the structures of GO-5C5h and 

GO-25C5h can be revealed from their Raman spectra (Figure S8), which involve the defect-

activated D band (1340 cm-1) and the sp2 carbon-related G band (1590 cm-1) [41]. It is predicted 

that GO-25C5h was more defective than GO-5C5h since more defects would be introduced to 

GO along with the depletion of carbon atoms from graphene backbone during higher 

temperature oxidation [24, 25]. This is evidenced by the wider D band for GO-25C5h, which 

is associated with more disordered and defective structures [42, 43]. In addition, the intensity 

ratio of D band to G band (ID/IG), which calculated from a two-component fitting, is lower in 

GO-25C5h (0.99) compared to GO-5C5h (1.18). According to Ferrari et al [42, 44-47], the 

variation of ID/IG would experience two distinct stages (stages 1 and 2) during the gradual 

conversion of graphite into GO. In stage 1, ID/IG increases with defect density at a low defect 

concentration. Upon reaching a critical defect concentration, however, ID/IG tends to decrease 

in stage 2. Therefore, it is reasonable to conclude that both GO-5C5h and GO-25C5h were in 

stage 2. 

3.2. Morphological characterizations of low T-GO and RT-GO 
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Figure 2. Morphological characteristics of GO-5C5h and GO-25C5h. (a-b) Size distributions 

of GO sheets based on the inset SEM images. (c) AFM image of several flakes of GO-25C5h 

and (d) the corresponding line profiles of the numbered flakes. (e-f) Distributions of number 

of layers based on 121 pieces of GO-5C5h sheets and 176 pieces of GO-25C5h sheets from 

AFM images. 

In order to investigate the morphology of GO sheets, as-prepared diluted dispersions of GO-

5C5h and GO-25C5h (~ 0.1 mg/mL) were spin coated onto a Si/SiO2 wafer for SEM and AFM 

characterizations. First, from the particle size analysis based on SEM images (Figure 2a-b), 

the two GO samples shared the similar distributions of lateral dimensions, 1.18 ± 0.97 µm for 

GO-5C5h and 1.37 ± 1.13 µm for GO-25C5h (average ± standard deviation). Second, the 

thickness of individual sheets can be revealed from AFM imaging. As is evident in Figure 2c-

f and Figure S9, nearly 90% of GO-5C5h and GO-25C5h can be exfoliated into a single layer 

with a thickness of 1.2-1.6 nm, in agreement with previous reports [48]. The minor presence 

of few- or multi-layered GO (≥ 3 layers) is possibly caused by the less oxidized parts or 

restacked sheets during the rapid drying.  

3.3. Electrical conductivity of low T-GO and RT-GO before and after reduction 

 

Figure 3. Changes in the electrical conductivity of GO-5C5h and GO-25C5h before and after 

thermal and chemical reduction.  

With advantages in applicability, low cost and environmental friendliness, low temperature 

thermal treatment and chemical reduction by green reducing agents are two of the most favored 

approaches to restoring the electrical conductivity of GO [27, 49-52]. Here we reduced GO, in 

the form of freestanding membranes, by mild thermal treatment in a 150 °C oven for 5 h in 

119



 

11 

 

ambient air [27], or a green chemical method. In terms of chemical reduction, GO samples 

were soaked in the 10 mg/mL VC aqueous solution, which is commonly recognized as a safe 

but effective reductant [53-55], for 24 h and then dried in a 60 °C oven.  

The changes in the electrical conductivity and film thicknesses of GO-5C5h and GO-25C5h 

are displayed in Figure 3 and Table S3. In contrast to the slight change in film thicknesses, a 

huge enhancement emerged in the conductivity of both GO films. In the unreduced state, GO-

5C5h (3207 S/m) was five times more conductive than GO-25C5h (576 S/m), attributed to the 

higher content of conducting sp2 conjugated carbon in GO-5C5h as demonstrated in the XPS 

results. As for the reduced state, it is observed that VC reduction (> 40000 S/m) can recover 

more conductivity than thermal reduction (~ 20000 S/m). Moreover, a more striking 

enhancement of conductivity is witnessed in GO-25C5h reduced thermally or chemically, 

resulting in rGO-25C5h as conductive as rGO-5C5h. This indicates that GO-25C5h can restore 

more sp2 carbon during reduction. We also made comparisons of the electrical conductivity of 

our reduced GO-25C5h with that of rGO previously reported (Table S4). It clearly 

demonstrates that our GO, with the advantages in energy-saving and environment-friendly 

processing, had comparable or even higher conductivity than those in the literature.  
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3.4. Chemical properties of reduced low T-GO and RT-GO 

