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Figure 45: Scanning electron microscopy images displaying the morphology of LiCoPO4.

The images reveal that a crystalline material has been formed. There is however a broad

size distribution.

The battery cycling data using LiCoPO4 can be found in Figure 46. The battery cell was

formed by using the LiCoPO4 powder as the cathode, lithium foil as the anode and a

SwagelokTM cell. The curve shows the uptake and discharge of lithium ions between 4.2

and 2 V. It was only cycled twice but the data show that there is a noticeable rise and fall

of lithium–ion content in the structure of LiCoPO4 as the voltage is altered. This shows

that it can be a viable cathode for a lithium–ion rechargeable battery. The only problem

with the curve is, however, that there is no plateau occurring in the curve. This means

there is no period of time within the cycle where a stable voltage is maintained while the

lithium ions are leaving or entering the structure. Further cycling or alterations to the

structure of LiCoPO4 through coating or doping could allow the cathode to maintain a

constant voltage during charge or discharge. The reversible capacity, however, is only

0.3 Li+.
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Figure 46: Cycling data for LiCoPO4 showing charge–discharge patterns between 4.2

V and 2 V. The cycle starts by discharging displayed by the black line prior to being

charged. Cycling experiments were carried out by Dr S. Corr and associates in Amiens,

France.

LiCoPO4 was prepared for EXAFS and XANES analysis by mixing 10 mg of oxide with

140 mg of boron nitride and pressed into a pellet. The results can be found in Figure

47. The pre–edge can be found at 7710 eV, with the first peak at 7725 eV. The cobalt

pre–edge and K–edge peaks according to Moen et al.150 are at 7710 eV and 7725 eV

respectively. This indicates, along with the X–ray diffraction data, that LiCoPO4 has

been synthesised (or simply that Co is present).

The Fourier transform is displayed in Figure 47(c), which characterises the bond lengths

present. The primary peak, located at 1.477 Å, has a similar location to that stated in

the paper by Moen et al.150 This peak displays the first shell, bonding of cobalt with

oxygen. The later peaks at 2.436, 3.158 and 3.639 Å represent the bonding in the higher
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shells containing the cobalt, phosphorus and oxygen.

Figure 47: EXAFS and XANES data demonstrating the local structure of LiCoPO4. Also

showing the chi data and Fourier transform of the XANES data enabling bond lengths

to be distinguished. On the EXAFS and XANES spectra, (a), the pre–edge can be found

at 7710 eV, with the first peak at 7725 eV. (c), the Fourier transform, shows the bond

lengths present. 1.477 Å shows the Co–O bonding where as 2.436 Å, 3.158 Å and 3.639

Å represent the bonding in the higher shells between the cobalt, phosphorus and oxygen.
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5.4 Studies of Products of Microwave synthesis of LiMnPO4

Samples were prepared again through microwave–assisted solvothermal synthesis. Man-

ganese(II) acetate tetrahydrate was briefly mixed with lithium dihydrogenphosphate in

ethylene glycol and then placed within a microwave oven at 300◦C for 2 hours. Previ-

ous methods of synthesising LiMnPO4 have involved sol–gel synthesis (and subsequent

calcination at 900◦C for 10 hours),151 or using solid state calcination (500◦C for 5

hours)152,153 and a technique called ultrasonic spray pyrolysis.154–156 According to Tan

et al., ultrasonic spray pyrolysis is preferred over solid–state calcination; it allows for

slightly lower temperatures (400◦C), lower reaction times (4 hours) and it is also better

than soft chemistry techniques due to allowing fine control over the size and distribution

of the final products.155 The process, however, requires a specific and sophisticated piece

of apparatus. Although microwave synthesis technique could be carried out in a domestic

microwave oven,157 we did not use one. It is not recommended because it is difficult to

control variables such as the frequency and the wavelength of the microwaves. Because

of this it is not possible to perform a controlled experiment under standard laboratory

practice conditions.

