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Abstracts

From portable electronics to grid storage, batteries act as important media to store electrical 

energy. Lithium-ion batteries (LIBs) are taking a dominant role in battery markets. The 

supply risks associated with Li resources could stimulate the development of practical post-

LIBs, especially magnesium (Mg) /sodium (Na)-based batteries. Mg and Na batteries with 

the advantages of natural abundance and low cost of precursor materials are promising 

alternatives to LIBs. Rechargeable Mg batteries offer many advantages over the LIBs. The 

theoretical volumetric capacity of Mg metal anode (3833 mAh cm-3) is approximately two 

times higher than that of the Li metal (2061 mAh cm-3). Pure Mg-metal anode is dendrite-

free with high safety. In addition, Na-ion batteries are one of the fast-growing batteries 

following LIBs. Recent prototypes of Na-based batteries are competitive with some LIBs and 

are already being introduced into commercial products. Therefore, the cost-effective post-

LIBs (Mg and Na batteries) will be promising and competitive in the future battery market. 

To broaden the future application of batteries, we further develop electrode materials with 

good ultra-low temperature tolerance. The design of organic/inorganic electrode materials 

and an in-depth understanding of the reaction mechanism via spectroscopies are the main 

objectives of this thesis.    

Firstly, we demonstrated a new Mg storage mechanism for Mg/Bi batteries. A latent 

MgBi intermediate phase is firstly captured via operando synchrotron spectroscopy and ab 

initio methods. We synthesized the mesoporous bismuth nanosheets (p-Bi NS) as a free-

standing alternative anode to pure Mg metal. Results demonstrate that p-Bi NS outperforms 

reported bismuth-based materials in Mg batteries. These findings will advance the 
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mechanistic understanding and material design principles for Mg batteries.

    Secondly, we in-situ constructed a nanostructured Bi anode from bismuth selenide. 

Through the combination of operando synchrotron X-ray diffraction, ex-situ synchrotron X-

ray absorption spectroscopy, and comprehensive electrochemical tests, it is demonstrated that 

the nanosize of the in-situ formed Bi crystals contributes to the fast Mg2+ diffusion kinetics 

and highly efficient Mg-Bi alloying/de-alloying. The resultant Bi anodes exhibited superior

long-term cycling stability with over 600 cycles. We conclude that our findings offer a 

practical approach to guide the materials design of the alloy anode for highly stable 

rechargeable Mg batteries.

Thirdly, we reported layer-structured metallic vanadium diselenide (1T-VSe2) as a 

cathode material for low-temperature Mg2+/Li+ hybrid batteries. We demonstrated the high 

electronic conductivity and fast ion diffusion kinetics for 1T-VSe2, and a highly safe 1T-

VSe2/Mg battery for operation under -40 oC. The Jahn-Teller effect in compressed 

configuration is initiated in 1T-VSe2 with the change of electronic state on electrochemical 

intercalation of alkali metal ions. Using combined experimental results and theoretical 

studies including operando synchrotron X-ray diffraction, ex-situ X-ray absorption 

spectroscopy, and density functional theory (DFT) computation, we confirm that the Jahn-

Teller effect contributes significantly to the fast overall kinetics and structural stability of the 

electrode.

Lastly, we reported an organic electrode, nanosized disodium rhodizonate hybridizing 

with graphene oxide (nDSR/GO) as the highly efficient electrode for sodium-ion batteries 

with an excellent ultra-low temperature performance, in which the pseudocapacitive 
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electrochemical behavior of the organic electrode has been fully utilized. By modulating the 

solution-mediated kinetics of composite electrodes, the Na-nDSR/GO battery exhibits a high 

capacity of 119 mAh g-1 at -50 oC. The Prussian blue analogue (PBA)-nDSR/GO full cell 

demonstrates an ultra-long lifespan over 2500 cycles with a capacity of 99 mAh g-1 at a high 

current density of 300 mA g-1. The designed Na-ion batteries perform one of the best 

performances under an ultra-low temperature. Therefore, this battery is promising in practical 

use in extreme cold conditions.
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Chapter 1: Introduction

1.1 Significance of this project

Rechargeable Mg and Na batteries with the advantages of natural abundance and low cost 

are promising alternatives to LIBs.1-4 However, the practical utilization of them are still 

hindered by unsatisfactory cycle life, rate capacity, temperature tolerance, and energy 

density.5-6 These are due to the bivalent nature of Mg2+ and the large radius of Na+ (0.102 nm) 

induced sluggish ion diffusion kinetics in solid electrode. More importantly, there is a lack 

of mechanism studies to guide the rational design of high-performance electrode materials.7-

12 The redox chemistries of active electrode materials determine the energy density of the 

battery. This thesis developed several electrode materials with excellent electrochemical 

performance for Mg and Na-based batteries. And further work on developing ultra-low 

temperature electrode materials enhanced the temperature tolerance of Mg and Na batteries, 

which broadened the application of these batteries.

This thesis will contribute to: 

Innovative guidance to design materials with boosted Mg2+ diffusion kinetics via

nanostructure engineering. 

A novel strategy on in-situ electrochemical construction of alloy anode, which will

benefit the further exploration of high-energy cathode materials for Mg-based batteries. 

An evidence understanding at an atomic level of the mechanism that can be further

applied to the rational design of novel electrode materials with good low-temperature 

performance. 

An exploration of organic electrodes for sodium-ion batteries operated at ultra-low
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temperature. It promotes the development of ultra-low temperature batteries, including 

monovalent and multivalent ion batteries. 

1.2 Research objectives

This thesis aims to develop high-performance electrode materials for rechargeable Mg and 

Na-based batteries, and design electrode materials with good low-temperature tolerance to 

broaden the application of energy storage batteries. In particular, the goals of this thesis are:

To design novel electrode materials for Mg batteries with enhanced Mg2+ diffusion 

kinetics and to suggest strategies for synthesizing high-performance electrodes. 

To clarify the Mg2+ storage mechanism in alloy-type anode materials to guide the 

development of anodes for rechargeable Mg batteries. 

To explore low-temperature electrode materials for Mg-based hybrid batteries with 

mechanism studies via spectroscopic investigation and to propose strategies in the rational 

design of high-performance electrode materials for low-temperature operation.

To develop organic electrodes for ultra-low temperature batteries and shed light on 

the unique energy storage behavior of the organic electrodes. 

To inspire applications of in-situ/operando spectroscopic characterization techniques, 

such as X-ray diffraction, X-ray absorption, Fourier-transform infrared and Raman 

spectroscopy, and scanning/transmission electron microscopy, in rechargeable batteries.

1.3 Thesis outline

This thesis is presented in the form of journal publications. It includes research results on 

material syntheses, electrochemical tests (at RT and low temperatures), spectroscopic 

investigations, and theoretical computations for Mg and Na-based batteries. The challenges 
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reversibility of the battery.10-11 To overcome the interfacial problems of the Mg anode, Cl- 

containing ethereal electrolytes are used. However, these electrolytes, such as Grignard-based 

electrolytes21 and magnesium aluminate chloride complex (MACC)22 in tetrahydrofuran or 

glyme solvents, are often corrosive, air-sensitive, and suffer from poor anodic stability.9, 23 

Another strategy is to design artificial solid-electrolyte interphase, as reported in LIBs, via 

ex-situ or in-situ surface modification.24-29 More practical strategy is applying an alternative 

Mg2+ host anode, as demonstrated in Figure 1. Alloy-type anodes such as Bi, Sn, Sb, and 

their alloy compounds have been intensively investigated in RMBs.30-32 Among them, Bi is 

one of the most studied anodes as an alternative to Mg metal because of its relatively high 

theoretical volumetric capacity (1949 mAh cm–3 for Mg3Bi2) and stable output with flat and 

low redox potential plateau.33 Additionally, Bi is compatible with conventional carbonate 

electrolytes and has been demonstrated to be applicable in high-voltage systems and Mg-S 

batteries.34-35 The structure of Bi active materials has a great influence on the ion transfer in 

solid materials. Bi and its alloy with various morphologies and components, such as Bi 

nanotube,36-37 colloidal Bi nanocrystals,38 and nanocluster Mg3Bi2 alloy,39 have been 

developed to reversibly store Mg2+. However, these Bi anodes are still suffering from severe 

volume change and limited Mg2+ diffusion kinetics during the alloy/de-alloy process, and 

therefore exhibited poor cycling stability.40 Especially under high-rate conditions, the cycling 

life of these Bi-based electrodes is limited to 200 cycles, which is much shorter than the 

cycling requirement for practical applications. Therefore, rational design and precise 

synthesis of Bi electrodes are urgently needed to achieve high rate and long cycle life of 

RMBs. 
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requirement for practical application, manufacturers can use identical manufacturing 

protocols and equipment as LIBs to produce Na batteries with significant cost reduction.45 In 

addition, the Na battery takes a large cost advantage regarding to the anode current 

collector.46 Unlike Li, Na does not form an alloy with Al. Thus, the anode of Na-based 

batteries can utilize Al foil as the collector, which is much cheaper than Cu foil for the anode 

of LIBs. Research on Na batteries have made significant progress over the last decades, and 

some well-famed battery manufacturers, such as CATL (one of the global leaders in battery 

development and manufacturing), have launched production of commercial Na-ion batteries. 

Although Na-ion batteries are making strides towards energy storage applications, electrode 

materials with high power and energy density are still lacking and required to be developed.

2.2 Electrode materials for low-temperature batteries

Over decades of development and practical application of batteries, issues on the significantly 

decayed electrochemical performance at low temperatures pop up, which largely limit their 

applications in cold conditions, as depicted in Figure 3. Most commercial batteries suffer 

from severe energy loss when the operation temperature is down to -20 oC. This is caused by 

the sluggish ionic conductivity of the electrolyte, significantly increased charge transfer 

resistance, and slow metal ion transport within solid materials at low temperatures.47-50 As 

previously reported, the Pana-sonic 18650 LIBs maintain only around 5% of energy density 

at -40 oC due to the high melting point of the solvent.51 And the common graphite or hard 

carbon-based commercial batteries suffer severely from capacity and energy loss at 

temperature below -30 oC because of poor diffusion kinetics through the carbon layer. More 

importantly, the easily formed metal dendrites (Li/Na/K/Al) at low temperature bring severe 
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anode faces the same issue of slow ion diffusion kinetics at low temperature. Low discharging 

potential of the graphite even results in a Li plating on the electrode surface at low 

temperature.67 Whilst hard carbon with disordered crystal structure and nanovoids performs 

relatively better low-temperature performance than the pristine graphite anode.68 For the 

intercalation electrode, shortening the diffusion path of metal ions is generally effective to 

improve the kinetics of the battery at low temperatures. Therefore, alternative battery 

chemistry beyond intercalation, such as surface-controlled and solution-mediated reactions 

with shortening ion diffusion path and fast kinetics can be promising to optimize the low-

temperature performance of batteries.

Intercalation pseudocapacitive materials combine the high power of capacitors with the 

high energy of intercalation chemistry, emerging as a type of electrode material with excellent 

temperature-dependent capacity.69 Nanosized Nb2O5 and its relative compounds are typical 

materials that perform fast insertion kinetics via intrinsic pseudocapacitive behaviors.70 Liang 

et al. employed mesoporous Ti0.88Nb0.88O4−x@C as an anode material for Na-ion batteries 

achieving a high rate and long-cycling performance at -40 oC.71 Prussian blue and its 

analogues are a large family of transition metal hexacyanoferrates with 3D open framework 

structures. Prussian blue with extrinsic pseudocapacitive behavior has turned out to be an 

excellent low-temperature electrode material for both LIBs and Na-ion batteries.72-73 

Moreover, as shown in Table 2, the work from Wang et al., explored metal-sulfur batteries 

which demonstrated the highest capacity at a low temperature of -40 oC.74 The metal-sulfur 

batteries with advantage of kinetically fast amorphous conversion reactions is strongly 

promising in low-temperature operations. Organic compounds are a type of sustainable 
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material with surface-controlled reactions, which exhibit fast reaction kinetics.75-77 Therefore, 

the organic electrodes are promising candidates for low-temperature applications. As 

previously reported, the metal-organic batteries can withstand temperature down to -70 oC.78-

80 They are encouraging to be introduced in the extreme harsh environment, such as polar 

explorations and subsea operations. While efforts on improving the cyclability and energy 

density of the organic electrode are needed to make it viable for practical use. 

Table 2. Low-temperature performance of different battery systems. 

Battery 
systems

Specific capacity Cycling performance Average 
discharge 
voltage (V)

Operating 
temperature 
(oC)

Ref.

Sodium 
batteries

Ti0.88Nb0.88O4−x@C//Na 99 mAh g-1 at 0.5C 81% retained after 500 ~0.7 -40 171

Prussian blue@CNTs 76 mAh g-1 at 2.4C 86% retained after 1000 ~2.7 -25 273

Lithium 
batteries

LiFePO4(LFP)//Li ~80 mAh g-1 at 0.5C 89.4% retained after 200 unknown -40 366

NMC811//Li 108 mAh g-1 at 0.2C 90% retained after 200 3.7 -40 481

LiMn2O4(LMO)//
Li4Ti5O12 (LTO)

~70 mAh g-1 at 0.2C ~80% retained after 40 2.4 -40 582

SPAN//Li ~300 mAh g-1 at 0.2 A g-1 86% retained after 100 ~1.4 -40 683

Polyimide (PI)//Li ~70 mAh g-1 at 0.2C ~83% retained after 100 2.3 -70 779

S (SRVCR)//Li ~587 mAh g-1 at 0.2C ~80% retained after 50 ~1.9 -40 874

Aqueous 
batteries

MnO2@GF//MoO3 171.8 mAh g-1 at 0.2 A g-1 >99% retained after 100 ~1.0 (vs. 
Ag/AgBr)

-70 984

PI//LiBr+ TPABr//PC 56 mAh g-1 at 0.5 A g-1 98% retained after 1000 
at 1 A g-1

0.8 -40 1085

AC//NaTi2(PO4)3@C ~65 mAh g-1 at 0.5C >80% retained after 100 ~1.2 -50 1186

α-MnO2//Zn ~40 mAh g-1 at 6 A g-1 >99% retained after 1000 ~1.3 -50 1287

Full organic 
battery

PTPAn//PI 103 mAh g-1 at 5C >99% retained after 2000 ~1.2 -50 1378

Notes: CNTs= carbon nanotubes; NMC 811= LiNi0 8Mn0 1Co0 1O2; SPAN = sulfurized 

polyacrylonitrile; AC= active carbon; TPBr= tetrapropylammonium bromide; PTPAn=

polytrriphenylamine; SRVCR= sulfur-rich vulcanized clay rubber.

