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Figure 8.11. (a) Top view of the optimized graphene-MoS2 interface, and (b) a side 

view of the three-dimensional charge density difference plot for the interface 

between a graphene sheet and a MoS2 monolayer. Red, yellow, and green balls 

represent Mo, S, and C atoms, respectively.  Purple and orange isosurfaces represent 

charge accumulation and depletion in the 3D space with an isovalue of 0.001 e/Ǻ3. 

8.4. Electrochemical Characterization 

The samples were studied for their lithium storage properties and the results are 

plotted in Figures 8.12 and 8.13. All three samples were first cycled at the low 

current density of 0.1 A g-1 over 50 cycles. In the first discharge, MoS2-G2 shows the 

highest capacity at 1300 mAh g-1, while MoS2-G1 and MoS2 show 800 mAh g-1 and 

630 mAh g-1, respectively. Large irreversible capacity is observed for all three 

samples, as the first charge capacities are 945, 660, and 480 mAh g-1 for MoS2-G2, 

MoS2-G1, and MoS2, respectively as shown in Figure 8.14a. This irreversible 

capacity can be ascribed to the formation of a solid electrolyte interphase (SEI) layer, 

which is widely known to occur below 1 V. All three samples showed stable cycling 

behavior for 50 cycles. The capacities are 800, 630, and 470 mAh g-1 for MoS2-G2, 

MoS2-G1, and MoS2, respectively, at the end of cycling. The samples were further 

tested for their rate performances up to the current density of 5 A g-1. The MoS2-G2 

sample showed the best rate performance, retaining 590 mAh g-1 at 5 A g-1. The 

MoS2-G1 and MoS2 managed to retain 435 and 387 mAh g-1, respectively, at 5 A g-1. 

When the rate was recovered to 0.5 A g-1, all the samples showed capacity recovery, 

where MoS2-G2, MoS2-G1, and MoS2, recovered 820, 680, and 560 mAh g-1, 

respectively. It should be noted that the rate performances improved with increasing 
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graphene content in the samples. This can be justified by the increased conductivity 

provided by the graphene nanosheets in the samples. In order to investigate the long-

term cycling stability, the samples were tested at 50 mA g-1 for the initial 5 cycles, 

then at 1 A g-1 up to 250 cycles. The MoS2 samples recorded a stable capacity of 500 

mAh g-1 up to the 75th cycle, and then the capacity gradually faded over 50 cycles. 

The capacity after the 125th cycle is negligible. This could be attributed to huge 

volume expansions of pristine MoS2 during the charge-discharge process and 

gradually results in pulverization of electrodes over cycle life. The spherical shape of 

the MoS2 sample yielded improved cycling stability and rate performances when 

compared to the bulk MoS2, which has been reported previously.[15] Both the MoS2-

G2 and MoS2-G1 samples exhibit stable cycling over 250 cycles, retaining 780 and 

700 mAh g-1, respectively. From the cycling tests in lithium half-cells, it can be noted 

that graphene nanosheets in the samples are crucial for improving both the capacity 

and the cycling performance. 

 

Figure 8.12. (a) Cycling performances in lithium half-cells of all the samples for 50 

cycles at 100 mA g-1; (b) rate capability of all the samples from 0.05 to 5 A g-1; and 

(c) cycling performances of all samples for 250 cycles at 1 A g-1. The voltage range 

is 0.01 - 3 V. 
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Figure 8.13. Charge-discharge behavior at 1st and 50th cycles of (a) MoS2, (b) MoS2-

G1, and (c) MoS2-G2 samples at current density of 0.1 A/g and voltage range 0.01 - 

3 V vs. Li/Li+; (d) charge-discharge behavior of  MoS2-G2 sample at different 

current densities from 0.05 A/g to 5 A/g. 
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Figure 8.14. Coulombic efficiency of MoS2, MoS2-G1, and MoS2-G2 samples in (a) 

LIB and (b) SIB, respectively. 

