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Preface 
The work presented in this thesis is done under supervision of Professor Dorthe 

Bomholdt Ravnsbæk from the 1st of September 2018 to the 31st of August 2022, at 

University of Southern Denmark, Department of Physics, Chemistry, and Pharmacy. 

As a part of my Ph.D., an environmental change was done at Uppsala University, 

Department of Chemistry, Ångström Laboratory, the Structural Chemistry section 

supervised by Associate Professor William Robert Brant. At the Department of 

Chemistry, the Mössbauer experiments, presented in  Paper 4, was carried out and 

analyzed in collaboration with Ida Nielsen, Tore Ericsson, and Lennart Häggström. 

The experimental work presented on β-LiVOPO4 and β-MnO2 has been carried 

out by me, whereas the synthesis work done for NaCrO2 and Na3Fe3(PO4)4 was done 

in collaboration with Bettina Pilgaard Andersen.  The scanning electron microscopy 

images presented on β-LiVOPO4 are collected by Kasper Skovgaard Nielsen in 

collaboration with Emeritus Per Morgen, whereas every other scanning or 

transmission electron microscopy micrographs are measured by Bettina Pilgaard 

Andersen and Morten Johansen in collaboration with Assistant Professor Espen Drath 

Bøjesen. 

In this thesis, a lot a powder X-ray diffraction and pair distribution function 

analysis data is analyzed with (real-space) Rietveld refinement. Often, I did this with 

some scientific debate with Dr. Christian Kolle Christensen. The initial processing of 

the data has been done with Python scripts written by Andreas Østergaard Drejer and 

Martin Aaskov Karlsen. 

Investigation of structural behavior of battery materials falls within the extremely 

broad branch of chemistry, namely material science, or more specific material 

chemistry. This topic is with respect to the global CO2-emission regulations of great 

importance, as rechargeable batteries have potential to mitigate excess production of 

renewable energy. Denmark holds a world leading company in windmill technology, 

as the interest in development of grid storage for excess electricity produced at 

low-demand times are important, even nationally. I am pleased to have had the chance 
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to spend 4 years in diving into some known materials, where the knowledge of the 

structural evolution has been studied relatively limited. It has truly been exciting to 

provide insight into these materials, as well as learning techniques that can be utilized 

to investigate materials under operation. 
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Abstract 
In this thesis, four different materials, with promising aspect as positive electrode 

materials for rechargeable Li- or Na-ion batteries, are investigated with focus on their 

structural changes during ion-intercalation. The bearing methodology of the thesis has 

been operando powder X-ray diffraction and pair distribution function experiments 

analyzed through Rietveld and real-space refinement to obtain structural models 

describing the atomic scale of the electrodes and their changes during charge and 

discharge. 

Oxide-based materials are among the best well-performing intercalation 

electrodes. In this thesis two oxides have been subject of investigation. One of these, 

rutile/pyrolusite β-MnO2, has proven to accommodate at >2 Li-ions during the first 

discharge. However, the ion-intercalation induces significant structural disorder. The 

structure of the disordered state is revolved herein to consists of nano-domains of a 

spinel-like LixMnO2 phase. The other oxide-material, NaCrO2, has been studied in 

great detail herein to elucidate both the crystalline-to-crystalline and order-disorder 

transitions occurring during charge and discharge. The material goes through several 

phase transition upon charge resulting in continuous expansion of the interlayer 

distance as opposed to very discrete two-phase transition during discharge. 

Furthermore, a previously missed charge-intermediate has been discovered in this 

study. As more than 60% Na is extracted from the as-synthesized material NaCrO2, 

long-range order is lost as Cr migrates irreversibly to the vacant Na layers forming a 

disordered O3-phase. 

As the oxides undergoes significant structural changes, the benefits of the more 

stable polyanionic frameworks are quite appealing. Herein lies the very attractive 

phosphates of which two have been studied in this thesis. The orthorhombic 

polymorph β-LiVOPO4 shows core-shell formation, which block Li-migration but can 

be removed via high-energy ball milling. The material follows a two-phase reaction 

during charge and discharge but unexpected solid solution behavior in the Li-poor 

phase (β-VOPO4) was revealed. Finally, this thesis combines the advantages of layered 
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structure with the stability from the polyanions through a layered sodium iron 

phosphate, Na3Fe3(PO4)4 which can accept both Li- and Na-ions reversibly. The 

material reacts as a solid-solution upon intercalation, where the intercalation of Na 

occurs in the cavities between the two iron-sites, causing cell-expansion. As the 

material has time to relax after discharge, the intercalated Na migrates to the Na layers, 

causing a contraction of the cell. 

