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Executive Summary

Batteries play an increasingly critical role in the functioning of contemporary society. Current
battery technology suffers from a number of shortcomings, including use of performance limited,
expensive, non-renewable, and toxic materials. To ensure future proofing of battery technology,
new materials and methods that overcome the current shortcomings need to be developed. For
example, graphite, the dominant Li ion anode material is expensive and hazardous to
produce/refine and is globally inaccessible. Therefore, there is a need to search for alternative
anode materials for lithium-ion batteries.

This report details the major findings of the research undertaken by the ABS ER award recipient,
focusing of the development of new materials for batteries. Specifically, a number of metal-
carboxylate materials were synthesised and investigated as anode materials in lithium ion
batteries addressing the need to find alternatives for graphite.

The iron based materials were found to give the highest specific capacities, with iron (ii) tartrate
giving up to 870 mAhg, which is over twice the theoretical capacity of graphite, at 372 mAhg™.
Additionally, the impact of the metal-carboxylate electrode microstructure on the electrochemical
performance was investigated. It was found that electrodes with smaller active material particle
size and better distribution gave significantly improved electrochemical performance. The
microstructural tuning was conducted through a novel formulation methodology. Finally, this
project explored the use of small and ultra-small angle neutron scattering (U/SANS) as a relatively
novel electrode characterisation tool.
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1 Program

1.1 International Meeting for Li ion Batteries

In 2022 | attended the International Meeting for Li ion Batteries (IMLB) which was held in Sydney.
Throughout the week-long conference | was exposed to a plethora of academic and industry-
based battery research and application. Of particular note was the opportunity to listen to talks
and interact with by some of the big names in the battery field, including professors Claire Grey,
Jeff Dahn and Stan Whittingham.

1.2 Condensed Matter and Materials Meeting

In February | will be attending the Condensed Matter and Materials (CMM) Meeting in Wagga
Wagga. This conference will focus on materials characterisation development, which is the aspect
of my project that is complimentary to the battery application. Here | will be presenting a poster
on my project, focusing on the material characterisation and development aspects.

1.3 Australian Centre for Neutron Scattering @ Australia’s Nuclear
Science and Technology Organisation

Part of my project explored the use of small and ultra-small angle neutron scattering (U/SANS) for
characterisation of battery electrodes. This was done using the QUOKKA and KOOKABURRA
beamlines at the Australian Centre for Neutron Scattering (ACNS) at Australia’s Nuclear Science at
Technology Organisation (ANSTO). U/SANS is a relatively new technique in the battery space and
shows promising potential as a unique tool for advanced structural and compositional
characterisation. This work was done with the help of Dr. Jitendra Mata.

2 Main text

2.1 Introduction

The primary objective of this project was the development of new materials for use in lithium ion
batteries. This can be broken down into three key aspects: material discovery and synthesis,
electrode formulation and characterisation, and electrochemical performance testing.

The materials discovery and synthesis encompassed the preliminary assessment of the literature
followed by the focused study of a material (in this case a metal dicarboxylate, copper tartrate) in
a Li ion half-cell and subsequent synthesis of a number of related analogues, e.g., iron malate. The
electrode formulation and characterisation involved investigation and comparison of several
formulation methods, followed by in depth structural and compositional analysis of the electrode.
Finally, the electrochemical testing involved evaluating the electrochemical performance of the
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synthesised electrodes in lithium ion half cells and some investigation into the mechanism of
lithium ion insertion.

While each aspect can be introduced here as individual components, each was affected by the
other aspects, and provided feedback loops for continual optimisation and experimental design.
An example of this is that changes in the electrode structure by new formulation methods could
only be determined to be detrimental or beneficial through electrochemical testing.

2.2 Materials discovery and synthesis

221 Materials discovery

Based on several previous studies examining use of carboxylic acids? and copper citrate* as
anode materials for Li ion batteries, and its commercial availability, copper tartrate was
investigated as an anode material for Li ion batteries. This involved formulation of a rudimentary
“proof of concept” electrode, i.e., not optimised, and subsequent electrochemical testing.
Preliminary assessment of the specific capacity and the reduction potential of the material was
promising, delivering a maximum specific capacity of 621 mAhg™ by cycle 100 (Figure 1a), with the
majority of the discharge potential being under 1 V (Figure 1b). In comparison, graphite, the
current commercial Li ion anode has a theoretical specific capacity of only 372 mAhg?, although
does have a lower reduction potential at ~ 0.1 V.
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Figure 1: (a) Discharge (filled) and charge (non-filled) specific capacity versus cycle number for copper tartrate
electrode. (b) Potential vs specific capacity for copper tartrate electrode at cycle 1, 5, 20, 50 and 100. Cycling
between 0.01 and 3 V versus Li at 50 mAg™.