Furthermore, the samples were studied for their sodium storage properties in room-

temperature sodium half-cells using similar testing conditions to those for lithium 

cells (see Figures 8.15 and 8.16). In the first discharge process (Figure 8.16), three 

voltage plateaus are observed at around ~0.95 V, ~0.65 V and ~0.25 V, which are 

corresponding to the formation of intermediate NaxMoS2, remaining Na1-x ions 

reacting with MoS2 and reduction of Mo4+ to metallic Mo along with formation of 

Na2S particulates, respectively. These observations are in consistent with the reports 

elsewhere. [16-18] However, successive discharge profiles show sloping curves 

instead of plateaus, which represents the phenomenon of conversion reaction. The 

same reaction mechanism is expected to happen with Li as standard electrode 

potential difference (~-0.3V) from the plateau voltages of initial charge curves 

(compare Figures 8.13 and 8.16). [16] Figure 8.15 represents cyclic profile, at 0.1 A 

g-1, all three samples show stable cycling behaviour over 50 cycles. The initial 

discharge and charge capacities are 640 and 400, 620 and 420, and 430 and 280 mAh 

g-1, for MoS2-G2, MoS2-G1, and MoS2, respectively. The irreversible capacities of 

about 35% (see Figure 8.14b) can be due to the formation of SEI layers. After 50 

cycles, both MoS2-G2 and MoS2-G1 recorded 340 mAh g-1, while the MoS2 sample 

recorded 240 mAh g-1. The sodium storage capacities of all samples are significantly 

lower compared to their lithium storage because only 1 Na+ is reacted per MoS2, 

based on the capacity of MoS2-G2. This could be due to the sluggish kinetics of the 

Na+ reaction with MoS2. Moreover, in contrast to the lithium cells, the increased 

amount of graphene sheets in MoS2-G2 did not yield any increment in capacity when 

compared to MoS2-G1. Then, the samples were also tested for their rate 

performances, from 0.05 A g-1 to 5 A g-1. Both MoS2-G2 and MoS2-G1 showed 

similar performances, retaining about 230 mAh g-1 at 5 A g-1 while the MoS2 sample 

retained 74 mAh g-1. Although the capacity for both MoS2-G2 and MoS2-G1 at 5 A 

g-1 is only 230 mAh g-1, this result is significantly better compared to other Na-ion 

battery anode materials. [18, 19] The long-term cycling stability of the three samples 

was also tested, where the samples were cycled at 50 mA g-1 for the initial 5 cycles 
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and then at 1 A g-1 for up to 500 cycles. The MoS2 sample showed a slightly 

consistent capacity up to the 125th cycle, recording 240 mAh g-1, and then the 

capacity gradually decreased to 128 mAh g-1 at the 200th cycle. The capacity further 

decreased to 70 mAh g-1 at the 500th cycle. The MoS2-G1 sample showed the 

capacity of 375 mAh g-1 at the 120th cycle, and then a gradual decrease in capacity 

was observed up to the 500th cycle, where 251 mAh g-1 was retained. The MoS2-G2 

sample showed slightly better performance compared to MoS2-G1, recording the 

capacity of 420 mAh g-1 at the 130th cycle and then gradually decreased to 300 mAh 

g-1 at the 500th cycle. The cycling stability is impressive considering that the capacity 

retention after 500 cycles is 93% of the capacity at the 6th cycle (320 mAh g-1).  

 

Figure 8.15. (a) Cycling performances in sodium half-cells of all the samples for 50 

cycles at 100 mA g-1; (b) rate capability of all the samples from 0.05 to 5 A g-1; and 

(c) cycling performances of all samples for 500 cycles at 1 A g-1. The voltage range 

is 0.01 - 3 V. 
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Figure 8.16. Charge-discharge behavior at 1st and 50th cycles of (a) MoS2, (b) MoS2-

G1, and (c) MoS2-G2 samples at current density of 0.1 A/g and voltage range 0.01 - 

3 V vs. Na/Na+; (d) charge-discharge behavior of  MoS2-G2 sample at different 

current densities from 0.05 A/g to 5 A/g. 