 

Figure 4. Chemical characterizations of thermally reduced and VC reduced GO. (a-b) Changes 

in the Raman spectra of GO-5C5h and GO-25C5h between original and reduced state. (c-d) 

XPS C 1s spectra of the two VC reduced GO (VCrGO) samples. The dash-dotted lines indicate 

the asymmetrical shapes of the main peaks. 

The dramatic change in the conductivity arises from the transformed chemical properties of 

GO, namely the oxygen functionalities and the structural integrity, in the course of reduction. 

Raman spectra (Figure 4a-b) exhibit the differences not only between thermal reduction and 

VC reduction but also between the VC reduced GO-5C5h (VCrGO-5C5h) and GO-25C5h 

(VCrGO-25C5h). For thermal reduction of the two samples (Figure 4a), neither D band nor G 

band underwent noticeable changes, as previously observed experimentally [54, 56]. This is 

likely ascribed to the lattice damage induced by the thermal deoxygenation of GO [57], which 

offsets the restoration of sp2 carbon. In contrast, in the case of VC reduction (Figure 4b), D 

and G bands notably sharpened, accompanied by a shrinkage in the interband regions between 

1500 and 1550 cm-1 (also known as D” or D3 band) [58-60]. This indicates the VCrGO samples 

were less disordered and amorphous than the original or thermally reduced ones [43, 47, 61]. 

Meanwhile, a small shoulder appeared in the right side of G bands in VCrGO, tied to another 
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defect-activated D’ band centered at around 1620 cm-1 [45]. In addition to the narrower D and 

G bands, the greater ID/IG in VCrGO samples, with respect to the unreduced or thermally 

reduced states, suggests the decrease in defect density and the larger sp2 carbon domains in 

stage 2 when GO were subject to VC reduction [42, 46]. Therefore, VC is more effective in 

reconstructing the intact sp2 domains in GO and thus restoring more conductivity than thermal 

reduction. 

To unveil the differences between VCrGO-5C5h and VCrGO-25C5h, the Raman spectra for 

them and their precursors are fitted into four components, including D, D”, G and D’ bands 

[61, 62], as shown in Figure S9, and the fitting results are summarized in Table S5. It is 

observed that the ID/IG of VCrGO-25C5h (2.05) was superior to that of VCrGO-5C5h (1.77) 

while, as aforementioned, the original GO-25C5h had a smaller ID/IG, or more defects, than 

GO-5C5h. Combined with the reductions in the ID’/IG ratio as well as the FWHM (full width at 

half maximum) of D, G and D’ bands, the Raman fitting reveals that GO-25C5h could regain 

more graphitic sp2 domains together with the lessened defects via VC reduction [46, 62]. This 

can also be confirmed by the sharper and stronger 2D band (~2700 cm-1), which is the second 

order of D band [41], for VCrGO-25C5h in Figure 4b as it is indicative of the more expanded 

sp2 domains and less amorphous structure [63, 64].  

Aside from Raman spectroscopy, XPS was further utilized to measure the changes in the 

oxygen functionalization of VCrGO. The survey scan (Figure S10) shows that both VCrGO-

5C5h and VCrGO-25C5h had the similar C/O ratio of 4.9. Moreover, with respect to the 

unreduced state, VCrGO-25C5h underwent a greater increase in C/O ratio from 3.40 to 4.88 

than VCrGO-5C5h (from 4.05 to 4.89), suggesting GO-25C5h was more prone to 

deoxygenation under VC reduction. In terms of the C 1s spectra (Figure 4c-d), the main peaks 

centered at around 284.6 eV are in the asymmetrical shape, attributed to the more conductive 

state of carbon [65]. Therefore, the C=C/C-C component in VCrGO was fitted using a Doniach-