In this thesis, profound new knowledge has been presented for four materials that 

has a possible future as positive electrode in rechargeable batteries. The understanding 

of structural disorder in these materials during ion (de)intercalation has thoroughly 

been analyzed via state of the art characterization techniques. The discoveries in the 

thesis can hopefully provide knowledge to predict behaviors of more complex 

materials, as material compositional tuning will be imminent for the future of 

rechargeable batteries. 

 

  



XIII 
 

Resumé (Danish Summary) 
I denne afhandling undersøges fire forskellige materialer, med lovende aspekt 

som positive elektrodematerialer til genopladelige Li- eller Na-ion batterier, med fokus 

på deres strukturelle ændringer under ion-interkalation. Afhandlingens bærende 

metodologi har været operando pulverrøntgendiffraktion og parfordelings-

funktionseksperimenter analyseret ved brug af Rietveld og ”real-space” forfininger, 

for at opnå strukturelle modeller, der beskriver elektrodernes atomare skala og deres 

ændringer under op- og afladning. 

Oxidbaserede materialer er blandt de bedst præsterende interkalationselektroder. 

I denne afhandling har to oxider været genstand for undersøgelse. En af disse, 

rutil/pyrolusit β-MnO2, har vist sig at kunne rumme >2 Li-ioner under den første 

afledning. Imidlertid inducerer ion-interkalationen betydelig strukturel uorden. 

Strukturen af det uordnede stadie består heraf af nano-domæner af en spinellignende 

LixMnO2-fase. Det andet oxidmateriale, NaCrO2, er blevet undersøgt stor detaljeret, 

heri for at belyse både de krystallinske-til-krystallinske og ordensforstyrrelser, der 

forekommer under op- og afladning. Materialet gennemgår flere faseovergange ved 

opladning, hvilket resulterer i kontinuerlig udvidelse af lagsafstanden, i modsætning 

til meget diskret to-faseovergange under afladning. Ydermere, er et tidligere glemt 

opladningsintermediat blevet opdaget i dette arbejde. Da mere end 60% Na ekstraheres 

fra det syntetiserede materiale NaCrO2, bliver den lang rækkende orden tabt, da Cr 

migrerer irreversibelt til de ledige Na-lag og danner en uordnet O3-fase. 

Da oxiderne gennemgår betydelige strukturelle ændringer, er fordelene ved de 

mere stabile polyanioniske rammer ret tiltalende. Heri ligger de meget attraktive 

fosfater, hvoraf to er blevet undersøgt i denne afhandling. Den orthorhombiske 

polymorf β-LiVOPO4 viser kerne-skal-dannelse, som blokerer Li-migrering, men kan 

fjernes via høj-energi-kuglemølning. Materialet følger en to-fasereaktion under op- og 

afladning, men en uventet fastopløsningsadfærd i den Li-fattige fase (β-VOPO4) blev 

opdaget. Endelig kombinerer denne afhandling fordelene ved lagdelt struktur med 

stabiliteten fra polyanionerne gennem et lagdelt natriumjernfosfat materiale, 
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Na3Fe3(PO4)4, som kan acceptere både Li- og Na-ioner reversibelt. Materialet reagerer 

som en fast opløsning ved interkalation, hvor interkalationen af Na sker i hulrummene 

mellem de to jernpositioner, hvilket forårsager celleudvidelse. Som materialet har tid 

til at hvile efter udledning, migrerer det interkalerede Na til Na-lagene, hvilket 

forårsager en sammentrækning af cellen. 

I denne afhandling, er der blevet præsenteret dybtgående ny viden for fire 

materialer, der har en mulig fremtid som positiv elektrode i genopladelige batterier. 