2.3 Spectroscopic study

Over the past decade, advanced characterization techniques have been developed to monitor 
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batteries from various scales to guide the rational design and to improve the electrochemical 

performance of batteries.88-90 Especially, many in-situ and operando techniques have been 

developed to capture the real-time information of the electrochemical process via customized 

cells.91-93 The in-depth fundamental understanding on the structure and kinetics of both 

electrode materials and the electrolyte/electrode interfacial reactions is essential to develop 

advanced materials for all types of batteries. In this thesis, we present both static (ex-situ) 

and real-time (in-situ or operando) spectroscopies, which are keys to guide the development 

of electrode materials.

In-situ/operando X-ray diffraction (XRD). XRD is a well-established technique to 

characterize the crystal structure and phase composition of electrode materials. In 

situ/operando XRD techniques are used to capture the structural change and phase transition 

of electrodes during electrochemical cycling. Unlike other in-situ characterization techniques, 

in-situ XRD does not require any specially designed cell and the operation is relatively simple, 

as shown in Figure 4a.94 The coin cell with a hole covered by Kapton tape can be used for 

operando synchrotron XRD tests. In-situ XRD is commonly applied to monitor the structural 

change of cathode materials. For example, the research conducted by Liu et al.95, confirmed 

that a solid-solution region occurs between LiFePO4 and FePO4. The identified solid-solution 

phase directly contributes to an outstanding rate performance of LIBs (Figure 4b). Such a 

fast transition process can hardly be captured via ex-situ XRD. Sodium-rich rhombohedral 

Prussian blue was a typical cathode material studied via synchrotron operando XRD as 

reported by Wang et al.41 The operando XRD results exhibited a highly reversible 

rhombohedral structure for the prepared material. A three-phase transition among 
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Li1.2Ni0.2Mn0.6O2 batteries.105 d) In-situ Raman spectra and corresponding discharge-charge 

curves for Na-organic(C6H2Na2O6) batteries.106

In-situ Raman spectroscopy. The Raman spectrum is used to identify the vibrational 

energy of molecular/crystal bonds within electrode materials. It is sensitive to detect transient 

species and intermediate phases. The Raman spectroscopy is commonly used to investigate 

the reaction mechanism of electrode materials.107 For example, Li et al.104 applied in-situ 

Raman spectra to identify the intermediate products in sulfur oxidation processes for Al-S 

batteries. Via in-situ Raman, they found that the SCl3
+ intermediate is soluble in the 

electrolyte, which results in the loss of active sulfur during cycling (Figure 6a-b). And further 

work focusing on promoting transformation kinetics of the SCl3
+ will benefit the cycling 

stability of Al-S batteries. Another work from Zhou’s group105 used in-situ Raman to capture 

an oxygen redox process via the signal of peroxo O-O bonds and identified the origin of the 

high capacity of the Li-rich (Li1 2Ni0 2Mn0 6O2) cathode (Figure 6c). In addition, most organic 

materials exhibit strong Raman activity. The Raman spectra are especially important to study 

organic electrodes. Zhang et al.106 identified the active sites and captured the transformation 

process of the functional group from C=O to C-O for the organic electrode via in-situ Raman 

spectroscopy (Figure 6d). Apart from detecting changes in electrodes, in-situ Raman also 

plays an important role in monitoring the liquid electrolytes for rechargeable batteries.108-110 

And more research work will benefit from advances in Raman technique, especially the in-

situ/operando characterizations.

2.4 Conclusions and outlook

Following the fast development of renewable energy (solar and wind power, etc.), high-
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performance energy storage devices are highly demanded. Post-LIBs with the advantage of 

low cost and abundant resources are promising in large-scale applications and are intensively 

studied. In this project, we present an overview of post-LIBs, mainly focusing on 

rechargeable Mg and Na batteries, and offer strategies for the optimization of electrode 

materials to achieve high energy density and good temperature tolerance. Despite the current 

achievements in both Mg and Na-based batteries, there are still great challenges and 

opportunities in them. The sluggish kinetics of bivalent Mg2+, and the large radius of Na+

lead to the lack of suitable electrode materials for fast and efficient 

intercalation/deintercalation of Mg2+ or Na+. Hence, meticulous electrode optimization and 

cell designs are urgently needed to take full advantage of their material advantage and 

eventually surpass the state-of-the-art LIBs. Future work on RMBs and Na-based batteries 

should focus on new approaches for the improvement of the overall kinetics of electrode 

materials and achieving high energy density close to 500 Wh kg-1 for operation at both RT 

and low temperatures. 

Addressing current issues in RMBs and Na-based batteries requires adequate

fundamental knowledge of characterization techniques. Characterization techniques are vital 

for the in-depth fundamental understanding of battery materials. The commonly used 

techniques are highlighted. In-situ/operando XRD has been illustrated as a powerful tool to 

offer valuable information on structural evolution and phase transformation of electrode 

materials during cycling. XAS and Raman spectroscopy techniques provide information on 

the surface and electronic structure of inorganic/organic materials. More in-situ or operando 

techniques, such as pair distribution function (PDF), Fourier-transform infrared (FTIR), X-
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ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR), and transmission 

electron microscopy (TEM) are required. New in-situ cells and equipment should be designed 

to ensure good quality of data and fit into real operation conditions. Overall, new insights 

from a combination of different characterization techniques contribute to the mechanistic 

understanding of cell failures and thus benefit the future optimization and innovation of 

battery materials.
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Chapter 3: Revealing the Magnesium Storage Mechanism in Mesoporous 

Bismuth via Spectroscopy and Ab Initio Simulation

3.1 Introduction and significance

Bismuth is a promising alternative to magnesium metal anode. It permits non-corrosive 

magnesium electrolytes with high oxidation stability and encourages the investigation of 

high-voltage cathode materials for magnesium ion batteries (MIBs). An in-depth 

understanding of the mechanism of Mg storage in bismuth is crucial for the search for reliable 

approaches to boost the electrochemical performance of MIBs. Here, we present mesoporous 

bismuth nanosheets as a model to study the charge storage mechanism of Mg/Bi system. 

Using a systematic spectroscopy investigation of combined synchrotron-based operando X-

ray diffraction, near-edge X-ray absorption fine structure and Raman, for the first time, we 

demonstrate a reversible two-step alloying reaction mechanism of Bi↔MgBi↔Mg3Bi2. Ab 

initio simulation methods disclose the formation of the MgBi intermediate and confirm its 

high electronic conductivity. This intermediate serves as a buffer for the significant volume 

expansion (204 %) and acts to regulate Mg storage kinetics. The mesoporous bismuth 

nanosheets, as an ideal material for the investigation of Mg charge storage mechanism, 

effectively alleviate volume expansion and endow significant electrochemical performance 

in the lithium-free electrolyte. These findings will benefit mechanistic understandings and 

advance material designs for MIBs. The highlights of this work include: 

New Mg-ion storage mechanism – We propose for the first time a two-step alloying 

reaction in Mg/Bi battery systems i.e. reversible charge storage of Bi↔MgBi↔Mg3Bi2. The 
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storage mechanism is comprehensively investigated by synchrotron-based operando X-ray 

diffraction and near-edge X-ray absorption fine structure, together with theoretical 

computations.  

Boosted kinetics – The electrochemical process and Mg-ion migration kinetics are 

theoretically simulated. The MgBi intermediate phase is modelled with a low volume 

expansion ratio, fast kinetics and high electronic conductivity to accelerate electrochemical 

kinetics.

Nano-engineering with excellent performance – The electrochemical process and 

Mg-ion migration kinetics are theoretically simulated. A free-standing mesoporous Bi 

nanosheet is firstly applied as an advanced anode for Mg-ion storage. As a result, the p-Bi 

NS mitigates volume expansion to provide a record cycling stability when compared with 

other Bi-based materials in Li-free electrolytes.

3.2 Revealing the Magnesium Storage Mechanism in Mesoporous Bismuth via 

Spectroscopy and Ab Initio Simulation

This Chapter is included as it appears as a journal paper published by Xin Xu, Dongliang 

Chao, Biao Chen, Pei Liang, Huan Li, Fangxi Xie, Kenneth Davey, and Shi-Zhang Qiao*. 

Revealing the Magnesium Storage Mechanism in Mesoporous Bismuth via Spectroscopy 

and Ab Initio Simulations. Angewandte Chemie International Edition 2020, 59(48): 

21728-21735.
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Experimental Methods

Synthesis of mesoporous bismuth nanosheets. Carbon-cloth was treated with concentrated acid (HNO3:

H2SO4=1:3) overnight, and rinsed with deionized (DI) water and ethanol 3 x times. In synthesizing the 

bismuth oxyiodide (BiOI) nanosheets, 0.407 g bismuth nitrate pentahydrate (Sigma-Aldrich) and 0.418 g 

potassium iodide (Sigma-Aldrich) were dissolved in 35 mL ethylene glycol (Fluka), and then transferred 

to a 50 mL autoclave together with the acid-treated carbon-cloth (2 x 3, cm). The autoclave was held at

160 ℃ for 6 h. The obtained BiOI nanosheets on carbon-cloth (BiOI-CC) were washed with DI water 

and ethanol to remove any residual solvent. Porous Bi nanosheets (p-Bi NS) were obtained by reduction 

of BiOI with a solution method. Specifically, BiOI-CC was immersed in 20 mL of 0.25 M sodium 

borohydride (NaBH4, Sigma-Aldrich) aqueous solution for 20 min and then washed with DI water and 

ethanol in turn. Porous Bi nanosheet are obtained due to the strong etching effect of NaBH4. The control 

sample of porous bismuth nanosheets without carbon-cloth was prepared in this same way by commercial 

bismuth powder (100 mesh, Sigma-Aldrich).

Material characterization. The morphology of the sample was obtained on FEI Quanta 450 FEG 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM, JEOL JEM-2100f). 

Crystal structures examined by ex-situ X-ray diffraction were collected on a Rigaku Mini Flex 600 X-

Ray Diffractometer. N2 adsorption-desorption isotherm (77 K) was measured by a Micromeritics ASAP 

2460. The micro Raman spectra were collected using Labram HR Evolution (Horiba Scientific) in the 

range 20 - 2000 cm–1 and recorded by 532 nm laser beam with a 50X objective lens. X-ray photoelectron

spectra (XPS) measurements were conducted on a PHI Quantera X-ray photoelectron spectrometer with 

a spatial resolution of 30 mm and Al Kα radiation. All samples prepared for the ex-situ testing were rinsed 

with tetrahydrofuran (THF) solution to remove soluble species on the surface, and sealed within Ar 

protection. The ex-situ NEXAFS spectra were characterized by soft X-ray spectroscopy (XAS) beamline 

in the Australian Synchrotron (ANSTO), Melbourne. The data energy were calibrated with standard Mg 

foil and processed with the Athena program.[1] Synchrotron operando X-ray diffraction (XRD) data were 

collected continuously in 30 s acquisitions by the powder diffraction beamline of ANSTO with a 

wavelength (λ) of 0.68684 Å. Home-made 2032 coin-cells were used for synchrotron operando XRD data 

collection. Both sides of the cell cases were punched with holes and sealed with Kapton films to allow X-

ray transmission. 

Electrochemical measurements. 0.25 M all phenyl complex (APC) in THF solution was prepared in 

argon-filled glove box following the method of Aurbach and co-authors.[2] Specifically, 0.2 g aluminium 

chloride powder (AlCl3, anhydrous, Sigma-Aldrich) was added slowly into 4.5 mL THF (> 99.9 %, 

anhydrous, Sigma-Aldrich) and stirred overnight. 1.5 mL phenylmagnesium chloride solution (PhMgCl, 
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2 M in THF, Sigma-Aldrich) was added slowly into AlCl3/THF solution and stirred overnight. The 

obtained APC solution was used as the electrolyte for the test of the battery. Electrochemical performance 

was evaluated in the 2032 type coin-cell. P-Bi NS was directly used as a binder-free working electrode. 

The mass loading was weighted ~ 2.15 mg cm–2, based on the mass difference before and after Bi loading 

on the clean carbon-cloth. The control sample of Bi bulk and Bi nanosheets without carbon matrix were 

prepared by grinding active materials, carbon black (> 99 %, Alfa Aesar) and poly(vinylidene fluoride) 

(PVDF, Sigma-Alrich) in a mass ratio of 70:20:10, and then the slurry pasted on copper foil to form the 

electrodes. Mg foil and glass fiber were applied as anode and separator, respectively. Galvanostatic 

cycling tests between 0.6 - 0.05 V were performed on a Land CT2001A battery testing system at different 

rates. The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) data were 

collected by Zahner IM6 electrochemical station.  

Calculation of diffusion coefficient based on CV profiles. The diffusion coefficient of Mg ions was 

calculated by the Randles-Sevcik equation (at 25 ℃).

Ip = 2.686×105n3/2AD1/2v1/2C (S1)

in which Ip is the current peak value (A) shown in CV curves, n is the number of electrons transferred 

(assuming six electrons transfer), A is the electrode area (cm2), D is the diffusion coefficient (cm2 s–1), v

is the scan rate (V s–1), and C is the concentration (mol cm–3) of Mg ions. The value of D can be calculated 

from the slope of - v1/2 lines. It should be noted that samples were tested from different electrode areas.

Each p-Bi NS sample was cut into squares of ~ 0.35 cm–2 for use. The electrode area for control sample 

was 1.13 cm–2. The value of D can be extracted from the slope of - v1/2 A.