Sunjic asymmetric line shape with zero asymmetry coefficient [66, 67]. According to the C 1s 

deconvolution results (Table S6), VCrGO-25C5h had a larger growth in the fraction of 

graphitic carbon (C=C/C-C), from 54.62 at.% to 69.35 at.%, giving rise to the substantial 

enhancement in the conductivity of VCrGO-5C5h. This is consistent with the Raman data, 

which implied the more graphitic sp2 domains restored during VC reduction. Additionally, the 

graphitic carbon content in VCrGO-25C5h finally reached the same level of VCrGO-5C5h 

(70.24 at.%), which likely contributes to their similar electrical conductivity. 
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4. Conclusions 

In this paper, we have developed a scalable, energy-saving and environmentally friendly 

modified Hummers method to produce monolayered GO with good solution processability 

from expanded graphite at room temperature. The use of expanded graphite significantly 

facilitated the conversion to GO within only 5 h at only 5 °C. This would allow a more rational 

comparison between RT-GO (synthesized at 25 °C) and low T-GO (synthesized at 5 °C), on 

condition of the same oxidation time. We found that GO produced at 25 °C was able to recover 

considerably more conductivity and eventually became as conductive as the counterpart made 

at 5 °C by either 150 °C thermal annealing or green VC reduction. In addition, VC reduction 

was more effective in the enhancement of conductivity than mild thermal treatment. Moreover, 

the multiple characterizations revealed that the dramatic increase in the conductivity of RT-

GO reduced by VC was attributed to the restoration of more intact graphitic sp2 domains, and 

less amorphous and defective structure of rGO. Therefore, our work highlights the cost-

effective fabrication of high quality graphene materials with minimal energy input and green 

reducing agents. For the future work, we will fulfill the potential of this RT-GO in more 

electroconductive applications, such as conductive binders for lithium ion batteries and 

wearable electronics.  
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Figure S1. Magnified view of the less-oxidized GO associated peaks in XRD patterns of GO samples. 
 

 

Figure S2. XRD patterns of GO made from different graphite sources. All starting graphite were 
exposed to 1 h of low T oxidation (<10 °C) and then 8 h of 25 °C before water-initiated hydrolysis. The 
results for GO from pre-intercalated graphite and natural graphite flake are referenced from our 
previous work [1]. GO made from natural flake graphite showed prominent graphitic peak since the 
chemical oxidation hardly extended to the core part of graphite flakes. For GO synthesized from 
expanded graphite, the prominently wider full width at half maximum (FWHM) of GO peak revealed 
the more disordered alignment of GO sheets. This is associated with the starting expanded graphite, 
of which the crystallinity is lower than natural graphite and pre-intercalated graphite with more 
compact structure. 
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Figure S3. As-sonicated redispersion of 2 mg of freeze-dried GO powders (1: GO-5C5h, 2: GO-25C5h, 
3: GO-25C9h) in 20mL of mixed solvent with 50 vol.% ethanol + 50 vol.% water.  
 

 

Figure S4. XPS survey scan of expanded graphite. The presence of oxygen and sulfur comes from the 
residual oxygen functionalities and intercalants [2, 3]. 
 

 

Figure S5. XPS survey scans of GO which feature strong O1s and C1s peaks. The weak S2p peak might 
be related to the covalent sulfate or residual intercalants and acid [4]. 
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Figure S6. High resolution XPS C 1s spectra for GO-25C9h with deconvolution to indicate the 
contributions from different carbons. 
 

 

Figure S7. UV-vis absorption spectra of diluted GO aqueous dispersions. Relative to GO oxidized at 
25 °C, the red shift in the maximum absorbance peaks of low-T GO indicated a larger aromatic domain. 
A shoulder on the right of this maximum peak is attributed to n–p* transitions of C=O [5]. 
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Figure S8. Raman spectra of unreduced GO-5C5h and GO-25C5h in the first order range from 800 to 
2000 cm-1. The calculation of ID/IG and full width at half maximum (FWHM) are based on a two-
component fitting of Raman spectra.  
 

 

Figure S9. Line profiles of the GO flakes numbered in the AFM image of GO-5C5h. 
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Figure S10. Four-component fitting of the Raman spectra for the unreduced and VC-reduced GO 
samples. The apparent D and G peaks are fitted into D, D”, G and D’ bands [6, 7]. The fitting results, 
which are listed in Table S5, also well agree with the two-components fitting conclusions as shown in 
Figure S8.  
 