The excellent electrochemical properties in both LIBs and SIBs could be attributed to 

various reasons such as: (i) the well-ordered stacking and excellent miscibility of the 

MoS2 layers and graphene sheets, which leads to improved conductivity, and 

thereby, improved cycling performance and rate capability; (ii) suppression of 

volume changes by the structurally stable nanosheets in microspheres during cycling; 

and (iii) good penetration of electrolyte into and among the MoS2 and graphene 

nanosheets. In addition, these microspheres with hierarchical nanostructures benefit 

from micro-materials (high tap density) and nanomaterials (short Li/Na diffusion 

pathways), leading to densely packed electrodes and improved battery life in 

practical applications. [34-38] Such hierarchical microstructures can lead to a new 

class of electrode materials that could be potential candidates for LIBs or SIBs with 

enhanced cycle life. 
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8.5. Conclusions 

In summary, a molybdenum disulfide (MoS2) - graphene composite with unique 

hierarchical microsphere morphology was prepared by the spray-drying technique. 

The composite microspheres consist of well-ordered stacks with MoS2 and graphene 

nanosheets with a high interfacial binding energy (-2.02 eV). Under testing for their 

lithium and sodium storage properties, MoS2-graphene (26 wt.%) microspheres 

presented excellent cycling stability and rate capability, with initial discharge 

capacities of 1300 mAh g-1 and 640 mAh g-1 at 0.1 A g-1 in LIBs and SIBs, 

respectively. Notably, in SIBs at 1 A g-1, MoS2-G2 showed 93% capacity retention 

after 500 cycles. These enhanced electrochemical features are attributable to the 

unique hierarchical composite microspheres with a uniform distribution of graphene 

nanosheets among MoS2 layers. 

Note: A version of this chapter has been published and the citation of the paper is 

below. 

S. Kalluri, K.H. Seng, Z. Guo, A. Du, K. Konstantinov, H.K. Liu, and S.X. Dou, 

Scientific Reports 2015, 5: 11989, doi:10.1038/srep11989. 
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lithium/sodium metal oxides and phosphate materials to the commercial scale with 

superior lifetime and safety performance. Developing 1D nanostructure of such 

materials with proper surface coatings and engineering can significantly meet some 

of these challenges due to their high surface area, improved structural stability, and 

short diffusion pathways. Nevertheless, suppression of the volumetric density of 

nanofibers is a drawback for their use as electrode materials for LIBs or SIBs. This is 

also a general problem for nanomaterials, and it is proposed that microspheres, which 

could be densely packed and composed of nanostructures, can keep the advantages of 

both micro-sized materials (high tap density) and nanomaterials (high surface area 

and short lithium diffusion paths). [3, 4] Improvement of volumetric density in 

nanomaterials is quite challenging and could be a special topic in future research. 

For industry- level development of LIB or SIB technology based on these materials, 

it is highly desirable to have eco-friendly, versatile, and low-cost synthesis 

techniques for such 1D nanostructure. Amongst such synthesis methods, after 

intensive research, electrospinning is now an advanced commercialized technology 

that can produce high-throughput 1D continuous nanofibers with controlled 

morphology by varying the electrospinning parameters. Nanofibrous mats suffer 

from low nanofiber packing density (fibers per area/weight), however, which can be 

addressed by the fabrication of continuously aligned fibers by using a large-area 

rotating drum and parallel electrode collector system in the electrospinning set-up.[5, 