Computational details. The package of Vienna ab initio simulation was adopted in all computations.[3] 

Electron-ion interactions were tested by projector augmented wave (PAW), whilst the electron exchange-

related interactions were processed through the Perdew-Burke-Ernzerhof (PBE) exchange in the 

generalized gradient approximation (GGA) scheme.[4] Additionally, in our calculations, we used plane 

wave set with energy cutoff of 550 eV, which was adequate to achieve energy convergence. For 

optimization and static calculations, the Brillouin zone was sampled using a 8 x 8 x 8 Monkhorst-Pack 

special k-point grid centered on Γ.[5] Conjugate gradient was used to optimize all atom positions until all 

Hellmann-Feynman forces on each atom were < 0.01 eV / Å. The total energy difference between two 

consecutive steps is less than 10-7 eV / unit. In computing the density of states, the denser grid was set to 

15 x 15 x 15. When computing the energy band, the high symmetry points were set to G (0,0,0), K(0,0.5,0), 

M(0,0.5,0.5) and Z (0,0,0.5), respectively. The Fermi level was shifted to 0 eV. The valence states were

3s23p0 for Mg and 6s26p3 for Bi. The width of smearing was 0.1 eV.

5151



Supplementary Results

Figure S1. First-order derivative curves from NEXAFS for Mg K-edge of p-Bi NS, and corresponding 

main edge values extracted from half-peak energy with Athena.  

Figure S2. Normalized NEXAFS at Mg K-edge of p-Bi NS. Inset shows the extracted main edge values 

of p-Bi NS, corresponding to different electrochemical reaction stages for the initial cycle. 
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Figure S3. Morphology of BiOI-CC. SEM images of a) pure carbon-cloth, b) BiOI nanosheets directly 

grown on carbon-cloth, c) a piece of ‘stripped off’ BiOI. The lateral size of BiOI nanosheet is ~ 1.5 μm. 

d) Enlarged SEM image.
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Figure S4. XRD spectrum for BiOI-CC corresponding to tetragonal BiOI.

Figure S5. a) SEM and b) TEM images of mesoporous bismuth nanosheets.
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Figure S6. XRD pattern for p-Bi NS corresponding to hexagonal Bi.

Figure S7. SEM image of a) commercial bismuth powder and b) Bi bulk electrode after 50 cycles.
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Figure S8. a) N2 absorption−desorption isotherms for Bi bulk and b) corresponding distribution of pore

size.

Figure S9. Galvanostatic discharge/charge profiles and corresponding partially-enlarged discharge 

profiles for a) c) p-Bi NS and b) d) Bi bulk after different cycles.
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Figure S10. Galvanostatic discharge/charge profiles for a) p-Bi NS and b) Bi bulk at different rates. (∆E 

is the polarization voltage-plateau gap)

Figure S11. CV curves for a) p-Bi NS and b) Bi bulk at different scan rates of 50, 100, 200, 300 and 400 

μV s
–1

.
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Figure S12. Fitted linear curve between Ip and v1/2 A for measuring diffusion coefficient. (Ip is the current 

peak value as shown in CV curves, A is the electrode area (cm
2
) and v is the scan rate (V s

–1
)).

Figure S13. a) TEM images of p-Bi NS at full discharge and b) enlarged image. A solid-electrolyte 

interphase layer is formed during discharge. The thickness of the layer is about 5.2 nm.
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Figure S14. Nyquist plots for p-Bi NS and Bi bulk after 5 cycles. Inset is the equivalent circuit for the 

fitting of impedance. (RΩ is the internal/ohmic resistance, Rct is the interfacial resistance).

Figure S15. EIS spectra for a) p-Bi NS, b) Bi bulk original and after 1, 5, 10 and 20 charge/discharge 

cycles.

5959



Figure S16. Electrochemical performance of porous bismuth nanosheet without carbon matrix. a) 

Galvanostatic discharge-charge profile. b) Cycling performance at 0.2 A g
–1

.

Figure S17. Electrochemical performance of porous bismuth nanosheet without carbon matrix. a) Rate 

performance at current density of 0.08, 0.1, 0.2, 0.3, 0.5, 0.8, 1.2, 2.0 and 0.2 A g
–1

. b) Nyquist plots.
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Figure S18. Electrochemical performance of porous bismuth nanosheet without carbon matrix. a) CV 

curves at different scan rates 50, 100, 200, 300 and 400 μV s
–1

 between 0.6 - 0.05 V. b) Fitted linear curve 

between Ip and v1/2 A. 

Figure S19. Schematic of the interfacial reaction between APC electrolyte and bismuth electrode.
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Figure S22. Band structures near the Fermi level for a) Mg3Bi2, b) MgBi. The Fermi level (horizontal

dashed line) is shifted to zero. 

Figure S23. Comparison of the partial density of states for various Mg and Bi in Mg3Bi2 and MgBi.
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Chapter 4: Synchrotron X-ray Spectroscopic Investigations of In-Situ 

Formed Alloy Anodes for Magnesium Batteries

4.1 Introduction and significance

Magnesium batteries present high volumetric energy density and dendrite-free deposition of 

Mg, drawing wide attention in energy storage devices. However, its further development 

remains stagnated due to relevant interfacial issues between Mg anode and the electrolyte, 

and sluggish solid-state diffusion kinetics of Mg2+ ions. Herein, for the first time, we propose 

in-situ conversion chemistry to construct a nanostructured Bi anode from bismuth selenide 

driven by Li+. Through the combination of operando synchrotron X-ray diffraction, ex-situ 

synchrotron X-ray absorption spectroscopy and comprehensive electrochemical tests, we 

demonstrate that the nanosize of the in-situ formed Bi crystals contribute to the fast Mg2+

diffusion kinetics and highly efficient Mg-Bi alloy/de-alloy. The resultant Bi anodes exhibit 

superior long-term cycling stability with over 600 cycles under a high current density of 1.0 

A g-1. This work provides a new approach to construct alloy anode and paves the way for 

exploring novel electrode materials for magnesium batteries. The highlights of this work 

include:

In-situ constructing anode - The nanostructured Bi alloy anode has been prepared 

through an in-situ electrochemical conversion from bismuth selenide. Based on a series of 

electrochemical tests and operando synchrotron X-ray diffraction and DFT calculations, the 

fast Mg2+ diffusion kinetics and high electrochemical activity of BS-Bi electrode are proved 

to be evoked by the in-situ conversion driven by Li+. 
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Mg2+ storage mechanism - We demonstrate a highly reversible Mg alloy/de-alloy 

reaction in in-situ formed nanosized Bi crystals through combining ex-situ synchrotron X-

ray absorption spectroscopy and X-ray photoelectron spectroscopy. 

Superior performance - We demonstrate that in-situ constructed BS-Bi anode 

exhibits an excellent rate performance (335 mAh g-1 at 1 A g-1) and long cycling stability over 

600 cycles. This performance is amongst the best-reported bismuth-based alloy anode 

materials in RMBs.

4.2 Synchrotron X-ray Spectroscopic Investigations of In-Situ Formed Alloy Anodes for 

Magnesium Batteries

This Chapter is included as it appears as a journal paper published by Xin Xu, Chao Ye, 

Dongliang Chao, Biao Chen, Huan Li, Cheng Tang, Xiongwei Zhong, and Shi‐Zhang Qiao. 

"Synchrotron X‐ray Spectroscopic Investigations of In‐Situ‐Formed Alloy Anodes for 

Magnesium Batteries." Advanced Materials 2022, 34(8): 2108688.
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Experimental Section 

Materials synthesis. The Bi2Se3 nanosheets were prepared via a solvothermal method. Firstly, 

0.126 g bismuth chloride (Sigma, 98%) and 0.104 g sodium selenite (Sigma, 99%) were dissolved 

in 50 ml ethylene glycol (EG, Sigma, 99%) to obtain a precursor solution. Then, an alkaline EG 

solution containing 0.240 g sodium hydroxide (Sigma, 98%) and 10 ml EG was prepared for 

adjusting the pH values of the precursor solution. The 10 ml alkaline EG solution was added 

dropwise into the precursor solution under vigorous stirring at room temperature. After further 

stirring for 30 min, the mixture was transferred into a 100 ml Teflon-lined autoclave and kept at 

160 °C for 12 h. The obtained precipitates were centrifuged and washed thoroughly with deionized 

water and ethanol for several times. Bismuth nanosheets (Bi NS) as the control sample were 

obtained through the reduction of bismuth oxyiodide (BiOI) with 0.25 M NaBH4 (Sigma, 98%) 

solution. The BiOI sample was prepared following our previous reports with modifications.[1] In a 

typical procedure, 0.388 g bismuth nitrate pentahydrate (Sigma, 98%) was firstly dissolved in 80

mL of 1.2 M acetic acid and stirred for 30 min, followed by addition of 0.160 g 1,10-

phenanthroline (Sigma, 99%) and 0.133 g potassium iodide (Sigma, 99.5%). The pH of the above 

mixture solution was then adjusted to 6 using 3 M NaOH. After stirring for another 30 min, the 

solution was then transferred to a 100 mL Teflon-lined autoclave and heated at 160 for 2h. The 

BiOI nanosheets were finally obtained after collecting by centrifugation, washing by deionized 

water and freezing drying.

Preparation of electrolytes. To prepare the hybrid electrolyte, 1.5 M (0.163 g) lithium borohydride 

(LiBH4, Sigma, 90%) was firstly dissolved in 5 mL diethylene glycol dimethyl ether (Diglyme, 

Sigma, anhydrous, 99.5%) under stirring. After stirring for 2 h, 0.1 M (0.027 g) magnesium 

borohydride (Mg(BH4)2, Sigma, 95%) was added to prepare the final solution and stirred overnight 
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before use. The electrolyte with 0.6 M LiBH4 was prepared via same method. The control 

electrolyte, all-phenyl complex (APC), was prepared by adding 0.25 M (0.200 g) AlCl3 (Sigma, 

anhydrous, 99.99%) slowly into 4.5 mL tetrahydrofuran (THF, Sigma, anhydrous, 99.9%) under 

stirring. Afterwards, the obtained AlCl3 solution was slowly added into 1.5 ml phenylmagnesium 

chloride solution (Sigma, 2.0 M in THF), stirring for another 12 h to obtain the APC electrolyte. 

The APC-LiCl hybrid electrolyte was prepared by dissolving 1.0 M anhydrous LiCl (Sigma,

anhydrous, 99.9%) in above APC solution. All procedures were carried out in an Ar-filled glove 

box (H2O< 0.5 ppm and O2< 0.5 ppm). 

Material characterizations. The SEM and TEM images of samples were obtained on FEI Quanta 

450 FEG SEM and JEOL JEM-2100f TEM, respectively. Lab-based XRD data were collected on 

a Rigaku Mini Flex 600 X-Ray Diffractometer (Cu Ka λ=1.5418 Å). XPS measurements were 

conducted on the PHI-5000 Versa Probe X-ray photoelectron spectrometer with Al Kα radiation. 

All samples prepared for ex-situ testing were thoroughly rinsed with diglyme solution to remove 

soluble species on the surface and sealed within Ar protection before testing. The ex-situ XPS data 

were collected after Ar sputtering to a depth of 10 nm. The ex-situ XAS was obtained from XAS 

beamline of Australian Synchrotron (ANSTO, Melbourne) and processed with the Athena 

program.[2] The synchrotron XRD data were collected continuously in 30 s acquisitions from the 

powder diffraction beamline of ANSTO with a wavelength (λ) of 0.68685 Å. To fully take 

advantage of facility time for data collection, the four-position cells arrangement are employed 

where high-rate discharge/charge are not required. These cells are connected with a Neware battery 

tester which enable the control of electrochemistry for each cell while cell is tested through the 

beam and a data set is collected. Home-made 2032 coin-cells were used for operando synchrotron 
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XRD data collection. Both sides of the cell cases were punched with d=0.3 cm holes and sealed 

with Kapton films to allow X-ray transmission.

Electrochemical measurements. The electrochemical performance was evaluated in 2032 type 

coin-cell. To fabricate electrodes, the active materials (Bi2Se3 nanosheets or Bi NS), carbon black 

(> 99 %, Alfa Aesar) and poly(vinylidene fluoride) (PVDF, Sigma) were mixed with a mass ratio 

of 7:2:1 in N-methyl-2-pyrrolidone (NMP, Sigma, anhydrous, 99.5%). The mixture was stirred 

overnight to obtain a homogeneous slurry, pasted on a copper foil with a diameter of 1.2 cm, and 

dried at 80 °C in a vacuum oven overnight. The mass loading was weighted around 1.0 mg. The 

as-prepared electrodes, polished Mg foils (MTI, 99.9%) and glass microfibre separators (Whatman, 

GF/C) were used as the cathodes, anodes and separators, respectively. Galvanostatic cycling tests 

were performed on Land CT2001A battery testing system at different current densities in the 

voltage range of 1.0 - 0.05 V. Three initial discharge/charge cycles at a low current density of 0.1 

A g-1 were performed for the activation of electrodes. The specific capacities of the BS-Bi were 

calculated based on the mass of Bi. CV tests were carried out among 0.05 and 1.0 V. The EIS plots 

were obtained from CHI760E electrochemical workstation with an AC amplitude of 5 mV in a 

frequency range of 100 kHz - 0.01 Hz.

Calculation of diffusion coefficient based on CV profiles. The diffusion coefficient of Mg ions was 

calculated by the Randles-Sevcik equation (at 25 ℃).

Ip = 2.686×105n3/2
AD1/2

v
1/2C  (S-1)

in which Ip is the current peak value (A) shown in CV curves, n is the number of electrons

transferred (assuming six electrons transfer), A is the electrode area (electrode area for all samples 

is 1.131 cm2), D is the diffusion coefficient (cm2 s-1) which can be calculated from the slope of I୮-
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v
1/2 lines and v is the scan rate (V s-1). C is the solid concentration in mol cm-3 and calculated to be 

3.848×10-3 mol cm-3 in Mg3Bi2.

Computational details. All calculations in this work were carried out using the density functional 

theory (DFT) method as implemented in the VASP code. For the structure optimization and density 

of states (DOS) computation, the electronic exchange-correlation energy was modeled using the 

Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA). 

The projector augmented wave (PAW) method was used to describe the ionic cores. A 500 eV 

kinetic energy cut-off was used for the plane-wave expansion. Monkhorst-Pack 5×5×1, 7×7×1, 

9×9×1 k-point grids were used to describe the Brillouin zone for BiSe, Bi2Se3, Bi4Se3, respectively. 