The microwave synthesis technique described here produced LiMnPO4 in just 2 hours

and at a temperature of 300◦C. The product was characterised through X–ray diffraction

(see Figure 48) and compared to LiMnPO4.6
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Figure 48: X–ray diffraction pattern of LiMnPO4 synthesised using (CH3COO)2Mn.4H2O

and LiH2PO4 dispersed in ethylene glycol, and solvothermally treated in a microwave

oven at 300◦C for 2 hours. Comparison of this pattern with the reference pattern for

LiMnPO4 showed a good correspondence in peak positions.6

Upon looking at the scanning electron microscopy images of LiMnPO4, Figure 49(a)

shows that the sample has clustered into structures with poorly defined outlines. Figure

49(b) clarifies this and the appearance of a flake–like structure for the sample. It should

also be noted that super–structures have been formed in the sample, with smooth edges.

Figure 49(c) shows that the sample is not flake–like, but more needle–like in morphology.

Other scanning electron images showed a more flake–like structure.151,152 This is due

to the speed of the reaction and temperatures involved as well as the starting materials.

All these factors will alter the morphology of the final product. The needle–like structure
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produced here does have the potential to be a good cathode due to an increased amount

of needles and therefore a potentially increased surface area, allowing for more internal

interaction with the LiMnPO4 cathode. The two differing structures, however, could

mean that the sample contains two different phases. Further research would be to re–

run the experiment to see if it is indeed two different phases and to see after what time

period only one is present.

Figure 49: SEM images displaying the morphology of LiMnPO4 at varying magnifications.

(a) shows that the sample is clustered into structures with a poorly defined outline. (b)

gives the appearance of a flake–like structure to the sample. (c) shows that the sample

is more needle–like in morphology than flake–like.

The cell for this curve was formed using the LiMnPO4 powder as the cathode and

lithium foil as the anode, within a SwagelokTM cell. The charge–discharge cycle curve

for LiMnPO4 (see Figure 50) shows cycling over 2–3 cycles between 4.2 and 2 V. The

cycle indicates that the LiMnPO4 synthesised using microwaves is capable of accepting

and releasing the lithium ions into its structure. Further testing would need to be carried

out to see how many cycles the structure persists over.

However, as with the Co–containing olivine (see Figure 46), there is no plateau effect

along the curve and so obtaining a stable voltage is difficult. This shows that there is no
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maintaining of a constant voltage as the lithium ions pass into and out of the structure

of the LiMnPO4. Alterations to the morphology or conductivity of the material through

coating, doping or changing the time or temperature of the reaction, could lead to a

more beneficial charge–discharge profile. There is also a reversible capacity of only 0.175

Li+.
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Figure 50: Cycling data for LiMnPO4 showing charge–discharge patterns between 4.2

and 2 V. Cycling experiments were carried out by Dr S. Corr and associates in Amiens,

France.

LiMnPO4 was prepared for EXAFS and XANES analysis by mixing 9.1 mg with 140 mg of

boron nitride and pressed into a pellet. The results can be found in Figure 51. No papers

were found specifically with EXAFS and XANES for LiMnPO4. One paper, however, by
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Hanson and Beeman,158 used Mn2P2O7. The pre–edge at 6540 eV and main peak at

6552 eV match up in both studies, as well as the slight bump of the secondary peak at

6560 eV.

The Fourier transform displays the radial distribution function. The Fourier transform is

very similar to the others discussed here, with a primary peak at 1.617 Å. This shows the

first shell bonding of the manganese with oxygen. The later peaks at 2.612, 3.220 and

3.705 Å represent the higher shells containing the manganese, phosphorus and oxygen.

Figure 51: EXAFS and XANES data demonstrating the local structure of LiMnPO4.