Of particular note was the unusual capacity climb with increasing cycle number. This was
attributed to a combination of the lithium insertion mechanism and the activation of secondary
electrochemical processes during the cycling, which were investigation using scanning electron
microscopy (SEM), X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD). Additionally, it
was noted that the breakdown of large (> 10 um) copper tartrate particles occurred during cycling.
Hence, it was anticipated that breakdown of the large particles was essential for high active
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material utilisation. Scheme 1 details the proposed mechanism of lithium insertion and removal,
as well as the activation of the secondary electrochemical processes, i.e., the Cu/Cu* redox.
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Scheme 1: Proposed Li insertion and removal mechanisms for copper tartrate.

2.2.2 Materials synthesis

Based on this promising preliminary performance of copper tartrate, a range of metal carboxylates
were synthesised for further investigation. In theory, an extensive number of products are
accessible using these two diverse building blocks, so only a small number of potential metals and
acids were selected. For the metals, iron, copper, and zinc were chosen as they are typically non-
toxic, inexpensive, and abundant. A similar approach was also taken for the acids, focusing on
abundance and cost, giving tartaric, malic, and maleic acid. To note, iron (iii) tartrate was
commercially available. To further note, the zinc-maleic acid reaction produced zinc succinate,
indicating the alkene of the maleic acid was hydrogenated during the synthesis.

Table 1: Summary of the metal-carboxylate syntheses attempted.

Tartaric acid Malic acid Maleic acid
Copper Copper tartrate Copper malate Copper maleate
Iron Iron (ii) tartrate | lron (iii) tartrate | Iron (iii) malate Iron (iii) maleate
Zinc Zinc tartrate Zinc malate Zinc succinate

ABS ER Innovator Award Report 2022 Matthew Teusner ER final report | 3



Characterisation of many of the above species was non-trivial and involved a combination of
several techniques including elemental analysis, XRD, XAS and Mossbauer spectroscopy. In several
cases, single crystals were able to be grown giving definitive characterisation by single crystal XRD.
Additionally, the single crystal XRD revealed that there were multiple structural analogues for
some metal-carboxylate combinations. It is likely that these analogues would exist for many more
of the metal-carboxylates, which added to the large potential scope of materials to investigate.

2.3 Electrode formulation and characterisation

2.3.1 Acid formulation

Based on the hypothesised particle size effect on electrochemical performance noted in the
copper tartrate, an alternative formulation methodology was attempted in attempt to reduce the
final particle size (Figure 2a). Instead of copper tartrate, tartaric acid was used as the precursor
material and controlled drying of the cast electrode resulted in reaction between the acid in the
electrode slurry and the copper current collector, which was confirmed by XRD (Figure 2b) and the
formation of the copper tartrate resulted in significant particle size reduction as observed by SEM
(Figure 2c). Additionally, U/SANS confirmed that the structure and composition of the bulk was
significantly different between the two electrodes.
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Figure 2: (a) SEM (1000x, 5kV) of milled copper tartrate electrode. (b) XRD patterns as purchased (blue), acid
formulated (red) and ball milled (green) copper tartrate electrodes. (c) SEM (1000x, 15kV) of acid formulated
copper tartrate electrode. (d) Combined U/SANS data for as purchased (blue), ball milled (green) and in-situ (red)
copper tartrate electrodes, and CB electrode adjusted for the relative contribution (black). (e) Discharge (filled) and
charge (non-filled) specific capacity versus cycle number for as purchased (blue) and acid formulated (red) copper
tartrate electrodes. Cycling between 0.01 and 3 V versus Li at 50 mAg™.

Comparison of the electrochemical performance of the two different formulations revealed a
significant improvement in the specific capacity for the acid formulated electrode. Not only did the
acid formulated electrode reach a higher maximum capacity of 756 mAhg, but also the capacity
increase occurs much more rapidly. Some capacity degradation did occur after the capacity
maxima, which is attributed to the likely presence of detrimental side products from the copper-
tartaric acid reaction.