The convergence criterion for the electronic structure iteration was set to be 10-4 eV, and that for 

geometry optimizations was set to be 0.01 eV Å-1 on force. A Gaussian smearing of 0.1 eV was 

applied during the geometry optimization.
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Figure S3. (a) The discharge curve of BS-Bi in single Mg(BH4)2 salt electrolyte. The capacity is

negligible with no addition of LiBH4. (b) Discharge/charge curves of BS-Bi in MLBH hybrid 

electrolyte.

Figure S4. The discharge/charge curves of BS-Bi in APC and APC-LiCl hybrid electrolytes.
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Figure S7. The SEM image of the control sample Bi NS.

Figure S8. The XRD pattern of the control sample Bi NS.
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Figure S9. The initial three cycles of discharge/charge curves of Bi NS electrode in MLBH 

electrolyte. 

Figure S10. CV curves of BS-Bi electrode at different scan rates after the 1st cycle. 
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Figure S18. The discharge/charge profile of BS-Bi in (a) MLBH and (b) APC-LiCl hybrid 

electrolyte at current density of 0.1 A g-1 with different cut-off voltage for the second cycle. The 

reversible phase evolution from Bi to Bi2Se3 is difficultly proceed in hybrid system even with high 

upper cut-off voltage. 

Figure S19. XPS deconvolution of Bi 4f doublet peak at the discharge state of 0.75 V.
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Figure S22. Full XPS of the pristine (black) and fully discharge (red) BS-Bi electrode.

Figure S23. High-resolution XPS of Mg 2s for pristine and fully discharge BS-Bi electrode. 
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Table S1. Comparison of the cycling stability and specific capacity of bismuth-based materials 

for RMBs 

Anode materials Capacity (mAh g
-1
) Cycles Rate Reference

BS-Bi 309 200 1000 mA g
-1 This work

BS-Bi 293 300 1000 mA g
-1 This work

Bi 222 100 0.01C [3]

Bi nanotubes 303 200 unknown [4]

Micrometric Bi 300 50 790 mA g
-1 [5]

InBi 280 100 C/20 [6]

Nanoporous
Bi6Sn4 

280 200 200 mA g
-1 [7]

Nanocluster
Mg3Bi2 

263 200 500 mA g
-1 [8]

BiOF 185 100 unknown [9]

Porous Bi3Sn2 301 200 1000 mA g
-1 [10]

Table S2. Lattice parameters for the DFT models and the compounds from initial 

electrochemical conversion. 

Lattice parameters (Å) Crystal
system

Band
gap (eV)

a b c

Bi2Se3 4.14 4.14 28.63 hexagonal 0

BiSe 4.27 4.27 23.85 hexagonal 0

Bi4Se3 4.32 4.32 41.04 hexagonal 0

m-Bi 4.659 4.659 6.457 monoclinic 0
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Table S3. Quantitative analysis results of deconvolution of the Bi 4f doublet peak at discharge 

state of 0.75 V for the initial cycle. 

State Bi (II) Bi (II-0) Bi (0)

Content (%) 30.1 55.8 14.1
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Chapter 5: Initiating Jahn-Teller Effect in Vanadium Diselenide for High 

Performance Magnesium-Based Batteries Operated at -40 oC 

5.1 Introduction and significance 

Poor electronic and ionic conductivity of electrode materials at low temperature of -20 oC 

and below has significantly impeded the development of batteries for cold conditions. Here, 

we report for the first time that layer-structured metallic vanadium diselenide (1T-VSe2) as a 

cathode material for low-temperature Mg2+/Li+ hybrid batteries. We demonstrate a high 

electronic conductivity and fast ion diffusion kinetics for 1T-VSe2 at selected temperatures, 

and a highly safe 1T-VSe2/Mg battery for operation at temperature to -40 oC. The battery 

exhibited 97 % capacity retention over 500 cycles, which is amongst the best performances 

in reported Mg-based batteries. The Jahn-Teller effect in compressed configuration is 

initiated in 1T-VSe2 with the change of electronic state on electrochemical intercalation of 

alkali metal ions. Using combined experiment and theory via operando synchrotron X-ray 

diffraction, ex situ X-ray absorption spectroscopy and density functional theory (DFT) 

computation, we confirm that the effect contributes significantly to fast-overall kinetics and 

structural stability of the electrode. We evidence understanding at an atomic level of the 

mechanism, which provides valuable guidance in designing high-performance electrode 

materials for low-temperature batteries. The highlights of this work include: 

➢ Electronic-state change and Jahn-Teller effect in 1T-VSe2 - Metallic 1T-VSe2 as 

an electrode for Mg-based hybrid batteries exhibits excellent electronic and ionic 

conductivity at an ultra-low temperature because intercalation of Li+ induces a change in the 

electronic state of the system, resulting in Jahn-Teller compression in 1T-VSe2. This 
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significantly improves the structural stability, electronic conductivity and overall kinetics of 

the electrode. This is demonstrated via operando synchrotron X-ray diffraction, EXAFS and 

density functional theory (DFT) computation. 

➢ Excellent electrochemical performance at an ultra-low temperature in Mg-based 

battery - A highly-safe 1T-VSe2/Mg battery was operational at low temperature of -40 oC. 

The battery exhibited a long-term cycling capability with a capacity retention of 97 % over 

500 cycles, which is better than present state-of-the-art Mg-based batteries, and outperforms 

many reported lithium and sodium batteries for low-temperature performance. 

5.2 Initiating Jahn-Teller Effect in Vanadium Diselenide for High Performance 

Magnesium-Based Batteries Operated at -40 oC 

This Chapter is included as it appears as a journal paper submitted by Xin Xu, Chao Ye, 

Dongliang Chao, Kenneth Davey, and Shi-Zhang Qiao. "Initiating Jahn-Teller Effect in 

Vanadium Diselenide for High Performance Magnesium-Based Batteries Operated at -40 

oC." Advanced Energy Materials, Under review. 
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Abstract: Poor electronic and ionic conductivity of electrode materials at low temperature of -20 

oC and below, has significantly impeded development of batteries for cold conditions. Here 

however, we report for the first time layer-structured metallic vanadium diselenide (1T-VSe2) as 

a cathode material for low-temperature Mg2+/Li+ hybrid batteries. We demonstrate a high 

electronic conductivity and fast ion diffusion kinetics for 1T-VSe2 at selected temperatures, and a 

highly safe 1T-VSe2/Mg battery for operation at temperature to -40 oC. The battery exhibited 97 

% capacity retention over 500 cycles, which is better performance than reported Mg-based 

batteries. The Jahn-Teller effect in compressed configuration is initiated in 1T-VSe2 with the 

change of electronic state on electrochemical intercalation of alkali metal ions. Using combined 

experiment and theory via operando synchrotron X-ray diffraction, ex situ X-ray absorption 

spectroscopy and density functional theory (DFT) computation, we confirm that the weak Jahn-

Teller distortion contributes significantly to fast-overall kinetics, structural stability, and high 
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electronic conductivity of the electrode. We evidence understanding at an atomic level of the 

mechanism, that provides valuable guidance in designing high-performance electrode materials 

for low-temperature batteries.  

 Keywords: weak Jahn-Teller effect, layered 1T-VSe2, synchrotron spectroscopy, magnesium-

based battery, low-temperature battery 

 

1. Introduction 

Batteries are significantly important in ‘green energy’ as a power source for electronic devices. 

Highly significant capacity loss at sub-zero temperature limits application. This is a result of poor 

electronic and ionic conductivity because of sluggish charge transfer and slow metal-ion mobility 

in the bulk materials. Research has therefore focused on electrode materials for low-temperature 

(low-temp) battery performance.[1-3] There are however limited electrode materials without 

modifications that are suitable for operating temperature less than -20 oC. Methods including, 

surface engineering and molecular structural design have been proposed. However, modified 

electrode materials, such as Prussian blue analogues (PBAs), layer oxide LiNi1−x−yCoxMnyO2 and 

spinel-type LiMn2O4 are still with unsatisfied performance at a temperature less than -25 oC.[4-7] 

This is caused mainly by insufficient electronic/ionic conductivity, and structural degradation of 

electrode materials. An improved understanding of the mechanism at atomic level is therefore 

needed. 

The Jahn-Teller (J-T) effect, a geometric distortion of a non-linear molecular system, has been 

reported with practical consequence in electrode materials with rechargeable lithium, sodium and 

potassium batteries.[8-11] J-T effect is associated with electronic states and arrangement of atoms 

in molecular complexes, or ionic lattices, which significantly impacts structural stability, 
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electronic conductivity and ion diffusion kinetics of electrode materials.[12] The electrode materials, 

including the complexes of Mn3+ (d4), Cr2+ (d4) in high-spin configurations and Ni3+ (d7), Co2+ (d7) 

in low-spin configurations, exhibit strong J-T distortion. The strong distortion causes severe 

structural deformation and results in poor cycling stability.[13, 14] The occurrence of a weak J-T 

distortion can not only maintain a stable structure but also adjust electronic and ionic conductivity 

of electrode materials during cycling. Therefore, a weak J-T effect is expected to enhance the low-

temperature performance of the battery with good temperature tolerance.  

Vanadium diselenide (VSe2) is a typical member of transition metal dichalcogenides (TMDs) 

with sandwich-structured Se-V-Se layers stacking together via van der Waals interaction, and 

exhibits a metallic-character in 1T phase (1T-VSe2).
[15-17] The conductivity of 1T-VSe2 nanosheets 

is up to 106 S m-1, a value comparable with metals.[18] Importantly, 1T-VSe2 exhibits reduced 

electrical resistivity (Ω) with decreasing temperature.[19, 20] These properties make it a promising 

electrode material for low temperature. 1T-VSe2 has been reported with a distorted crystal 

structure on electrochemical intercalation of Li+.[21] The complexes of V4+ (V3+) with d1 (d2) 

electronic configuration exhibit a weak J-T distortion. However, unlike the strong distortion in the 

complexes of Mn3+ and Ni3+, the weak J-T distortion in 1T-VSe2 remains poorly understood, and, 

significantly, 1T-VSe2 as a cathode at low temperature is rarely reported. 

Here, we report for the first time 1T-VSe2 as the cathode for low-temp Mg-based hybrid 

(Mg2+/Li+) batteries. The Mg-based hybrid battery combines the tetrahydrofuran (THF)-containing 

electrolyte which has a low melting point (-108 oC) and viscosity with a Mg metal anode. Mg-foil 

is used as the pure metal anode, that can be readily recycled and is dendrite-free.[22] It is 

acknowledged that lithium metal batteries usually exhibit poor electrochemical capabilities and 

safety risks due to the formation of Li dendrites at low temperature. Mg-based hybrid batteries 
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outperform conventional lithium metal batteries with better safety and low-temp performance. The 

designed 1T-VSe2/Mg hybrid battery in this work exhibits long-term cyclability with capacity 

retention of 97 % over 500 cycles and 92.2 % of its room temperature (RT, 25 oC) capacity at -20 

oC. The 1T-VSe2 electrode without special modification can withstand low temperature to -40 oC. 

Significantly, this is the reported ‘best’ cycling and low-temp capabilities with Mg-based batteries. 

Findings from combined operando synchrotron X-ray powder diffraction (XRD), ex-situ X-ray 

absorption spectroscopy (XAS), density functional theory (DFT) computations and 

electrochemical spectroscopies confirm, 1) occurrence of J-T compression and 2) an ultra-stable 

lattice structure in 1T-VSe2 on electrochemical intercalation of Li+, 3) high electronic and ionic 

conductivity of the electrode, and 4) excellent low-temp performance of the newly designed 

battery. 

2. Results and discussion 

Synthesis and structural characterization of 1T-VSe2. VSe2 was synthesized via direct reaction 

of vanadium and selenium powders at 550 oC in a vacuum-sealed, borosilicate glass tube (Fig. S1). 

XRD patterns presented in Fig. 1a are indexed to the single-phase of hexagonal VSe2 with a space 

group of P-3m1 (JCPDS card No. 89-1641). The lattice parameters, a(b) = 3.356 Å and c = 6.108 

Å were obtained through the Rietveld refinement using TOPAS software. VSe2 as a typical layered 

TMDs material has a single, sandwich repeat-unit with V atoms in an octahedral configuration. 

The sandwiched Se-V-Se layers are perpendicular to the c-axis, whilst V-V chains along the a and 

b axis form a network structure of the ab-plane (Fig. S2). Scanning electron microscopy (SEM) 

images of VSe2 are presented in Fig. 1b (and Figs. S3a-S3c). The layered structure is observed 

from the cross-section of the bulk material. The transmission electron microscopy (TEM) images, 

Fig. 1c (and Fig. S3d) show a lattice fringe of 0.26 nm, assigned to the (0 1 1) crystallographic 
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Jahn-Teller compression captured via extended X-ray absorption fine structure (EXAFS) 

spectroscopy. J-T effect is typically observed in octahedral complexes, where two z (axial) bonds 

can be either longer (J-T elongation) or shorter (J-T compression) than those of the x and y 

(equatorial) bonds (Fig. S4). An atomic structural analysis via ex situ XAS was used to determine 

the J-T effect. Fig. 2a shows the X-ray absorption near edge structure (XANES) of the V K-edge 

for electrodes at different cut-off potentials, namely L0, L1, L2, and L3, as marked on the inset of 

the discharge-charge curve. Pristine 1T-VSe2 electrode (L0) exhibited a weak pre-edge, evidencing 

a slightly distorted octahedral symmetry of V atoms in the prepared sample.[24] The spectrum 

changed highly significantly following Li+ intercalation. As the depth of discharge increased, the 

intensity of the pre-edge peak from L0, L1 to fully discharged L2, progressively increased, 

evidencing a growing distortion of V-Se octahedra and promoting a dipole-allowed absorption. 

Fig. 2b and S5 present the enlarged image of the pre-edge area for L0 and L2, and vanadium oxide 

references. The increased pre-edge of 1T-VSe2 on electrochemical intercalation of Li+ is similar 

to the vanadium oxide because of decreased coordinate symmetry of centre V atoms.[25] The 

electrochemical intercalation of alkali metal cations accompanied by the electron transfer, induces 

a local structural distortion of 1T-VSe2 in which V coordination symmetry decreases. 