Also showing the chi data and Fourier Transform of the XANES data enabling bond

lengths to be distinguished. (a) shows the EXAFS and XANES data collected. The

pre–edge can be found at 6540 eV with the main peak at 6552 eV and a second peak

at 6560 eV. The Fourier transform is showed in (c). This shows the bonding within the

LiMnPO4. The peaks shown are at 1.617 Å, the Mn – O bond, and 2.612 Å, 3.220 Å and

3.705 Å represent the bonding in the higher shells between the manganese, phosphorus

and oxygen.
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5.5 Conclusions and Future Work

This microwave synthesis is a much more rapid reaction than traditional solid state or

hydrothermal routes.159–162 For example, Yang et al. report a Parr bomb synthesis

which took 5 hours,163 in contrast to 2 hours in this work using microwaves. Previously

reported microwave–assisted methods have also had shorter synthesis times, highlight-

ing the effectiveness of this method.129–132 Some of these methods take only a few

minutes.130,131 Hence, there is great scope for further development of that synthesis

strategy.

Overall, the methods described in this chapter for producing olivine phosphate structures

look promising. The X–ray diffraction patterns and Fourier transformed EXAFS data

shows that the reactions have reached completion and that the intended lithium metal

phosphates have been successfully synthesised.

The reaction times and temperatures used are lower than previous techniques available.

The cycling data show that, for the use of manganese and cobalt olivine phosphates,

cathodes can hold and release the lithium ions and maintain a steady cycle curve for a

few runs. Future studies need to be carried out to see how they fare with prolonged

cycling. The iron phosphate olivine structure looks even better, with the fact that it

plateaus and allows a steady release of lithium ions whilst maintaining a constant voltage.

Again, longer cycling with possibly coating and or doping could ascertain if this method

will synthesise cathode materials.

All the scanning electron microscopy images show that flakes and/or needles have been

formed. Either would be a good quality for a lithium–ion battery cathode to possess,

due to the increased surface area available for the interaction with the electrolyte. This

would then allow more interaction with the cathode, increasing its capacity. Further

research into different reaction times and temperatures, as well as coating and doping

may change the morphology.
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6 Conclusions and Future Work

With levels of research and interest rising in renewable energies, lithium–ion battery

capabilities have been highlighted and accepted for their potential uses in electric vehicle

technologies and also possibility for energy storage. This thesis outlines various new

synthesis techniques and results for VO2(B), an exciting and potentially new lithium–ion

battery cathode material. Work was also carried out into reducing the reaction times

for synthesis of common olivine phosphate structures through the use of microwave

synthesis. Current techniques rely upon long duration synthetic methods, via solid state

and soft chemical synthesis. Through use of a microwave oven reactor for the synthesis

process, reaction times have been decreased.

6.1 Summary

The first chapter of the thesis began with a brief history behind rechargeable batteries

and how they charge and discharge during use. An account was also given about current

lithium–ion battery technology, in which LiCoO2 is primarily used. Olivine phosphate

structures are a promising class for the future, and an in–depth analysis is given for

these along with vanadium dioxide, focusing upon its bronze(B) phase, which is the main

focus of this thesis. Three different synthetic techniques were also outlined, with two

of them (solvothermal and microwave–assisted solvothermal synthesis) used throughout

the thesis. Chapter 1 then concluded with a brief look at the other components within

a lithium–ion battery and also the aims and objectives of this thesis.

Chapter 2 outlined the background behind the different characterisation techniques used

and also an in–depth look at how the samples were prepared via solvothermal and

microwave–assisted solvothermal synthesis.

Chapter 3 outlines VO2(B) as a potential lithium–ion battery cathode material. Sam-

ples were synthesised through both solvothermal and microwave–assisted solvothermal
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synthesis and then characterised using of XRD, SEM and XAS. A range of samples were

synthesised, with alterations to the temperature and time (to optimise both solvothermal

and microwave synthesis methods). Further research could see if the reaction times can

be further reduced.

Some samples were also used in charge–discharge studies in Chapter 4. One VO2(B)

sample cell should be noted as having been charged and discharged in situ within the B18

beamline and its evolution characterised through XAS. This allowed the near neighbour

structural changes to be observed and recorded during cycling.