6] Such collector systems have been showing poor performance in terms of nanofiber 

packing density, however. Hence, a blade-cage collector system was proposed and 

could facilitate industrial production of nanofibers. [7] In addition, employing 

needleless nano-spider free-surface electrospinning technology can result in mass 

production and high packing density. [8, 9] Designing three-dimensional (3D) 

structures of aligned nanofibers must be developed with improved nanofiber packing 

density, thereby resulting in good penetration of electrolyte and lithium/sodium ion 

diffusion during the cycling process. Such nanofibrous mats are potential candidates 

as electrodes in LIBs/SIBs because of their high surface area and porosity, low pore 

size and short well-guided diffusion pathways for Li/Na ions. Few reports are 

available on some of lithium/sodium metal oxides and phosphates, however. Future 

research can be focussed on not only developing composite nanofibers based on 
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conductive materials and lithium/sodium metal oxides, but also on designing 

electrode architectures with binder-free 1D structures of conductive carbon materials 

embedded with active material nanoparticles, to pave the way for a new category of 

nano-electrodes for high-performance LIBs. Processing of these composite 

nanofibrous electrodes, however, involves optimization of the chemistry between the 

carbon material and the lithium/sodium metal oxide, and parameters that are 

compatible with the electrospinning technique, so that choosing suitable precursors is 

extremely important and a basic requirement for the electrospinning technique. 

Fabrication of eco-friendly nanofibers based on water solvents and water-soluble 

salts can further improve the safety features of batteries in high energy applications. 

With thorough research that takes the above challenges and features into account, 

electrospun fibers based LIB and SIB systems can pave the way for advanced 

development in the fields of portable, flexible electronics and high-technology 

vehicle applications. 

On the other hand, it is very important to understand the basic science involved in the 

structural evolution of electrode materials in a completely functioning battery. The 

in-situ neutron and synchrotron diffraction techniques are powerful tools for 

investigating the structural variations of the electrode material during charging and 

discharging of batteries, and are crucial in the future development of battery systems. 

Hence, researchers could also focus on these in-situ experiments to understand the 

strategies for building better battery materials. 

9.3. References 

[1] Faradion’s Sodium-ion Battery based E-bike. Available on line:  

http://www.faradion.co.uk/about/news/2015/05/489/ (accessed May 2016). 

[2] Aquion Energy’s Sodium-ion Technology. Available on line: http://revolution-

green.com/aquion-energy-begins-deliveries/ (accessed May 2016). 

[3] X. Zhang, W. He, Y. Yue, R. Wang, J. Shen, S. Liu, J. Ma, M. Li, and F. Xu, 

Journal of Materials Chemistry 2012, 22, 19948 - 19956. 

[4] C. Zhang, Z. Chen, Z. Guo, and X. W. Lou, Energy and Environmental Science 

2013, 6, 974 - 978. 

[5] W.E. Teo and S. Ramakrishna, Nanotechnology 2006, 17, R89 - R106. 

[6] C. Tran and V. Kalra, Journal of Power Sources 2013, 235, 289 - 296. 



Chapter 9 Thesis Conclusions and Future Prospects 

 

211 

 

[7] A. Jafari, J.H. Jeon, and I.K. Oh, Macromolecular Rapid Communications 2011, 

32, 921 - 926. 

[8] L. Persano, A. Camposeo, C. Tekmen, and D. Pisignano, Macromolecular 

Materials and Engineering 2013, 298, 504 - 520. 

[9] X. Wang and T. Lin, Needleless electrospinning of nanofibers: Technology and 

applications; Pan Stanford Publishing: Singapore, 2013.



Appendix A: List of Publications  

 

212 

 

Appendix A: LIST OF PUBLICATIONS  

(March 2013 - August 2016) 

1. S. Kalluri, K.H. Seng, Z. Guo, H.K. Liu, and S.X. Dou, Electrospun Lithium 

Metal Oxide Cathode Materials for Lithium-ion Batteries, RSC Advances 2013, 3, 

25576 - 25601. 

2. S. Kalluri, K.H. Seng, W.K. Pang, Z. Guo, Z. Chen, H.K. Liu, and S.X. Dou, 

Electrospun P2-type Na2/3(Fe1/2Mn1/2)O2 Hierarchical Nanofibers as Cathode 

Material for Sodium-ion Batteries, ACS Applied Materials & Interfaces 2014, 6, 

8953 - 8958. 