Fig. 2c shows the Fourier-transformed (FT) EXAFS spectra for V K-edge for L0 and L2. The 

pristine electrode exhibits a dominant feature at 2.13 Å that corresponds to the V-Se distance, 

whilst the peak at 2.74 Å is because of scattering from the nearest V atom. The least-square fit for 

the FT-EXAFS spectra for L0 are given in Fig. S6, and the phase-corrected structural parameters 

obtained are listed in Table S1 to show that the original V-Se bond length in pristine 1T-VSe2 is 

ca. 2.47 Å. The actual distance is 0.3-0.5 Å longer than the observed distance in FT-EXAFS 

spectra.[26] When discharged to 0.4 V (L2), the spectrum changes significantly and a new dominant  
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number (Z).[27-29] As is illustrated in Fig. 2d, the A, B and C lobs in WT-EXAFS contour plots 

locate almost at the same k value, which is assigned to Se atoms. These findings all evidence that 

the original V-Se bond splits into two different V-Se bond lengths following electrochemical 

intercalation of Li+, as is depicted in the inset of Fig. 2c. The newly appeared, shorter V-Se bonds 

correspond to the shorter z bonds, appearing as a compressed octahedral complex (Fig. S4). 

Therefore, we conclude the electrochemical intercalation of Li+ initiates J-T compression in 1T-

VSe2. 

Phase change with ultra-stable structure identified via operando synchrotron XRD. For the 

hybrid system, the superior Li+ mobility takes place in the 1T-VSe2 cathode, whereas Mg stripping 

/plating proceeds in the anode (Fig. S7). The structural evolution of the 1T-VSe2 electrode was 

monitored via operando synchrotron XRD, Fig. 3a and S8. The corresponding discharge-charge 

curve is shown in the right of Fig. 3a, in which an apparent flat plateau is exhibited. The XRD 

peaks for the pristine electrode (L0) are assigned to 1T-VSe2 with a space group of P-3m1. The 

extra peaks, as marked with an asterisk, are from Mg-foil. The Rietveld refinement for the 

synchrotron data using GSAS II package[30] is based mainly on three major peaks. The peaks from 

Mg-foil and current collector are excluded. The diffraction pattern for the fully discharged state 

(L2) is indexed to the LiVSe2 phase that is captured in situ during cycling. The 1T-VSe2 host lattice 

undergoes a first-order phase transition on Li+ intercalation which corresponds to the flat plateau 

of the discharge-charge curve. The newly formed LiVSe2 has almost the same hexagonal structure 

as for 1T-VSe2, but exhibits increased lattice parameters in a, b and c, as all peaks shift toward 

lower angles following Li+ intercalation. Fig. 3b and S9 show selected individual XRD patterns 

including, pristine, fully discharged and fully charged states of the electrode. The peaks 

corresponding to (0 1 1), (1 0 2) and (1 0 3) planes are shifted back to the original position  
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6.38 Å, corresponding to the refinement result of c = 6.38 Å for a fully discharged state, Fig. 3c. 

The parameter a(b) corresponding to the basal dimension, also increases with Li+ intercalation, as 

depicted in Fig. S11. The increased a(b) is attributed to the elongated V-V distance because of the 

electron transfer from intercalated Li+.[31] The unit cell parameters from the Rietveld refinement 

for pristine and fully discharged electrodes are summarized in Table S2. 

It is noteworthy that the percentage expansion value for parameter c following intercalation 

of Li+ is less than parameter a(b) in 1T-VSe2. Table S3 presents the lattice parameters for 1T-VSe2 

before and following Li+ intercalation and a summary of lattice parameters for other TMDs. The 

c/a ratio for 1T-VSe2 decreases following Li+ intercalation, which is different from those for other 

dichalcogenides in groups IV and V with increased c/a ratio. The Δc (difference in c value 

following and before Li+ intercalation) for other dichalcogenides, except 2H-MoS2,
[32] is > 0.42 Å 

(vs. 0.28 Å for 1T-VSe2). As is acknowledged the structure degradation of layered electrode 

materials is a major obstacle to long-term cyclability. The highly significant difference in Δc can 

cause irreversible structural damage and capacity fading with foreign ion intercalation. The lattice 

stability in 1T-VSe2 with small Δc is achieved via the weak J-T (compressed) distortions resulting 

in the rearrangement of atoms in V-Se complexes with the intercalation of alkali Li+. The small 

expansion of the host lattice in the c direction suppresses possible structural collapse and 

determines the long-term cycling performance of the 1T-VSe2 electrode. 

1T-VSe2/Mg batteries operated at ultra-low temperature. 1T-VSe2 was assessed as a cathode 

for Mg2+/Li+ hybrid batteries at selected temperatures. The magnesium-aluminium chloride 

complex (MACC) with the addition of LiCl in THF was used as the hybrid electrolyte. 1T-VSe2 

exhibits a negligible capacity in electrolyte without Li-salt (Fig. S12). It confirms that the cathode 

is dominated by Li+ intercalation/de-intercalation. The electrochemical performance for 1T-VSe2  
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remains fluid, even as low as -80 oC (Fig. S18). Fig. 4a shows the temperature-dependent rate 

performance for 1T-VSe2 and 1T-TiSe2. 1T-VSe2 is operational at temperature to -35 oC. In 

contrast, with temperature decreasing the capacity of 1T-TiSe2 decreases significantly at -20 oC. 

At low temperature -20 oC, Fig. 4b, (and Fig. S19), 1T-VSe2 exhibited a high initial discharge 

capacity of 126 mAh g-1 and a low capacity decay rate of 0.007 % per cycle (101 – 97.5 mAh g-1 

over 500 cycles) at 100 mA g-1. The battery exhibited 92.2 % of the RT capacity at 64 mA g-1 

(0.5C, 1C as 128 mA g-1) (Fig. S20). At an ultra-low temperature of -40 oC, 1T-VSe2 retained a 

discharge capacity of 68.5 mAh g-1, inset Fig. 4b. The discharge-charge curves for 1T-VSe2, Fig. 

4c, (and Fig. S21) exhibit a flat discharge plateau even at -30 oC, together with a significantly low 

polarization of 183 mV. The high rate performance for 1T-VSe2 at -20 oC is confirmed as is 

presented in Fig. 4d. The electrode material without modification is capable of operation at a high 

current density 500 mA g-1 (~ 4C) at -20 oC, evidencing excellent low-temp kinetics. The designed 

1T-VSe2/Mg battery exhibited best electrochemical performance in rechargeable Mg batteries for 

stability and low-temp rate performance. Importantly, it outperforms most reported lithium and 

sodium batteries at -20 oC, Fig. 4e (Table S5).  

To establish the origin of the electrochemical performance of 1T-VSe2 at low temperature, the 

electronic conductivity and ion diffusion kinetics of the electrode was assessed via electrochemical 

spectroscopies at selected temperatures. Electrochemical impedance spectroscopy (EIS) was used 

to monitor battery impedance from 40 to -30 oC, Fig. 5a. Fitted results with corresponding 

equivalent circuit for 1T-VSe2 are presented in Fig. S22 and Table S6. Rs is the series ohmic 

resistance of the battery, involving resistance of the electrolyte, and other ohmic contacts and 

elements in the battery. Rct is the resistance of charge transfer corresponding to the semicircle of  
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1T-TiSe2 is more susceptible to the temperature change than 1T-VSe2. The inferior low-temp 

performance for 1T-TiSe2 is caused by rapidly increased overall resistance with temperature 

decrease. Whilst 1T-VSe2 as metallic material reduces resistivity when cooled.[18-20, 37] And the 

varied electronic states perform high electronic conductivity on cycling with the initiation of J-T 

effect. 

The change in charge transfer resistance with temperature is largely determined by the 

activation energy (Ea). According to the Arrhenius relationship (Eq. S1), the Ea for the charge 

transfer of 1T-VSe2 derives from the slope of the ln(1/Rct) versus the inverse of temperature (1/T). 

As is shown in Fig. 5b, the calculated value for Ea from charge transfer resistance is 0.12 eV. Via 

another method, by fitting the peak current (Ip), which is measured from cyclic voltammetry (CV) 

curves (Fig. 5c) at varying temperature into the Arrhenius equation (Eq. S2), the same value for 

Ea of 0.12 eV is obtained, Fig. 5d. Importantly, the calculated value for Ea in this work is 

significantly less than reported with Li+ intercalation.[2, 38] The low threshold energy barrier for the 

charge transfer for 1T-VSe2 evidences the fast reaction kinetics of the electrode that significantly 

boosts low-temp performance. The excellent cyclability and rate capability of the electrode at 

different temperatures is expected from high ion diffusion kinetics. The ion diffusion coefficients 

for 1T-VSe2 are calculated based on the Randles-Sevcik equation (Eq. S3). CV measurements, for 

scanning rates from 0.08 to 0.4 mV s-1 were conducted at both RT (Fig. S25) and -20 oC (Fig. 

S26). The calculated diffusion coefficient at RT is 1.67  10-9 cm2 s-1 which is ca. two orders of 

magnitude greater than reported.[39-42] At a low temperature of -20 oC (Fig. 5e), 1T-VSe2 continues 

to exhibit a high diffusion coefficient of 1.7 10-10 cm2 s-1. The fast ion diffusion kinetics and high 

electronic conductivity of 1T-VSe2 are directly associated with the J-T effect because of the change 

in electronic states and local atomic structures to give the excellent low-temp performance of the 
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ready migration of Li+ in 1T-VSe2. Fig. 6c presents the computed total density of states (TDOS) 

for 1T-VSe2 at varying Li-containing states, together with the partial density of states (PDOS) 

projected on V and Se atoms. The electrochemical intercalation for each Li+ is accompanied by 

one electron transfer to the host, that significantly changes the electronic states of the host, 

resulting in a weak J-T compression in 1T-VSe2. Importantly, the product gets more metallic on 

Li+ intercalation with significantly increased electronic states around the Fermi level. The 

improved electronic conductivity of the electrode from 1T-VSe2 to LiVSe2 results the fast electron 

transfer and as consequence, boosts two-phase transition with high rate capability at varying 

temperature. The weak J-T distortion with the change of electronic state boosts electronic 

conductivity, produces fast overall kinetics, and maintains ultra-stable lattice structures in 1T-VSe2 

to result in excellent low-temp performance of our designed battery. 

3. Conclusions 

1T-VSe2 has been demonstrated for the first time as a low-temp cathode in a Mg2+/Li+ hybrid cell 

configuration. A 1T-VSe2/Mg battery is operational at an ultra-low temperature of -40 oC. It 

exhibits a long-term cycling performance with a low capacity decay rate of 0.007 % and performs 

over 500 cycles. This performance is better than reported Mg-based batteries and many lithium 

and sodium batteries. Combined operando synchrotron X-ray diffraction, ex situ X-ray absorption 

spectroscopy and DFT computations confirm that weak J-T compression occurs and contributes 

significantly to fast-overall kinetics, structural stability, and high electronic conductivity of 1T-

VSe2 on intercalation/de-intercalation of Li+. Therefore, electrochemical performance at low 

temperature is boosted. Using 1T-VSe2 as a model, evidenced understanding at an atomic level of 

the J-T effect inspires rational design of new, and optimization of existing electrode materials for 

low-temp batteries.  
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Experimental Section 

Synthesis of 1T-VSe2 and 1T-TiSe2. 1T-VSe2 was prepared via direct reaction of vanadium 

(V) and selenium (Se) powders at a high temperature in a vacuum-sealed glass tube. In a typical 

synthesis, V (48 mg) and Se (150 mg) powders in molar ratio 1:2 were sealed in a borosilicate 

glass tube under vacuum and calcined at 550 oC for 8 h. The heating rate was 2 oC min-1. The 

calcined sample may contain trace V2O3 and unreacted selenium caused by relatively low 

vacuum. To obviate residual selenium, the sample was heat-treated at 400 oC for 0.5 h in Ar 

with a flow rate of 120 cc min-1 in a tube-furnace. The sample was thoroughly washed with 

20 % (v/v) diluted nitric acid for 30 min at room temperature (RT, 25 oC) to obtain a single 

phase 1T-VSe2. 1T-TiSe2 was prepared using thin Ti-foil (99.9 %, 3 mm thick) and Se powder 

and applying the same vacuum calcination method as preparation for 1T-VSe2.  

Preparation of electrolyte. All chemicals for electrolyte preparation were purchased from 

Sigma Aldrich. The solvent tetrahydrofuran (THF, anhydrous, ≥ 99.9 %) was dried with 

activated 3 Å molecular sieves over 12 h before use. Anhydrous MgCl2, AlCl3, and LiCl were 

purchased and used as received. Typically, MgCl2 (19 mg) was added to 1 ml THF and stirred 

overnight at RT. AlCl3 (26.7 mg) powder was slowly added to another 1 ml THF to minimize 

formation of poly-THF. The AlCl3/THF solution was added, dropwise, into MgCl2/THF 

solution with stirring overnight at 40 oC to obtain a clear solution. Five (5) mg Mg powder was 

added and stirred for an additional 2 h at RT to obtain 0.1 M magnesium-aluminium chloride 

complex (MACC) electrolyte. With addition of 1.0 M LiCl (84.8 mg) with stirring at RT to 

complete dissolution, the Mg2+/Li+ hybrid electrolyte was prepared, and was ready to be used. 

All procedures were carried out in an Ar-filled glove box (H2O < 0.5 ppm and O2 < 0.5 ppm). 

Characterization. The morphology of the sample was analysed via FEI Quanta 450 FEG 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM, Philips, 

CM200). X-ray diffraction (XRD) patterns for sample powders were collected from the X-ray 

diffractometer (Bruker, D8 ADVANCE ECO) at 40 kV and 25 mA using Cu-Kα radiation (λ 

= 0.15418 nm). The diffraction data from D8 were analysed with the Rietveld method using 

TOPAS (Bruker) software package. Raman spectroscopy was performed using a confocal 

Raman microscope (Horiba Scientific, LabRAM HR evolution) with a 50X objective, and 

signals were recorded via a 532 nm laser. Ex situ synchrotron X-ray absorption spectroscopy 

(XAS) measurements were conducted at the Australian Synchrotron (ANSTO), Melbourne. 