Olivine phosphate structures containing iron, manganese or cobalt were also prepared

through microwave synthesis and are discussed in Chapter 5. Again, the samples were

characterised through the use of XRD, SEM, XAS and charge–discharge cycling. A two

hours duration technique for synthesising LiFePO4 appears the most promising due to

having a redox potential plateau at 3.4 V and steep slopes either side during charging

and discharging.

6.2 Conclusions

The main aim of this thesis was to find a new route to synthesise vanadium oxides through

the use of microwave–assisted synthesis, lowering the preparation time while maintaining

the purity and phase of the product. Faster synthesis times allow more reactions to be

carried out over a set period. These reactions could include alterations to the time,

temperature, or starting solvent, or coating or doping of the sample. Shortening reaction

times allows the process of optimisation to be reached sooner. As mentioned in Chapter

3, current literature synthesis methods for VO2(B) take 48 hours within a solvothermal

bomb. By reducing the reaction time to 24 hours, the same results were achieved by

this method.

Microwave synthesis was then used to reduce the time further. On comparison of mi-

crowave runs of differing time, it was found that a 6 hour method formed VO2(B)
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(characterised through XRD and SEM). Altering the temperatures for a 1 hour period

suggested that temperature can also affect reaction rate; it can be hypothesised that the

reaction could be optimised further through higher temperatures and / or different sol-

vents to aid the reduction of the synthesis / reaction time, although subsequent research

would be required to confirm this.

The 48 hour solvothermal PTFE lined Parr bomb synthesis product was characterised

before being cycled. The results showed that VO2(B) can make an effective cathode,

but that further testing would need to be carried out to see if it can withstand extended

cycling ( ¿ 20 cycles). The cathode, having been placed within a battery cell, was then

cycled in situ in the beamline of a synchrotron to enable XAS to be obtained during

cycling. This enabled the identification of the structural changes occurring during a

discharphosphatege cycle. It was shown that the V in the VO2(B) cathode changes

from a V4+ oxidation state to a V3+ oxidation state during the gain of lithium ions and

electrons. It was also confirmed that VO2(B) has alternating V–V separations due to

the dual V4+ – V4+ peaks seen on the Fourier transform gained from the EXAFS data.

Finally, olivine phosphate structures were also produced through the use of microwave–

assisted synthesis. Iron, manganese or cobalt lithium phosphates were all synthesised

over 2 hours. Research has shown that lithium iron phosphate can be synthesised in 5

minutes, and so it is possible that through improvements to the synthetic process the

reaction time could be reduced this dramatically. The cycling data for the lithium iron

phosphate product were encouraging, showing that it could be used in a lithium–ion

battery cathode. However, further cycling studies would be needed to test this.

This is the first report that lithium cobalt phosphate can be successfully synthesised

in a microwave oven. This material was characterised through XRD, SEM and XAS

and again has the potential to be further optimised. Lithium manganese phosphate was

also synthesised in a microwave oven and characterised. Both manganese and cobalt

containing materials were tested to see if usable cycling would occur and was successful

for both samples. However, no plateau in cell voltage occurred. Further research would
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be required to optimise the reaction time and to improve the electrochemical properties

of these two cathode materials, so as to not breakdown as easily from intercalation, to

hold more Li+ and to allow for a steady release of these ions.

Overall the data gained from this thesis can hopefully aid in the faster production of

lithium–ion battery cathodes. The reaction times of 4 samples through 5 reactions were

reduced, increasing the speed at which optimisation of the electrochemical properties of

the cathodes can be carried out, and later on, manufactured.

6.3 Future Work

This thesis explored altering the solvent reductant and starting vanadate to try to influ-

ence the final morphology and to reduce the overall reaction time. The results of these

can be found in the future work in Chapter 3. The starting vanadate was changed to

ammonium metavanadate, with the solvent staying as formaldehyde. Through the use of

solvothermal synthesis, the reaction times were differed. However, after characterisation

of the products, it was found that VO2(B) had not been formed. Further research would

need to be carried out to see if a different solvent or higher temperatures can bring about

the synthesis of VO2(B).