 

Figure S11. XPS survey scans of VC reduced GO (VCrGO). In VCrGO-5C5h, C/O increased from 4.05 to 
4.89 with respect to the unreduced state. In VCrGO-25C5h, C/O more significantly increased from 3.40 
to 4.88. 
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 Yield of GO (wt.%) C/O (based on at.%) 

GO-5C5h 154.8% 4.05 

GO-25C5h 161.0% 3.40 

GO-25C9h 166.0% 3.17 

Table S1. Yield of GO-5C5h, GO-25C5h and GO-25C9h, and the corresponding C/O ratios. 
 

 GO-5C5h GO-25C5h GO-25C9h 

C=C/C-C (at.%) 61.13 54.62 52.65 

C-O (at.%) 32.90 38.41 40.97 

C=O (at.%) 1.68 3.51 2.77 

COOH (at.%) 3.07 2.71 3.27 

π-π* (at.%) 1.23 0.75 0.33 

Table S2. The proportions of different carbons in unreduced GO samples, based on the deconvolution 
of C1s peaks. 
 

 Unreduced  Thermally reduced  VC reduced  

 
Conductivity 

(S/m) 
Thickness 

(µm) 
Conductivity 

(S/m) 
Thickness 

(µm) 
Conductivity 

(S/m) 
Thickness 

(µm) 

GO-
5C5h 

3207.4 ± 
153.3 

39 
22192.9 ± 

2481.8 
41 

41791.6 ± 
2499.6 

39 

GO-
25C5h 

576.3 ± 31.1 22 
20163.8 ± 

945.8 
24 

42260.5 ± 
5577.6 

28 

Table S3. The electrical conductivity and thickness of GO films before and after reduction. The film 
thicknesses only increased slightly but the conductivity dramatically improved after reduction. 
 

Graphite 
source 

GO synthesis 
temperature (°C) 

Forms of rGO 
Chemical reducing 
agent or reduction 

methods 

Conductivity 
(S/m) 

Ref. 

Expanded 
graphite 

25 
Free-standing 

film 
Vitamin C 42260.5 

This 
work 

Expanded 
graphite 

25 
Free-standing 

film 
Thermal annealing 
at 150 °C under air 

20163.8 
This 
work 

Graphite 
powder 

35 
Free-standing 

film 
Vitamin C ~ 800 [8] 
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Graphite 
powder 

35 
Free-standing 

film 
Vitamin C 7700 [9] 

Expanded 
graphite 

35 
Drop-cast film 
on a substrate 

Hydrazine ~440 [3] 

Pre-
intercalated 

graphite 
35 

Free-standing 
film 

Hydrazine ~ 7200 [10] 

Graphite 
powder 

20 
Free-standing 

film 
Hydrogen iodide 

(HI) 
~ 78000 [11] 

Graphite 
powder 

< 5 
Free-standing 

film 
HI 80200 [12] 

NA NA 
Filtered film on 
PC membrane 

Sodium 
borohydride 

(NaBH4) 
1500 [13] 

Graphite 
powder 

35 
Free-standing 

film 

Thermal annealing 
at 950 °C under 

H2/Ar 
~ 100 [14] 

Graphite 
powder 

35 
Drop-cast film 
on a substrate 

Thermal annealing 
at 1000 °C under 

Ar 
~2800 [15] 

Graphite flake 
Room 

temperature 

 Spray-coated 
film on a 
substrate 

Hydrazine + 
thermal annealing 
at 1000 °C under 

H2/Ar 

51700 [16] 

Table S4. Comparisons of electrical conductivity of rGO produced from our work and other related 
methods previously reported. 
 

 GO-5C5h GO-25C5h VCrGO-5C5h VCrGO-25C5h 

I
D
/I

G
 1.54 1.40 1.77 2.05 

I
D’

/I
G
 0.44 0.61 0.41 0.56 

I
D”

/I
G
 0.28 0.29 0.22 0.20 

FWHM of D 77.07 95.93 63.79 53.32 

FWHM of G 56.88 60.42 49.62 43.47 
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FWHM of D’ 37.37 40.42 26.52 24.56 

Table S5. Comparisons of the four-component fitted Raman spectra (900~2000 cm-1) for unreduced 
and VC-reduced GO samples. The decreases in ID”/IG and FWHM of D and G bands after VC reduction 
led to the shrinkage in the interband regions between D and G peaks. 