The data obtained were analysed and processed with Athena and Artemis software. All samples 
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for ex situ characterizations were thoroughly rinsed with THF to remove soluble species on the 

surface of the electrode.  

Operando synchrotron X-ray diffraction. Operando synchrotron XRD for the first cycle was 

collected with an exposure time of 30 s from the powder diffraction beamline, Australia 

Synchrotron, with a wavelength (λ) 0.5903 Å. Home-made 2032 coin cells were used for data 

collection. Both sides of the cell cases were punched with a 5 mm hole in the centre, and sealed 

with Kapton film as the beam entrance. To fully take advantage of facility time for data 

collection, the four-position cells arrangement is employed where high-rate discharge/charge 

are not required. These cells are connected with a Neware battery tester which enables the 

control of electrochemistry for each cell while the cell is tested through the beam and a data set 

is collected. XRD data from the synchrotron were refined with the Rietveld method using 

GSAS II software.[1] 

Electrochemical test. Electrochemical performance was determined in the 2032 type coin-cell. 

To fabricate electrodes, the synthesized 1T-VSe2 powder (or 1T-TiSe2), carbon black (> 99 %, 

Alfa Aesar) and polytetrafluoroethylene (PTFE) binder (6 % aqueous solution, Sigma-Aldrich) 

were mixed with a mass ratio 80:10:10. The mixture was ground in an agate mortar with several 

drops of ethanol and rolled into a free-standing film. Following drying in vacuum at 80 °C for 

10 h, the sample was cut into (small) pieces with a mass loading ca. 1.0 mg, and pasted on 

stainless steel mesh. Polished Mg-foil and WhatmanTM glass fibre were used as, respectively, 

anode and separator. Galvanostatic cycling tests between 0.4 - 2.2 V were performed on 

Neware and Land battery testing systems. The coin-cell was rested for 12 h prior to testing. A 

thermal test chamber (GWS) was used to carry out variable temperature tests. Batteries were 

pre-cycled for 3 cycles at RT prior to cycling at -40 °C. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) data were collected via an electrochemical 

workstation (CHI 760E). EIS test was conducted in the frequency range 1 MHz to 0.01 Hz, 

with an amplitude of 5 mV.  

Determination of diffusion coefficient and activation energy. The activation energy for the 

electrode was calculated based on the thermally activated process.[2] 

1

𝑅𝑐𝑡
= 𝐴0 𝑒

−𝐸𝑎
𝑅𝑇 (S1) 

𝐼𝑝 = 𝐴0 𝑒
−𝐸𝑎
𝑅𝑇 (S2) 
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where A0 is a constant, R the gas constant, T temperature in Kelvin and Ea activation energy. 

The charge transfer resistance (Rct) and peak current (Ip) were obtained from fitting of data 

from, respectively, EIS and CV profiles.  

The diffusion coefficient for ions was calculated from the Randles-Sevcik equation based on 

CV profiles, namely: 

 𝑖𝑝 = 0.4463 nFAC (
𝑛𝐹𝑣𝐷

𝑅𝑇
)
1

2 

 = (4.644  106) 𝑛
3

2 A 𝐷
1

2 C 𝑣
1

2 𝑇−
1

2  (S3) 

in which i
p
 is the current peak value (A) in CV curves, n number of electrons transferred (one-

electron transfer), A the electrode area (cm2), D diffusion coefficient (cm2 s-1), v scan rate (V s-

1), R is the gas constant (8.314 J K-1 mol-1), T temperature (K) and C solid concentration (2.78 

× 10-2 mol cm-3). The value for D was computed from the slope of 𝐼𝑝- v1/2 lines. The electrode 

area for all samples was 0.16 cm2.  

Computational methods. DFT computations were carried out using the Vienna Ab-initio 

Simulation Package (VASP).[3, 4] The exchange-correlation interaction was described by 

generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 

functional.[5] The DFT-TS method of Grimme was employed to treat the VDW interaction.[6] 

All computations were carried out using a plane wave kinetic energy cut-off of 600 eV. All 

structures in the computations were spin-polarized and relaxed until the convergence tolerance 

of force on each atom was < 0.01 eV. Energy convergence criteria were set to 10-4 eV for self-

consistent computations with a Gamma-centred 3 × 3 × 3 K-points. The energy barrier was 

located via searching for transition states by climbing image, nudged-elastic band (CI-NEB) 

method implemented in VASP. Transition states were obtained via relaxing the force < 0.05 

eV Å-1. Denser 10 × 10 × 10 K-points were used for density of states (DOS) computations. 
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Table S1. V K-edge structural parameters for pristine 1T-VSe2 and fully discharged product 

LiVSe2 derived from least-square fit to FT-EXAFS spectra. 

 
 

 

 

 

 

 

Table S2. Rietveld refinement results for unit cell parameters from operando synchrotron XRD 

data. 

 
  

Path d / Å R / Å    Å 2 

VSe2 V-Se 2.471 2.47 0.004

LiVSe2 V-Se1

V-Se2

1.963 2.03 0.007

2.544 2.57 0.006

Sample state Phase 

name

a (Å) b (Å) c (Å) α β γ Cell volume

(Å3)

Discharged 

phase

LiVSe2 3.59 3.59 6.38 90 90 120 71.3

pristine 1T-VSe2 3.35 3.35 6.10 90 90 120 59.3
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Table S3. Summary for lattice parameters for 1T-VSe2 prior to and following Li+ intercalation, 

and reported TMDs.[7, 8] Red-colour font are results from this work from Rietveld refinement, 

and; black font is reported values. For MX2, X is a chalcogen atom (S and Se, etc.) and M 

transition metal (Ti, V, Mo and W, etc.). 

Table S4. Property values for tetrahydrofuran (THF) solvent. 

Lattice parameter 

(MX2)

Lattice parameter (Li 

inserted MX2)

a / Å c / Å c/a a / Å c / Å c/a Δc / Å

1T VSe2 3.351 6.101 1.821 3.594 6.380 1.775 0.28

VSe2 3.35 6.10 1.821 3.584 6.356 1.773 0.26

TiSe2 3.535 6.004 1.698 3.644 6.480 1.788 0.48

TiS2 3.407 5.696 1.672 3.455 6.195 1.793 0.50

ZrSe2 3.771 6.129 1.631 3.73 6.66 1.786 0.53

ZrS2 3.665 5.835 1.592 3.604 6.25 1.734 0.42

2H MoS2 3.16 6.15 1.946 - 6.4 - 0.25

WS2 3.16 6.18 1.956 - - -

TaS2 3.34 6.04 1.808 3.34 6.475 1.939 0.44

NbS2 3.324 5.98 1.799 3.354 6.45 1.923 0.47

MoSe2 3.30 6.50 1.970 - - - -

WSe2 3.3 6.5 1.97 - - - -

TaSe2 3.463 6.348 1.847 3.477 6.817 1.961 0.47

NbSe2 3.45 6.27 1.817 3.496 6.772 1.937 0.50

Solvent Formula Boiling 

point 

(oC)

Melting 

point 

(oC)

Density 

(g ml-1)

Dielectric 

constant

Viscosity (cp)

tetrahydrofuran C4H8O 65 -108.4 0.883 7.52 0.48
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Table S5. Summary comparison of low-temperature (-20 oC) electrochemical properties for 

cathode materials for different batteries.  

System Materials Capacity retention  

-20
o
C / RT (%),

(Current density, mA g
-1

)

Cycling performance Ref. 

Capacity 

(mAh g
-1

)

Current density 

(mA g
-1)

Cycle 

number 

MLIBs 1T-VSe2 92.2 (64) 

87 (100) 

97.5 100 500 This 

work 

Li3V2(PO4)3 

(LVP) 

69 (100) 93.4 100 100 1[9] 

LiFePO4@GF 86 (Unknown) 88 Unknown 50 2[10] 

MIBs Mo6S8 ~72.5 (12.8) ~58 12.8 50 3[11] 

  LIBs 

NMC111 ~65 (55) 88 55 125 4[12] 

Li3V2(PO4)3@C/C

NT 

82 77.7 67 200 5[13] 

LISICON- 

Li3V2(PO4)3 

87 (27) 65 1330 900 6[14] 

LiMn2O4-Ni 90 (28) ~88 28 50 7[2] 

NMC811‘ 82 (55) 153 55 100 8[15] 

LiFePO4 Unknown 73 34 100 9[16] 

NMC811 81 (55) 92 55 250 10[17] 

LiNixCoyMnzO2

(LNCM) 

70 (27.5) 113 137.5 1150 11[18] 

LiNi0 8Co0 15Al0 05

O2 (NCA) 

Unknown ~130 57 450 12[19] 

  SIBs Na3V2(PO4)2O2F 84 (26) ~82 65 600 13[20] 

PB/CNT 85 (17) 82 408 1000 14[21] 

Na[NixCoyMnz]O2 79 (27.5) 100 137.5 100 15[22] 

MLIBs = Mg2+/Li+ ion hybrid batteries, MIBs = magnesium ion batteries, LIBs = lithium-ion batteries 

and SIBs = sodium-ion batteries. 

Table S6. EIS fitted results for 1T-VSe2 electrode at selected temperatures. 

Temperature

(oC)

20 0 -10 -15 -20 -25 -30

Rs (Ω) 9.5 12.6 15.3 16.7 18.9 21.2 24.6

Rct (Ω) 44.6 55.0 62.5 72.2 78.5 93.1 136
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Chapter 6: Modulating Solution-Mediated Kinetics for Sodium-Organic 

Battery Operated at Ultra-Low Temperature

6.1 Introduction and significance

Cycling under ultra-low temperature is a great challenge for rechargeable batteries. 

Insufficient ionic conductivity of the electrode is considered as one of the main obstacles to 

this issue. The Organic electrode with kinetically fast surface-controlled reactions can work 

well at ultra-low temperatures. Here, we propose nanosized disodium rhodizonate/graphene 

oxide (nDSR/GO) composites as the electrode for sodium-ion batteries, in which the 

pseudocapacitive electrochemical behaviour of the organic electrode has been fully utilized. 

More importantly, an intermediate amorphous phase, which is soluble in organic electrolytes, 

is formed and further enhances the reaction kinetics of the electrode at an ultra-low 

temperature. By modulating the solution-mediated kinetics of the organic electrode, Na-

nDSR/GO battery exhibits a high capacity of 119 mAh g-1 at -50 oC. Prussian blue analogue-

nDSR/GO full cell demonstrates an ultra-long lifespan over 2500 cycles with a discharge 

capacity of 99 mAh g-1 at a high current density of 300 mA g-1 and -40 oC. This work sheds 

light on the unique energy storage behaviour of the organic electrode and provides a new 

avenue for developing reliable and sustainable ultra-low temperature batteries. The highlights 

of this work include: 

In-situ captures an intermediate amorphous phase. We firstly capture an

intermediate amorphous phase for sodium rhodizonate electrode during electrochemical 

cycling via in-situ Raman spectroscopy. The amorphous intermediate phase is soluble in
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organic electrolytes involving a solution-mediated reaction.

Proposing a new strategy to enhance kinetics at ultra-low temperature. By

carefully modulating the dissolving and transforming rate of the intermediate amorphous 

phase, we first utilize kinetically fast solution-mediated reactions to achieve high capacity 

and long cycling stability of the organic electrode at ultra-low temperatures. This is a viable 

and universal strategy, which can be extended to other metal-organic battery systems, and 

even metal-sulfur batteries. This benefits further electrode designs for wide-temperature 

operation batteries.

Excellent ultra-low temperature performance. The Na-DSR/GO half cell exhibits

a high capacity of 119 mAh g-1 at -50 oC. The PBA-DSR/GO full cell demonstrates an ultra-

long lifespan over 2500 cycles with a discharge capacity of 99 mAh g-1 at a high current 

density of 300 mA g-1 and -40 oC, which is among one of the best cycling performances for 

energy storage batteries at ultra-low temperature.

6.2 Modulating Solution-Mediated Kinetics for Sodium-Organic Battery Operated at 

Ultra-Low Temperature

This Chapter is included as it appears as a journal paper contributed by Xin Xu, Huan Li, 

Shiying Ren, Chao Ye, Han Wu, and Shi-Zhang Qiao. "Modulating solution-mediated 

kinetics at ultra-low temperature for sodium-organic battery with ultra-long lifespan. " To be 

submitted.
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Modulating solution-mediated kinetics for sodium-organic battery 

operated at ultra-low temperature

Xin Xu,1 Huan Li,1 Shiying Ren,1 Chao Ye,1 Han Wu,1 Shizhang Qiao1

ABSTRACT: Ultra-low temperature operation is a great challenge for rechargeable batteries. 

Insufficient ionic conductivity of the electrode at low temperatures is considered as one of 

the main obstacles to this issue.  The Organic electrode with kinetically fast surface-

controlled reactions can work well at ultra-low temperatures. Here, we propose nanosized 

disodium rhodizonate/graphene oxide (nDSR/GO) composites as the electrode for sodium-

ion batteries, in which the pseudocapacitive electrochemical behaviour of the organic 

electrode has been fully utilized. More importantly, an intermediate amorphous phase, which 

is soluble in organic electrolytes, is formed and further enhances the reaction kinetics of the 

electrode at an ultra-low temperature. By modulating the solution-mediated kinetics of the 

organic electrode, Na-nDSR/GO battery exhibits a high capacity of 119 mAh g-1 at -50 oC. 

Prussian blue analogue-nDSR/GO full cell demonstrates an ultra-long lifespan of over 2500 

cycles with a discharge capacity of 99 mAh g-1 at a high current density of 300 mA g-1 and a 

temperature of -40 oC. This work sheds light on the unique energy storage behaviour of the 

organic electrode and provides a new avenue for developing reliable and sustainable ultra-

low temperature batteries.