The 6 hour method of synthesising VO2(B) within a microwave oven could also be further

optimised to possibly further reduce the reaction time, or to coat or dope the sample

to aid electrical conductivity. Also cycling could enable analysis as to whether the new

morphology affects the cycling capabilities in a positive way.

If the cycling does prove that the material can be used in a cathode, then in situ EXAFS

is also a possibility, to see if the same reaction mechanism is occurring as with the

VO2(B).

Turning to the olivine phosphate materials that have been synthesised in this paper,

further optimisation could be carried out to reduce the reaction times. Alteration of the
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starting reactants or solvent could aid in this, as higher boiling points could result in

achieving higher temperatures and possibly making the reaction more rapid. It would

also be interesting to cycle LiFePO4 more to see how long the structure maintained itself.

Cycling whilst gaining EXAFS data would also be interesting and give us information on

the changing structure throughout the discharging process.

LiMnPO4 and LiCoPO4 need further optimisation and stability as the cycle curves, al-

though showing lithium–ion uptake and release, do not have an optimal plateau which

would show an even voltage being maintained whilst lithium ions enter and leave the

structure. Possible alterations to the starting materials, or approaches such as coating

the cathode in carbon or adding a dopant may enable the cathode to perform better.
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[123] Jugović, D.; Uskoković, D. J. Power Sources 2009, 190, 538–544.

[124] Wang, D.; Wu, X.; Wang, Z.; Chen, L. J. Power Sources 2005, 140, 125–128.

[125] Takahashi, M.; Tobishima, S.; Takei, K.; Sakurai, Y. J. Power Sources 2001,

97–98, 508–511.

[126] Yang, S.; Zavalij, P. Y.; Whittingham, M. S. Electrochem. Commun. 2001, 3,

505–508.

[127] Shiraishi, K.; Dokko, K.; Kanamura, K. J. Power Sources 2005, 146, 555–558.

[128] Chen, J.; Whittingham, M. S. Electrochem. Commun. 2006, 8, 855–858.

[129] Ji, H.; Yang, G.; Miao, X.; Hong, A. Electrochim. Acta 2010, 55, 3392–3397.

[130] Ji, H.; Yang, G.; Ni, H.; Roy, S.; ao Pinto, J.; Jiang, X. Electrochim. Acta 2011,

56, 3093–3100.

[131] Murugan, A. V.; Muraliganth, T.; Manthiram, A. Electrochem. Commun. 2008,

10, 903–906.

116



REFERENCES

[132] Zhang, Y.; Feng, H.; Wu, X.; Wang, L.; Zhang, A.; Xia, T.; Dong, H.; Liu, M.

Electrochim. Acta 2009, 54, 3206–3210.

[133] Bauer, E. M.; Bellitto, C.; Righini, G.; Pasquali, M.; DellEra, A.; Prosini, P. P. J.

Power Sources 2005, 146, 544–549.

[134] Shin, H. C.; Cho, W. I.; Jang, H. J. Power Sources 2006, 159, 1383–1388.

[135] Lu, Z.; Chen, H.; Robert, R.; Zhu, B.; Deng, J.; Wu, L.; Chung, C.; Grey, C.

Chem. Mat. 2011, 23, 2848–2859.

[136] Ellis, B.; Kan, W. H.; Makahnouk, W. R. M.; Nazar, L. F. J. Mater. Chem. 2007,

17, 3248–3254.

[137] Zhao, T.; Chu, W.; Zhao, H.; Liana, X.; Xu, W.; Yu, M.; Xia, D.; Wu, Z. Nucl.

Instrum. Methods Phys. Res., Sect. A 2010, 619, 122–127.

[138] Tan, L.; Luo, Z.; Liu, H.; Yu, Y. J. Alloys Compd. 2010, 502, 407–410.

[139] Rabanal, M.; Gutierrez, M.; Garcia-Alvarado, F.; Gonzalo, E.; de Dompablo, M. A.

J. Power Sources 2006, 160, 523–528.

[140] Jang, I. C.; Son, C. G.; Yang, S. M. G.; Lee, J. W.; Cho, A. R.; Aravindan, V.;

Park, G. J.; Kang, K. S.; Kim, W. S.; Cho, W. I.; Lee, Y. S. J. Mater. Chem.