VCrGO-5C5h VCrGO-25C5h 

C=C/C-C (at.%) 70.24 69.35 

C-O (at.%) 20.88 23.51 

C=O (at.%) 3.00 1.87 

COOH (at.%) 4.30 3.84 

π-π* (at.%) 1.59 1.44 

Table S6. The proportions of different carbons in VC reduced GO samples, based on the deconvolution 
of C1s peaks. 
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This PhD thesis has principally investigated the novel wet chemical methods to produce 

nanostructured vanadium oxide and GO with desired properties for energy storage 

applications. We first have demonstrated a one-pot hydrothermal method to prepare 

tungsten-doped nanocrystalline V6O13 electrode which can deliver decent electrochemical 

performance in LIBs. In the remaining chapters, we have focused on the synthesis of GO 

through improved graphite oxide route. The major conclusions from the four experimental 

chapters are summarised as follow.  

6.1. Key findings 

Chapter 2 

In this chapter, a low-cost and scalable method to produce tungsten-doped nanostructure 

vanadium oxide electrodes for high performance LIBs has been developed. We studied the 

phase transition of vanadium pentoxide in the course of hydrothermal reduction with and 

without tungsten doping. With the assistance of in-situ XRD and HRTEM characterizations, it 

was found that the presence of tungsten dopant would significantly change the course of 

hydrothermal reaction by promoting the formation of V6O13 nanocrystalline structure. 

Moreover, when applied as an electrode in LIBs, this tungsten-doped V6O13 could deliver an 

enhanced battery performance, including higher initial discharge capacity, better cycling 

stability and rate performance, relative to the precursor V2O5 and the undoped V6O13. The 

improved electrochemical performance was mainly attributed to the intrinsic nanocrystalline 

structure of doped V6O13 which greatly facilitated the diffusion of Li-ions.  

Chapter 3 
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In this chapter, we found that the atmospheres during MW heating can make a difference on 

the chemical properties of MW-expanded graphite and chemically exfoliated GO made from 

it. The expanded graphite which was microwaved in ambient air had better dispersibility in 

DMF solvent, possibly resulted from the higher amount of oxygen-containing functional 

groups. In comparison to that in argon and CO2, MW-induced expansion in air allowed the 

more efficient removal of intercalants. In addition, longer period of MW heating could initiate 

the reduction in the oxygen functionalities of expanded graphite. In terms of GO synthesis, it 

was found that the expanded graphite, which was heated in different atmospheres, tended 

to be oxidized into GO with similar chemistry via the modified Hummers method. However, 

by measuring the size distribution and yield of GO sheets, GO made from the graphite which 

was MW-expanded in air had the largest average areas of flakes and highest yield. Compared 

to natural flake graphite and unexpanded expandable graphite (GIC), the MW-expanded 

graphite favours the preparation of larger-sized graphene oxide sheets. 

Chapter 4 

In Chapter 4, we have developed a simple modified Hummers method to fabricate well-

oxidized but less defective GO using expandable graphite as the starting material. Compared 

to that of natural graphite with a similar flake size, the oxidation of expandable graphite was 

easier and, more importantly, can be conducted at room temperature, which is safer and 

more cost-effective for industrial production. The GO synthesized at room temperature has 

less carbonyl and carboxylic acid groups and most of its thermally labile oxygen groups (C-O) 

can be reduced, simultaneously restoring the conductive sp2 carbon, at a mild thermal 

postprocessing temperature of 150 °C. Finally, we applied the GO as a 2D conductive binder, 

to the LIB cathode formulation, which was then subject to the mild annealing. The resulting 
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graphene wrapped LFP cathode showed improved discharge capacity and rate performance. 

Our method, which combines the room temperature oxidative treatment and the mild 

thermal annealing, allows the scalable and inexpensive production of high-quality graphene 

for electroconductive applications. 