Keywords: solution-mediated kinetics, amorphous phase, ultra-low temperature, organic 

electrode, sodium-ion battery
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INTRODUCTION

Organic compounds with distinct advantages such as structural diversity, flexibility, 

sustainability, and environmental friendliness, have been extensively studied as electrode 

materials for rechargeable lithium, sodium, potassium, and magnesium batteries.1-3 Among 

them, the sodium-organic battery is especially promising because of their natural abundance 

and low cost of electrode materials comprising only C, O and Na atoms.4 Compared to 

inorganic compounds, most organic electrodes exhibit faster kinetics due to their flexible 

molecular structures and surface-controlled reactions, which bypass the intercalation and 

solid-state diffusion limitations for the inorganic hosts.5-7

Generally, the reduction of unsaturated bonds such as C=C, C=N, and C=O in organic 

molecules forms radical intermediates producing a negative charge on N or O atoms, and an 

unpaired electron on C atoms.8 These organic intermediates are unstable and could readily 

dissolve in the electrolyte which eventually results in capacity loss, and thus leads to 

unsatisfactory cycling stability. Over the past decades, various strategies have been proposed 

to prevent the dissolution and formation of metastable active organic materials.9 However, 

solution-mediated reactions, involving the dissolution of metastable solid and nucleation of 

a stable solid phase, are kinetically fast, which could favor the ultra-low temperature 

performance of the electrode.10-11 In this work, we firstly propose the utilization of solution-

mediated kinetics in organic electrode materials to advance the ultra-low temperature charge 

storage performance of Na-ion batteries.

Taking advantage of fast solution-mediated kinetics of organic compounds during cycling 

requires a balance between dissolution and transformation of the metastable phase to avoid 
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the loss of active materials. The increased viscosity of organic electrolytes at an ultra-low

temperature naturally mitigates the dissolving rate of the metastable phase.12-13 Therefore, 

the transforming rate of metastable intermediates dominates the balance and reversibility of 

the organic electrode. Graphene oxide with abundant functional groups on the surface is 

capable of anchoring functional molecules via covalent or non-covalent interactions.14 In this 

work, the composite of nanosized disodium rhodizonate and graphene oxide (nDSR/GO) 

offers highly improved electrochemical capacity, rate capability and cycling stability at ultra-

low temperatures. The Na-nDSR/GO battery exhibits a high capacity of 119 mAh g-1 at an 

ultra-low temperature of -50 oC. And nDSR/GO composite electrode in coupling with MnFe-

Prussian blue analogue (PBA) cathode for Na-ion batteries exhibits ultra-stable cycling 

performance with discharge capacity of 99 mAh g-1 over 2500 cycles. GO acting as a bridge 

between the electrolyte and active materials significantly enhances the interfacial kinetics 

exhibiting low activation energy, and therefore promotes the ultra-low temperature 

performance of the composite electrode. The in-depth reaction mechanism for nDSR/GO was 

studied via in-situ Raman and ex-situ synchrotron X-ray absorption spectroscopy. This work 

significantly promotes the development of ultra-low temperature batteries.

RESULTS AND DISCUSSION

Material characterization and electrochemical performance at room temperature 

(RT). The self-assembly method via solvent exchange processing was applied to prepare 

shape-selectable DSR particles, as shown in S1 and S2. Different morphology like prism, 

butterfly and diamond structures were synthesized through the modification of the solvent 

mixture ratio and the amount of raw material added. Fig. 1a shows the morphology of 
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electrode shows an exceptional stability with neglectable capacity lose over 500 cycles at a 

high current density of 1000 mA g-1 (Fig. S3), which performs the best cycle life among all 

reported DSR electrode at RT. Fig. S4 shows the initial discharge-charge curves of nDSR 

and nDSR/GO at 1000 mA g-1. nDSR/GO demonstrates more obvious plateaus at 1.7 and 1.3 

V and delivers a higher initial capacity of 317 mAh g-1 (based on the mass of nDSR/GO 

composite) than that of the nDSR electrode (257 mAh g-1). The good rate capability of 

nDSR/GO is shown in Fig. S5, indicating a fast reaction kinetics of the electrode. Overall, 

the composite of nDSR and GO allows the organic electrode to achieve a high capacity and 

long-cycle life.  

Probing solution-mediated reaction via in-situ Raman spectroscopy. The redox 

reaction of DSR organic electrode occurs between Na+ and carbonyl groups. The reaction 

process of Na-organic batteries is monitored at RT via in-situ Raman spectroscopy, ex-situ 

X-ray absorption spectroscopy (XAS) and X-ray diffraction (XRD). The Raman spectrum of

DSR powder has multiple features in the range of 100-1800 cm-1 (Fig. S6). Fig. S7-S8

demonstrate the time-dependent evolution of Raman spectra for the initial five cycles of 

nDSR electrode. After the initial discharging to 1.7 V, all peaks disappear suggesting the 

formation of intermediate amorphous phase, which is unstable and readily dissolving in the 

organic electrolyte. The dissolution of the intermediate phase results in the disappearance of 

Raman activity and loss of active materials, and therefore leads to a poor reversibility for 

nDSR electrode at RT. Fig. 2a and Fig. S9 show the in-situ Raman spectrum of nDSR/GO 

composite electrode. Unlike nDSR, the composite electrode exhibits a reversible phase 

change with obvious Raman features during cycling, indicating a highly reversible 
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confirm the formation of an amorphous phase.19 The composite of nDSR and GO can 

alleviate the dissolving rate of active materials and enhance the reversibility of the electrode. 

Here, we first capture the intermediate amorphous phase via in-situ Raman, and more detailed 

investigations will focus on the application of the amorphous phase involved solution-

mediated reactions at ultra-low temperatures.

Ultra-low temperature performance in half cells. To take full advantage of the 

kinetically fast solution-mediated reactions, the organic electrode was evaluated as a cathode 

for sodium batteries operated at an ultra-low temperature. Fig. 3a shows the long-term 

cycling performance of nDSR and nDSR/GO at a low temperature of -30 oC and a current 

density of 200 mA g-1. Both electrodes exhibit good cycling stability at low temperature 

compared to RT due to the increased viscosity of the electrolyte as temperature decreases. 

Whilst after hybridizing with GO, the composite electrode delivers a double capacity of 

nDSR. The Na-nDSR/GO battery delivers a high initial capacity of 318 mAh g-1 at a current 

density of 100 mA g-1 with obvious voltage plateaus (Fig. S11). The high rate performance 

of the Na-nDSR/GO battery is shown in Fig. 3b. The composite electrode is capable of 

working at 500 mA g-1 with fast reaction kinetics at a low temperature of -30 oC. The cyclic 

voltammetry (CV) curves for Na-nDSR/GO batteries are demonstrated in Fig. S12-S13,

exhibiting a high reversibility. At an ultra-low temperature of -50 oC, the Na-nDSR/GO 

battery can still achieve a high capacity of 119 mAh g-1 with an average discharging voltage 

of around 2.0 V at 50 mA g-1. This is among the best ultra-low temperature performance for 

energy storage batteries. The corresponding galvanostatic discharge-charge curves are

demonstrated in Fig. 3d, which shows a stable capacity output with clear and flat discharging 
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larger than of nDSR/GO composite. Whilst after the initial discharging to 1.9 V, the charge 

transfer resistance (Rct) for nDSR becomes smaller than nDSR/GO, indicating that the 

hybridization of GO does not enhance the electronic conductivity of the organic electrode. 

Fig. 4a-4b demonstrate the EIS for nDSR and nDSR/GO electrodes at differing temperatures 

from 25 to -40 oC. The nDSR electrode shows a smaller Rct than nDSR/GO composite at a 

temperature above -30 oC. As displayed in Fig. 4a, with the temperature decreasing, the Rct

of nDSR undergoes dramatically increasing at a temperature lower than -30 oC. Whilst the 

Rct of nDSR/GO exhibits a relatively small and stable increase from 25 to -40 oC. The change 

of Rct with temperature is mainly determined by the activation energy. Therefore, the strategy 

of hybridization of GO has the main influence on activation energy of the electrode, which 

maintains a stable charge resistance as temperature decreases to ultra-low temperatures. The 

sessile drop contact angle technique was employed to quantify the effects of GO on the 

wettability of the electrode. The wettability of organic electrodes will largely influence the 

energy barrier for surface reactions. After the GO hybridizing, the contact angle is highly 

significantly decreased from 26.2o to14.5o (Fig. S16). A low angle of 14.5 characterizes the 

composites, which confirms the high wettability of GO composited organic electrodes. The 

increased wettability inevitably enhances the interfacial kinetics of the composite electrode, 

which promotes the transforming rate of intermediate amorphous phase and performs a high 

reversibility.
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to the Arrhenius relationship (eq. S1), the activation energy corresponding to different 

reduction processes (C1 and C2) for nDSR and nDSR/GO is derived from the slope of peak 

current (Ip) versus the inverse of temperature (1/T) plot (Fig. 4e and 4f). The calculated Ea 

for C1 and C2 are listed in Table S1. After GO hybridizing, the Ea for C1 and C2 processes 

have decreased, and it declines almost 25% of the energy barrier for C2 reduction process. 

At an ultra-low temperature, the increased wettability after the hybridization of GO largely 

facilitates Na+ transport across the electrolyte/electrode interface, and thus exhibits a 

decreased Ea and fast reaction kinetics. The GO-enhanced kinetics promote the 

transformation of the intermediate amorphous phase, which well balances the dissolving and 

transforming rate of active materials, and therefore achieves high discharge/charge capacities 

and performs excellent reversibility for the organic electrode at ultra-low temperature. 

Ultra-low Temperature performance in full cells. We assembled a full cell combining 

nDSR/GO with MnFe-Prussian blue analogue (PBA) cathode. The cycling performance of 

PBA-nDSR/GO full cells at -40 oC is demonstrated in Fig. 5a-5b. The full cell delivers a high 

capacity of 138 mAh g-1 at a current density of 100 mA g-1 over 650 cycles. And it still shows 

a capacity of 99 mAh g-1 at a high current density of 300 mA g-1 over 2500 cycles. The 

cycling performance of PBA-nDSR full cell at -30 oC is also demonstrated in Fig. S17,

exhibiting a stable but much lower capacity of 58 mAh g-1 over 1000 cycles. The rate 

capability of PBA-nDSR/GO at -40 oC is demonstrated in Fig. 5c. The designed full cell can 

even work at a high current density of 1000 mA g-1 with fast kinetics at an ultra-low

temperature of -40 oC. When the temperature was further decreased to -50 oC, a discharge 

capacity of 108 mAh g-1 can still be obtained. More importantly, following a sudden increase 
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5d. The discharge-charge curves for different cycles at -50 oC are demonstrated in Fig. 5e,

which shows clear voltage plateaus at around 1.62, 1.35, and 1.17 V. The designed PBA-

nDSR/GO full cell exhibits the best cycling performance among reported energy storage 

batteries at ultra-low temperatures, as shown in Fig. 5f (Table S2). Fig. S18a also shows the 

temperature-dependent rate performance of PBA-nDSR/GO full cell. And corresponding EIS 

at differing temperatures is shown in Fig. S18b. After hybridizing with GO, the full cell 

exhibits a relatively stable charge transfer resistance as temperature decreases to -40 oC. The 

PBA-nDSR/GO takes full advantage of kinetically fast solution-mediate reactions and GO-

enhanced interfacial kinetics, achieving a high capacity and long-term cycling performance 

of designed sodium-ion battery at ultra-low temperatures. We also demonstrate an all-organic 

full cell, combined an organic salt anode (tetrasodium terephthalate, Na4TP) and the 

nDSR/GO cathode, which exhibits a high capacity of 136 mAh g-1 at a current density of 100 

mA g-1 and -30 oC over 300 cycles (Fig. S19). This is a good example of a sustainable battery

that comprises only C, O and Na atoms and shows potential in large-scale applications with 

excellent low-temperature tolerance. 

CONCLUSION

In summary, we proposed nanosized disodium rhodizonate (nDSR) as an ultra-low 

temperature serving organic electrode for sodium-ion batteries. The amorphous phase 

associated solution-mediated reaction results in a deteriorating capacity of nDSR electrodes 

at room temperature, but kinetically contributes to an excellent ultra-low temperature 

performance of the battery. The increased viscosity of the electrolyte and GO-enhanced 

interfacial kinetics collaboratively work on the balance of dissolving and transforming rate 
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of intermediate amorphous phase, and thus enhance the rate and reversibility of nDSR/GO 

composite electrode at ultra-low temperatures. Na-nDSR/GO half cells achieve a high 

capacity of 119 mAh g-1 at -50 oC. And the PBA-nDSR/GO full cell performs an ultra-stable 

cycle life of over 2500 cycles. The ultra-low temperature performance of nDSR/GO 

surpasses reported lithium and sodium batteries. Our findings promote the development of 

ultra-low temperature batteries, and offer sustainable and cost-efficient approaches to storing 

renewable energy in a harsh environment.
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EXPERIMENTAL SECTION
Material Preparations. 

Synthesis of shape-selected disodium rhodizonate (DSR, Na2C6O6) and nanosized DSR 

/graphene oxide (nDSR/GO) composite: DSR with different morphologies were prepared via 

molecular self-assembly methods through a solvent exchange processing. For self-assembly, 

the organic molecule was transferred from a good solvent (H2O) to a bad solvent (ethanol, 

EtOH) where the molecule has limited solubility, and thus self-assembly occurs via molecular 

stacking. The geometrical shape and size of DSR were regulated by the concentration of raw 

materials, and the volume and volume ratio of H2O/EtOH. To prepare diamond-shaped nDSR,

DSR (40 mg, sigma) was dissolved in 2:1 ratio of H2O/EtOH (60 ml total) with stirring for 30 

min. And then 300 ml EtOH was poured into the solution with a bath sonicated for 12 min. The 

reddish-purple precipitation was collected by centrifugation and finally dried in a vacuum oven 

at 60 oC overnight. The graphene oxide composited nDSR (nDSR/GO) was prepared in the 

same method, but with the addition of graphene oxide (GO, 8 mg) during bath sonicated.

Similarly, the micro-sized prism was synthesized by adding 40 mg DSR in 2:1 volume ratio of 

H2O/EtOH (60 ml total). The butterfly-shaped DSR particles was synthesized by adding 30 mg 

DSR in 2:1 volume ratio of H2O/EtOH (60 ml total).