2011, 21, 6510–6514.

[141] Amine, K.; Yasuda, H.; Yamachi, M. Electrochem. Solid State Lett. 2000, 3,

178–179.

[142] Loris, J. M.; Vicente, C. P.; Tirado, J. L. Electrochem. Solid State Lett. 2002, 5,

234–237.

[143] Jin, B.; Gu, H.-B.; Kim, K.-W. J. Solid State Electrochem. 2008, 12, 105–111.

[144] Violeta, K.; Ekaterina, Z.; Radostina, S. Eur. J. Inorg. Chem. 2010, 26, 4091–

4099.

117



REFERENCES

[145] Bramnik, N. N.; Nikolowski, K.; Trots, D. M.; Ehrenberg, H. Electrochem. Solid

State Lett. 2008, 11, 89–93.

[146] Gangulibabu,; Bhuvaneswari, D.; Kalaiselvi, N.; Jayaprakash, N.; Periasamy, P. J.

Sol–Gel Sci. Technol. 2009, 49, 137–144.

[147] Deniard, P.; Dulac, A. M.; Rocquefelte, X.; Grigorova, V.; Lebacq, O.; Pasturel, A.;

Jobic, S. J. Phys. Chem. Solids 2004, 65, 229–233.

[148] Huang, X.; Ma, J.; Wu, P.; Hu, Y.; Dai, J.; Zhu, Z.; Chen, H.; Wang, H. Mater.

Lett. 2005, 59, 578–582.

[149] Li, H. H.; Jin, J.; Wei, J. P.; Zhou, Z.; Yan, J. Electrochem. Commun. 2009, 11,

95–98.

[150] Moen, A.; Nicholson, D. G.; Ronning, M.; Emerich, H. J. Mater. Chem. 1998, 8,

2533–2539.

[151] Dominkoa, R.; Belea, M.; Gabersceka, M.; Remskarb, M.; Hanzelb, D.; Goupilc, J.;

Pejovnikd, S.; Jamnika, J. J. Power Sources 2006, 153, 274–280.

[152] Wang, L.; Sun, W.; He, X.; Li, J.; Jian, C. Int. J. Electrochem. Sci. 2011, 6, 2022

– 2030.

[153] Koleva, V.; Stoyanova, R.; Zhecheva, E. Mater. Chem. Phys. 2010, 121, 370–377.

[154] Bakenov, Z.; Taniguchi, I. Mater. Res. Bull. 2011, 46, 1311–1314.

[155] Taniguchi, I. Mater. Chem. Phys. 2005, 92, 172–179.

[156] Doan, T. N. L.; Bakenov, Z.; Taniguchi, I. Adv. Powder Technol. 2010, 21, 187–

196.

[157] Kappe, C. O.; Dallinger, D.; Murphree, S. Practical Microwave Synthesis for Or-

ganic Chemists: Strategies, Instruments, and Protocols; Wiley – VCH: Weinheim,

2008, Ch: 1–2.

118



REFERENCES

[158] Hanson, H.; Beeman, W. W. Phys. Rev. 1949, 76, 118–121.

[159] Liu, H.; Wang, Z.; Li, X.; Guo, H.; Peng, W.; Zhang, Y.; Hu, Q. J. Power Sources

2008, 184, 469–472.

[160] Zou, H.; Zhang, G.; Shen, P. K. Mater. Res. Bull. 2010, 45, 149–152.

[161] Park, K.; Son, J.; Chung, H.; Kim, S.; Lee, C.; Kim, H. Electrochem. Commun.

2003, 5, 839–842.

[162] Higuchia, M.; Katayamaa, K.; Azumaa, Y.; Yukawab, M.; Suhara, M. J. Power

Sources 2003, 119–121, 258–261.

[163] Yang, S.; Zavalij, P. Y.; Whittingham, M. S. Electrochem. Commun. 2001, 3,

505–508.

119