Chapter 5 

In the last chapter, we have further developed the room temperature-based GO production 

method using expanded graphite powder as graphite source. The use of expanded graphite 

powder greatly facilitated the conversion to GO even at 5 °C and, moreover, allowed us to 

make a rationale comparison between GO synthesized at 5 °C and 25 °C on condition of the 

equal oxidation time. It was found that GO produced at 25 °C was able to recover considerably 

more conductivity and eventually became as conductive as the counterpart made at 5 °C by 

either 150 °C thermal annealing or green VC reduction. The multiple characterizations 

revealed that the dramatic increase in the conductivity of RT-GO reduced by VC was 

attributed to the restoration of more intact graphitic sp2 domains, and less amorphous and 

defective structure of rGO.  

6.2. Overarching themes and significance of the work 

This thesis has demonstrated several novel wet chemical methods to produce nanostructured 

V6O13 and GO targeted to commercial energy storage applications. Although many related 

syntheses approaches have been reported in the literature, they are usually short of 

reproducibility, production cost and scalability. In comparison, the advantages of our 

methods lie in the inexpensive starting materials, low-cost and reproducible manufacturing 

processes, and simple postprocessing of products, which are key to the large-scale production 

of vanadium oxide and GO. Moreover, the resulting tungsten-doped nanocrystalline V6O13 
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and GO prepared at room temperature have been proven to be effective in improving the 

electrochemical performance of LIBs (Chapter 2 and 4).  

The most important contribution of this thesis is perhaps the fundamental understanding of 

complex phase changes of vanadium oxide (Chapter 2) and multiple reaction parameters 

involved in the pre-treatment of materials and GO synthesis process, including the MW 

heating atmospheres (Chapter 3), the choice of graphite sources (Chapter 4) and reaction 

temperature (Chapter 4 and 5). It is particularly significant for future industrial production of 

graphene materials. We have demonstrated that the GO produced at room temperature can 

afford excellent tunability of chemical and electronic properties, which makes it an appealing 

conductive material for energy storage applications. 

6.3. Future work 

This thesis suggests several avenues worthy of future work. 

Firstly, based on the experiment results in Chapter 3, further in-depth characterizations of 

MW-expanded graphite heated in different atmospheres are needed, for example, to 

evidence the formation of oxygen functional groups and holes associated with the heating in 

ambient air. In addition, future work can turn to employ the liquid-phase exfoliated MW-

expanded graphite directly in some specific applications, such as strain sensors and 

nanocomposite fillers,1, 2 to highlight the differences caused by the heating atmospheres. 

Second, we added 5 wt.% GO into the LFP-based cathode materials in Chapter 4, which could 

noticeably improve the battery performance, while the amount of GO can be further reduced 

in the future work. The lower usage of GO in LIB cathodes will not only reduce the cost of 

electrode materials but also likely retain the excellent battery performance.3 
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Third, it has been found in Chapter 5 that GO synthesized from expanded graphite powder at 

room temperature had comparable electrical conductivity to that at lower temperature after 

reduction. To fulfil the potential of this type of GO, further work should focus on its 

application in more electroconductive applications, such as sodium ion battery anode and 

wearable electronics. 

Fourth, it has been concluded that the GO synthesized at room temperature contains more 

thermal labile functional groups and greater ability to restore conductivity via reduction. 

More fundamental investigation can be carried out to explore the origin of these features 

using high resolution imaging and computational simulations. It is expected that the 

exploitation of these powerful methods can elucidate the correlation of chemical oxidation 

temperature and thermal annealing temperature with the oxygen functionalities and 

structural integrity of GO and rGO.4 

Finally, the combination of vanadium oxide and conventional rGO has been reportedly 

successful in multiple energy storage devices by some groups.5-7 Inspired by their work, it 

would be worth further exploring the synergetic effects of compositing tungsten-doped 

vanadium oxide and GO sheets, both of which are prepared using our methods, in the field of 

energy storage, such as lithium ion batteries and supercapacitors. In particular, the use of GO 

with thermally labile oxygen functional groups presumably allow for the facile engineering of 

uniform heterostructures which deliver even better electrochemical performance. This 

further research is expected to bolster the appearance of more affordable graphene-modified 

high-performance energy storage devices in the commercial market. 
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