Synthesis of Na2MnFe(CN)6 (MnFe-PBA): MnFe-PBA was prepared via a typical facile co-

precipitation method. Typically, Na4Fe(CN)6 (1.52 g) and NaCl (15 g) were dissolved in de-

ionized (DI) water (100 ml). And MnCl2 (0.63 g) was dissolved in another DI water (50 mL).

MnCl2 solution was added dropwise into Na4Fe(CN)6 solution under stirring. The obtained 

suspension was aged for 2 h, then separated by centrifugation, washed with DI water three

times, and dried under vacuum at 120 oC for 10 h. The prepared sample was ground into a fine 

powder and ready to be used.

Synthesis of sodium terephthalate (Na2TP)1: Na2TP was prepared via a modified method 

reported previously. Terephthalic acid (1.73 g) was added into 5 ml hot solution (50 oC) of 

sodium hydroxide (1.38 g) in deionized (DI) water. And then, another 15 ml DI water was 

added to obtain a clear solution. After stirring for 30 min, 80 ml EtOH was added with stirring 

for another 6 h at 70 oC. The precipitated crystal was collected and dried in a vacuum at 150 
oC for 1 h. The counter electrode, Na4TP was prepared via a full discharge of Na2TP coupling 

with Na-foil.

Preparation of the electrolyte. All chemicals for electrolyte preparation were purchased from 

Sigma Aldrich. The diethylene glycol dimethyl ether (DGM, anhydrous, 99.5%) was further 

dried with activated 4 Å molecular sieves over 12 h before use. The sodium 
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hexafluorophosphate (NaPF6, 98%) was purchased and used as received. Typically, NaPF6

(1.68 g) was dissolved into 10 ml DGM at room temperature (RT). After overnight stirring, the 

electrolyte was ready to be used for testing. All the procedures were carried out in an Ar-filled

glove box (H2O< 0.5 ppm and O2< 0.5 ppm).

Characterization techniques. The morphology of the sample was analyzed by FEI Quanta 

450 FEG scanning electron microscopy (SEM). X-ray diffraction (XRD) patterns for sample 

powders were collected from the X-ray diffractometer (Bruker, D8 ADVANCE ECO) at 40 

kV and 25 mA using Cu-Kα radiation (λ=0.15418 nm). Ex-situ synchrotron soft X-ray 

spectroscopy measurements were conducted at Australian Synchrotron (ANSTO), Melbourne. 

The obtained data were analyzed and processed with Igor Pro software. All samples for the ex-

situ testing were thoroughly rinsed with DGM solvent to remove soluble species on the surface 

of the electrode. 

In-situ Raman spectroscopy. Raman spectroscopy was performed using a confocal Raman 

microscope (Renishaw, InViaTM) with a 50X objective, and signals were recorded by a 532 nm 

laser in the range of 100-1800 cm-1. The power of the lasers was kept in 0.1%. We use an 1800 

line/mm diffraction grating. 

Electrochemical test. The electrochemical performance was evaluated in the 2032 type coin

cell. To fabricate the electrode, the synthesized nDSR/GO composite, carbon black (> 99 %, 

Alfa Aesar) and poly(vinylidene fluoride) (PVDF, Sigma) were mixed with a mass ratio of 

60:30:10 in N-methyl-2-pyrrolidone (NMP, Sigma, anhydrous, 99.5%). The mixture was ball 

milled at 400 rmp for 4 hours and pasted on the aluminium foil with a diameter of 1.2 cm. After 

drying in vacuum at 80 °C for 12 hours. The weighted mass loading of nDSR/GO was 0.7-1.0 

mg cm-2. The nDSR control electrode and Na4TP counter electrode were prepared in the same 

method. To prepare the PBA counter electrode, PBA powder, carbon black and 

polytetrafluoroethylene (PTFE) binder (6% aqueous solution, Sigma-Aldrich) were mixed with 

a mass ratio of 70:20:10. The mixture was ground in the agate mortar with several drops of 

ethanol and rolled into a free-standing film. After drying in a vacuum at 80 °C for 12 h. The 

sample was cut into small pieces and pasted on stainless steel mesh for use. In half cells, the 

fresh sodium metal and Whatman glass fiber were used as the anode and separator, respectively. 

In the preparation of full cells, PBA or Na2TP was used as the counter electrode. All coin cells 

were assembled in an argon-filled glovebox. Galvanostatic cycling tests were performed on

Land CT2001A battery testing system at different rates and temperatures. A thermal test 

chamber (GWS-MT3065) was applied to carry out variable temperature tests. For all low-temp

testing, batteries were kept at a low temperature for 5 h before electrochemical tests. The cyclic 
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voltammetry (CV) and electrochemical impedance spectroscopy (EIS) data were collected 

from the electrochemical workstation BioLogic and CHI 760E. EIS tests were conducted in the 

frequency range from 1 MHz to 0.01 Hz with an amplitude of 5 mV. 

Determination of diffusion coefficient and activation energy. The activation energy of the 

electrode can be calculated based on a thermally activated process.2

(eq. S1)

where A0 is a constant, R is the gas constant, T is the temperature in Kelvin, and Ea represents 

the activation energy. The peak current (Ip) was obtained from CV profiles at different 

temperatures. 
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Figure S7. Operando Raman spectra for nDSR for the 1st, 2nd, and 3rd cycle. Cycling in the 

range of 1.0-3.2 V.
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Figure S8. Operando Raman spectra for nDSR for the 3rd, 4th, and 5th cycle. The 4th and 5th

cycles were charged to 3.5 V.
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Figure S9. Operando Raman spectra for nDSR/GO for the 4th and 5th cycle, and the 

corresponding discharge/charge profile. The upper cut-off potential is 3.5 V.
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Figure S10. Ex-situ XRD patterns for nDSR/GO electrode at pristine and different discharge 

states.

Figure S11. Discharge-charge curves of Na-nDSR/GO at a current density 100 mA g-1 and -30 
oC. 
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Figure S12. CV curves for (a) nDSR and (b) nDSR/GO at the scan rate 0.2 mV s-1 and -30 oC.

Figure S13. CV curves of Na-nDSR/GO at different scan rates and -30 oC.
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Table S1. The fitted results of activation energy for nDSR and nDSR/GO for different redox 

peaks.

Electrode Activation energy (Ea, kJ mol-1)
C1 C2 C3

nDSR 5.56 7.02 2.12

nDSR/GO 5.00 5.24 4.87

Table S2. Comparison of the ultra-low temperature ( -40 oC and bellow) properties of different 

batteries. 

Battery 
systems

Specific capacity Cycling performance Average 
discharge 
voltage (V)

Operating 
temperature 
(oC)

Ref.

Sodium 
batteries

nDSR/GO-PBAs 137 mAh g-1 at 0.4C 100% retained after 610 cycles 1.22 V -40 This work

nDSR/GO-PBAs 98.5 mAh g-1 at 1.2C 99% retained after 2500 cycles 1.18 V -40 This work

nDSR/GO-PBAs 109 mAh g-1 at 0.2C 100% retained after 290 cycles 1.25 V -50 This work

Ti0.88Nb0.88O4−x@C-Na 99 mAh g-1 at 0.5C 81% retained after 500 ~0.7 -40 X1

Lithium 
batteries

LiFePO4(LFP)-Li ~80 mAh g-1 at 0.5C 89.4% retained after 200 unknown -40 X2

NMC811-Li 108 mAh g-1 at 0.2C 90% retained after 200 3.7 -40 X3

LiMn2O4(LMO)-
Li4Ti5O12 (LTO)

~70 mAh g-1 at 0.2C ~80% retained after 40 2.4 -40 X4

SPAN-Li 220 mAh g-1 at 0.1C ~55% retained after 50 1.6 -40 X5

SPAN-Li ~300 mAh g-1 at 0.2 A g-1 86% retained after 100 ~1.4 -40 X6

Polyimide (PI)-Li ~70 mAh g-1 at 0.2C ~83% retained after 100 2.3 -70 X7

Aqueous 
batteries

MnO2@GF-MoO3 171.8 mAh g-1 at 0.2 A g-1 >99% retained after 100 ~1.0 (vs. 
Ag/AgBr)

-70 X8

PI-(LiBr+ TPABr)-PC 56 mAh g-1 at 0.5 A g-1 98% retained after 1000 
at 1 A g-1

0.8 -40 X9

NaTi2(PO4)3@CNTP-
AC

~65 mAh g-1 at 0.5C >80% retained after 100 ~1.2 -50 X10

αMnO2-Zn ~40 mAh g-1 at 6 A g-1 >99% retained after 1000 ~1.3 -50 X11
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Chapter 7: Conclusions and Perspectives 

7.1 Conclusions 

This thesis focuses on the design of advanced electrode materials for both rechargeable Mg 

and Na-based batteries. It includes in-depth mechanism studies via ex-situ and in-

situ/operando spectroscopic techniques. Further work on designing inorganic/organic 

electrode materials for ultra-low temperature batteries is in progress. According to works in 

this thesis, conclusions are drawn as follows: 

1. I have demonstrated a new alloying reaction mechanism for Mg/Bi batteries via an

elaborated electrode design of mesoporous Bi nanosheets. The p-Bi NS with recorded 

electrochemical performance in the lithium-free electrolyte is ideal for the investigation of 

Mg charge storage mechanism. MgBi intermediate phase is firstly detected via spectroscopy 

technologies of synchrotron-based operando X-ray diffraction and near-edge X-ray 

absorption fine structure. The alloying/de-alloying process can be depicted as a reversible 

two-step reaction of Bi↔MgBi↔Mg3Bi2. The ab initio method underscores the energy 

barrier priority in forming the MgBi intermediate and confirms the high electronic 

conductivity of MgBi. The intermediate phase accelerates reaction kinetics and acts as a 

buffer to mitigate disruption of significant volume expansion (204%). The nanoengineering 

design of p-Bi NS offers a practically new approach for application in corrosive Mg-based 

electrolyte, and concomitantly to mitigate volume variation.  

2. I have constructed a nanostructured Bi anode through an in-situ electrochemical reaction

from bismuth selenide. Coupled with Mg2+/Li+ hybrid electrolyte, the electrochemical 

activity and alloy/de-alloy efficiency of the nanostructured Bi anode are exclusively evoked 
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by Li-salt. The in-situ formed Bi anode with nanosized Bi active crystals exhibits the 

advantages of short Mg2+ diffusion length and extremely high ion-diffusivity. As a result, it 

demonstrates an excellent rate performance (335 mAh g-1 at 1 A g-1) and long cycling stability 

over 600 cycles, which surpasses the state-of-the-art Bi-based anodes in RMBs. A Li+-driven 

conversion reaction followed by a reversible Mg alloy/de-alloy process is verified via 

synchrotron XAS and operando synchrotron X-ray diffraction together with a series of 

spectroscopic analyses. 

3. I have for the first time demonstrated 1T-VSe2 as a low-temperature cathode in a Mg2+/Li+

hybrid cell configuration. A 1T-VSe2/Mg battery is workable at an ultra-low temperature of 

-40 oC. It exhibits a long-term cycling performance with a low capacity decay rate of 0.007 %

per cycle over 500 cycles. This performance is better than reported Mg-based batteries. 

Combined operando synchrotron X-ray diffraction, ex-situ X-ray absorption spectroscopy 

and DFT computations confirm that Jahn-Teller compression occurs and contributes 

significantly to fast-overall kinetics and structural stability of 1T-VSe2 on intercalation /de-

intercalation of Li+. Therefore, electrochemical performance is boosted.  

4. I proposed nanosized disodium rhodizonate (nDSR) as an ultra-low temperature organic

electrode for sodium-ion batteries. The amorphous phase associated solution-mediated 

reaction results in a deteriorating capacity of nDSR electrodes at room temperature, but 

kinetically contributes to an excellent ultra-low temperature performance of the battery. The 

increased viscosity of the electrolyte and GO-enhanced interfacial kinetics collaboratively 

work on the balance of dissolution and transformation rate of intermediate amorphous phase, 

and thus enhance the rate and reversibility of nDSR/GO composite electrodes at ultra-low 
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temperatures. Na-nDSR/GO half cells achieve a high capacity of 119 mAh g-1 at -50 oC. And 

the PBA-nDSR/GO full cell performs an ultra-stable cycle life of over 2500 cycles. The ultra-

low temperature electrochemical performance of nDSR/GO surpasses reported lithium and 

sodium batteries.

7.2 Perspectives

Although progress has been made in both Mg and Na-based batteries, more efforts in 

understanding reaction mechanisms and kinetic limitations are still needed to develop them 

for practical use. These include: 

1. High power and energy rechargeable Mg-based batteries.  To obtain rechargeable Mg

batteries with high energy and power density, efforts should focus on the following aspects: 

1) design high-voltage cathode materials with improved Mg2+ kinetics, such as layered oxide

compound; 2) modify Mg metal anode via artificial SEI to couple with Cl- free electrolytes, 

such as single Mg salt or carbonate-based electrolytes; 3) develop Mg-sulfur batteries with 

high power and energy density. 

2. Wide-temperature operated Na-based batteries. Na-based batteries are making strides

forward, but the broader and large-scale applications require them to be able to perform wide-

temperature tolerance, such as the application in extremely high or low latitudes. Therefore, 

more works on developing electrode materials and electrolytes that are capable of enduring 

harsh environments are needed.

3. In-situ/operando spectroscopic studies. To explore new battery systems and to optimize

existing battery techniques, in-situ/operando spectroscopic investigations are indispensable 

because they offer timely information on the change of electrode materials, interfacial layers, 
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and electrolytes. The current in-situ techniques cannot fully satisfy requirements of time 

resolution, signal sensitivity, and variable analyses, such as operando characterizations at an 

ultra-low temperature. It requires the development of instrumental techniques, and the design 

of in-situ tools and experiments. 

To sum up, post-Li batteries (Mg, Na, etc. based batteries) demonstrate strong competitive 

advantages in certain applications compared to resource-limited LIBs and are promising in 

practical use. The in-depth fundamental studies of the electrode material via advanced 

characterization technologies significantly contribute to the rational design and development 

of high-performance electrodes for the post-Li batteries.  
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