2.3.2 Formulation solvent

With the understanding that dissolution of the active material significantly influenced the
electrode microstructure, use of two common formulation solvents, N-methyl pyrrolidone (NMP)
and water, were compared across the entire metal-carboxylate series. The entire metal-
carboxylate series displayed large particles of the active material in NMP (Figure 3a) while many
showed a significant reduction in particle size and change in the electrode microstructure in water
(Figure 3b). Again, U/SANS was used to confirm the differences in the bulk microstructure, as well
as provide more detailed information about the distribution and dispersion of the active material
(Figure 3c).
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Figure 3: (a) and (b) SEM (200/1000x, 15 kV) of pristine (a) NMP based and (b) water-based iron malate electrodes.
(c) U/SANS data for NMP-based (blue) and water-based (red) iron (ii) tartrate electrodes.

2.4 Electrochemical performance testing

The electrochemical performance of the two formulations of each of the metal-carboxylate
species were evaluated in the same way as the previously discussed copper tartrate electrodes.
The best performing electrode, the water-based iron (ii) tartrate electrode gave a maximum
specific capacity of ¥870 mAhg™, and only a small capacity climb over the first 20 cycles (Figure
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1a). In comparison the NMP-based iron (ii) tartrate electrode gave ~430 mAhg™, with the capacity
climb occurring over the first 40 cycles. The average discharge potential of the water based iron (ii)
tartrate electrode was ~0.5 V, which is suitably low for a competitive anode material (Figure 3b).
Across the entire series it was evident that the water based formulations demonstrated superior
performance to the NMP formulations. This was especially the case for the iron-based species
(Figure 3c). The likely reason for the electrochemical performance improvement is the electrode
microstructural improvements. This clearly demonstrates that poor electrochemical performance
in a material can be due to the electrode microstructure, not just the nature of the material itself.
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3 Conclusions and recommendations
3.1 Conclusions

In conclusion, this project investigated the use of metal-dicarboxylate based materials as anodes in
lithium ion batteries. A range of performances were observed, varying between both the active
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materials and the formulation methods used. In the most promising case, the water based iron (ii)
tartrate electrode, a specific capacity of up to 870 mAhg* was measured, with minimal capacity
degradation over 100 cycles. Three additional outcomes of the project are the synthesis of novel
materials, use of novel characterisation techniques in the battery space, and development of
novel formulation methodologies.

3.2 Recommendations

Three main aspects of this project are recommended for future work. Firstly, optimisation of the
electrode formulation is required to achieve suitably higher active material loadings. This will
involve increasing the ratio of the active material to the other electrode components and
increasing the electrode thickness. Changes to both of these are likely to cause changes in the
overall performance, so a balance of high loading and high performance will need to be found.
Secondly, synthesis of the metal-carboxylates needs to be optimised to ensure ease of synthesis
and purification of the product. The products described in this report are synthesised using a
suboptimal procedure and are in some cases impure. This would predominantly involve changes to
the reaction precursors, and synthesis solvent. Finally, a more detailed investigation into the
mechanism of lithium insertion for the metal-carboxylates would give greater insight into methods
of improvement, as well as allow better rational design of high performance metal-carboxylates.
Specifically, investigation into whether the species with different metals, e.g., iron tartrate,
operate by the same mechanism as the copper tartrate.

4 References

1. Wang, Y.; Deng, Y.; Qu, Q.; Zheng, X.; Zhang, J.; Liu, G.; Battaglia, V. S.; Zheng, H., Ultrahigh-
Capacity Organic Anode with High-Rate Capability and Long Cycle Life for Lithium-lon Batteries.
ACS Energy Letters 2017, 2 (9), 2140-2148.

2. Wang, Y.; Liu, W.; Guo, R.; Qu, Q.; Zheng, H.; Zhang, J.; Huang, Y., A high-capacity organic
anode with self-assembled morphological transformation for green lithium-ion batteries. Journal
of Materials Chemistry A 2019, 7 (39), 22621-22630.

3. Xiao, F.; Qi, Y.; Wang, H.; Liu, Y.; Bao, S.; Xu, M., New insights into the electrochemical
activity of maleic acid in lithium ion battery. Chemical Engineering Journal 2022, 443, 136490.
4, Lou, X.; Hu, X.; Xiang, S.; Li, C.; Yang, Q.; Hu, B., A green ligand-based copper—organic

framework: a high-capacity lithium storage material and insight into its abnormal capacity-
increase behavior. New Journal of Chemistry 2020, 44 (41), 17899-17905.

For more information about the Australian Battery Society and the ER Innovator Award, please
go to www.australianbatterysociety.org or email us at admin@australianbatterysociety.org

For more information about Energy Renaissance please go to www.energyrenaissance.com.au
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