Forståelsen af strukturel uorden i disse materialer under ion-(de)interkalation er blevet 

grundigt analyseret via avancerede karakteriseringsteknikker. Opdagelserne i 

afhandlingen kan forhåbentlig give viden til at forudsige adfærd af mere komplekse 

materialer, da materialesammensætningsjustering vil være nært forestående for 

fremtiden for genopladelige batterier. 
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1. Introduction  
Since the industrial revolution, the energy consumption all over the globe has 

rapidly increased due to growth in the world’s population, but also in general the 

worlds strive towards a higher quality of life, including consumption of electricity, 

availability of medicine, and reduction of hunger. All of these to increase the average 

life expectancy. Higher life quality for every human does inevitable put up a 

requirement for extensive amounts of fossil fuels, especially in the upcoming third 

world countries and countries around the equator.[1] This opposes a great threat to our 

climate, as the emission of the greenhouse gas, CO2, continuously increases as a 

consequence of the combustion of coal, oil, and gas. This has caused that for the last 

70 years the CO2-emission has constantly increased to an annual global emission six-

folds higher.[2] As an increase in CO2 concentration in the atmosphere will cause the 

temperature of the planet to rise, climate changes will accelerate, and the world is 

facing more extreme weather conditions globally.[3-6]  

Therefore, the politicians and industrial companies have made CO2-reduction 

one of their main political goals. Some companies are today branding themselves by 

showing the public exactly how they, either plan to achieve a greener tomorrow, or 

what they already are doing to reduce material combustion and greenhouse gas 

emission. The clear fact, of man-made CO2-emission is changing our globe, has 

opened Denmark’s eyes that this possesses an imminent threat to our global society. 

Therefore, the political plan for Denmark is set to reduce the emission of CO2 by 70% 

before 2030 compared to the emission in 1990, and furthermore be completely 

greenhouse gas emission neutral by 2050.[7] In 2019 the current government came into 

office, and developed a long-term climate plane, which relies on that ground-breaking 

technology eventually will be developed to help aid our challenges with CO2-emission. 

The current actions from the Ministry of Climate, Energy, and Supply has of this year 

agreed to upscale wind and solar energy by four-times before we reach 2030.[8] 

Challenging for these green-energy technologies, is the variation of produced 
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electricity as these cannot always be fulfilled, and becoming completely independent 

of fossil fuel will be troublesome. A third alternative of known, easy implementable 

solution, is hydro-storage. However, this is not an option for Denmark as pumping 

water to higher altitudes is impossible, as Denmark has no mountains.  

One of the solutions to help cope and distribute the energy when it is needed, is 

to store the excess energy that has been generated during periods with low demand. 

This is indeed where rechargeable batteries can prove their worth. The rechargeable 

Li-ion battery can provide an extremely high energy conversion up to 95%, with 

additionally one of the highest energy densities of known technologies.[9] Li-ion 

batteries are today very well-implemented into all kinds of mobile devices like cell 

phones, tablets, laptops etc., with a demand estimated to reach above 13 billion small 

portable devices on global scale before 2050. [10] Furthermore, the production of 

electric vehicles has grown rapidly the past years and is expected continuing to 

proliferate for many decades, hence this leaves the question to be asked if  Li deposits 

can even keep up with current requirements.[11] As electric vehicles has taken off, the 

increase in demand for Li-ion batteries has risen and therefore, ultimately the 

extraction of lithium-bearing minerals, such as spodumene (LiAl(SiO3)2), has 

increased drastically. Within just four years (2015-2019) the recovery of Li from 

deposits and brines went from 34.5 kt to ~49 kt. The expansion can mainly be 

attributed to the growth for portable devices, as an increase of demand for Li went 

from 25% to 60% within just the traditional Li-ion battery.[12] Looking at the amount 

of Li available for extraction, the most realistic amount of known Li resources are 

estimated to hold ~56 Mt. This leaves the Li deposits to deplete, in 114 years, based 

on the 2019 consumption. Although, for the consumption to stagnate, this seems highly 

unrealistic with the growth in world population, strive to a more exclusive life, future 

need for Li materials to produce electric cars, stationary battery parks, and constant 

demands for portable electronics.  

To cope with the near futures demands, it is decisive to have a complete 

understanding of the materials that are available now, but also develop new electrode 
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materials for future rechargeable batteries. To postpone the depletion of Li deposits, it 

is pivotal to investigate every aspect of the known electrode materials, as extremely 

long lifetime and recycling will be needed if we are to have rechargeable batteries help 

us with storing excess energy from renewable energy sources and thereby contribute 

to minimizing the emission of CO2. 

1.1 The rechargeable battery and development 
through time 

The rechargeable Li-ion battery reached the commercial market for the first time 

in 1990 announced by Sony.[13] In 2019, M. Stanley Whittingham, John B. 