3. W.K. Pang, S. Kalluri, V.K. Peterson, S.X. Dou, and Z. Guo, Electrochemistry 

and Structure of the Cobalt-free Li1+xMO2 (M = Li, Ni, Mn, Fe) Composite 

Cathode, Physical Chemistry Chemical Physics 2014, 16, 25377 - 25385. 

4. S. Kalluri, W.K. Pang, K.H. Seng, Z. Chen, Z. Guo, H.K. Liu, and S.X. Dou, 

One-dimensional Nanostructured Design of Li1+x(Mn1/3Ni1/3Fe1/3)O2 as a Dual 

Cathode for Lithium-ion and Sodium-ion Batteries, Journal of Materials 

Chemistry A 2015, 3, 250 - 257. 

5. S. Kalluri, K.H. Seng, Z. Guo, A. Du, K. Konstantinov, H.K. Liu, and S.X. Dou, 

Sodium and Lithium Storage Properties of Spray-Dried Molybdenum Disulfide-

Graphene Hierarchical Microspheres, Scientific Reports 5, 11989, 2015; doi: 

10.1038/srep11989. (Nature Publishing Group) 

6. S. Kalluri, W.K. Pang, V.K. Peterson, Z. Guo, H.K. Liu, and S.X. Dou, Better 

Battery Materials for Balancing Future Energy Demands, The Vehicle Technology 

Engineer Magazine (SAE - Australasia Magazine), Issue 7, October 2015, 22 - 24. 

7. W.K. Pang┴, S. Kalluri┴, V.K. Peterson, N. Sharma, J. Kimpton, B. Johannessen, 

H.K. Liu, S.X. Dou, and Z. Guo, Interplay Between Electrochemistry and Phase 

Evolution of the P2-type Nax(Fe1/2Mn1/2)O2 Cathode for Use in Sodium-ion 

Batteries, Chemistry of Materials 2015, 27, 3150 - 3158. (┴Equally contributed for 

the first authorship) 

8. S. Kalluri, M. Yoon, M. Jo, S. Park, S. Myeong, J. Kim, S.X. Dou, Z. Guo, and J. 

Cho, Surface Engineering Strategies of Layered LiCoO2 Cathode Material to 

Realize High-Energy and High-Voltage Li-Ion Cells, Advanced Energy Materials 

(Accepted).



Appendix B: Awards and Scholarships Received  

 

213 

 

Appendix B: AWARDS AND SCHOLARSHIPS RECEIVED 

(March 2013 - August 2016) 

1. Recipient, ISEM Ph.D. Student Excellence Award 2014. 

2. First Prize Winner, Auto CRC Research Image Competition 2014, Australia. 

3. Awardee, UOW - ANSTO Collaboration Research Award 2014, University of 

Wollongong, Australia. 

4. Winner, Wiley-VCH 'Small' journal Best Poster Award at the 5th Australia-China 

Conference on Science, Technology, and Education in conjunction with the 5th 

Australia-China Symposium on Materials Science, University of Wollongong, 

Australia. 

5. Recipient, Auto CRC Professional Development Funding for an internship at 

Ulsan National Institute of Science and Technology (UNIST), South Korea 

(March 2015 - December 2015). 

6. Recipient, Auto CRC Funding to attend and give an oral presentation at 18th Asia 

Pacific Automotive Engineering Conference (APAC18), Melbourne, Australia 

(March 2015). 

7. Recipient, AIIM HDR Conference Travel grant for attending 2014 MRS Fall 

Meeting, USA (October 2014). 

8. Recipient, Automotive Cooperative Research Centre Ph.D. Fellowship from 

Commonwealth Government of Australia for research in Energy Storage Devices 

(March 2013 - May 2016). 

9. Recipient, International Postgraduate Tuition Award (IPTA) from the University 

of Wollongong, Australia for pursuing Ph.D. at University of Wollongong (March 

2013 - May 2016). 

 