Goodenough, and Akira Yoshino were finally awarded the Nobel Prize in Chemistry 

2019 for uncovering Li-ion intercalation into Ti2S, the discovery of the high voltage 

material LiCoO2 (LCO), and producing the first commercially viable Li-ion battery, 

respectively.[14, 15] The simplified way of how a commercial Li-ion battery functions 

is shown in Figure 1. Here the Li1-xCoO2 functions as the positive electrode material, 

always synthesized containing Li-ions (the discharged state). Graphite is most often 

utilized as the negative electrode, as this has a standard electrode potential very close 

to metallic Li, providing the highest possible working potential of the battery. Metallic 

Li is the more attractive anode material, as this will provide the highest operating 

potential. However, the issue for metallic Li, is the formation of dendrites as this can 

cause physical contact between the two electrodes, leading to battery short-circuiting. 

Therefore, the use of graphite is beneficial due to intercalation rather than plating. To 

separate the two electrodes, an ion permeable separator is used, which is wetted in a 

liquid electrolyte, that most often consist of lithium hexafluorophosphate salt dissolved 

in an organic solvent like ethylene carbonate and dimethyl carbonate. The two 

electrodes are connected to an external circuit, from which the electrons can travel and 

power an electrical device. During discharge (illustrated in the bottom of Figure 1) the 

Li-ions move from the graphite anode, towards the LixCoO2 and intercalates into the 

layers, as cobalt is reduced Co+4→Co3+. When the battery is charged, the reverse 

reaction takes place (Figure 1 top). 
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The Li-ion battery has become so well-implemented in our daily life that it is 

almost impossible to imagine a world without it. Despite that LCO was 

commercialized in 1990, the development of novel electrode materials has been rather 

static, as of today LCO is still the most used cathode material in cell phones, laptops, 

tablets etc.[10] Several materials have later been suggested as alternatives to the current 

Figure 1. Illustration of basic principles in a commercial Li-ion battery. From left to right, is shown an 
aluminum current collector, that is in physical contact with the LiCoO2 electrode. Li-ions are illustrated 
as green spheres, oxygen atoms as red spheres, and cobalt atoms as blue octahedra. Separating 
the two electrodes is a dashed line illustrating an ion permeable separator. In the top, inside the 
battery, is shown how Li-ions diffuse during charge and below during discharge. The negative 
electrode is consisting of graphite with Li-ions intercalated, denoted LixC6. The carbons are shown as 
hexagonal layers in black. To have Li-ions diffuse, an electrolyte consisting of a lithium salt dissolved 
in an organic solvent is used. For the anode, a copper current collected is utilized. The battery is 
connected to an external circuit, where the electrons can move back and forth, depending on which 
process is taking place.  
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very toxic cobalt containing LCO. However, the toxicity of cobalt is not the only 

concern when mining cobalt. Cobalt is becoming more and more expensive, combined 

with the issue of child-labor and dangerous artisanal extraction methods in DR 

Congo.[16, 17] The alternative materials that have been subject for thorough 

investigation are mainly oxide-based materials like LiMn2O4 (LMO), LiMn1.5Ni0.5O4 

(LMNO), Li[Ni,Mn,Co]O2 (NMC), and Li[Ni,Co,Al]O2 (NCA), but also LiFePO4 

(LFP) has been a very attractive positive electrode candidate, Figure 2, as these have 

proven to exhibit promising performances.[15, 18-22] Some of these materials are now 

utilized today, such as LFP in low power electronics, as well as NMC and NCA in 

electric cars.[16] Even though,  these materials have been studied extensively, and still 

are today, the Li deposit problem is not addressed as critical, as the main focus is to 

move to highly abundant and in-expensive transition metal as cathode material, as this 

still remains the most costly battery part. 

The soon to come depletion of Li calls for alternatives, which has moved some 

of the interest in battery research towards Na-ion electrode materials. The kickoff for 

Na, as the mobile ion in rechargeable batteries, reemerged around year 2000, with the 

big discovery of hard-carbon materials as a possible anode. This exploration was made 

by Stevens and Dahn, and has proven to be the real game changer for Na-ion 

batteries.[23] Until this point, no suitable anode material had been uncovered, as 

graphite, that is used for Li-ion batteries, was performing way poorer in Na- compared 

to Li-insertion.[24, 25] The huge breakthrough potentially solved the problem of future 

depletion of Li. The great benefit of development of Na-ion batteries is that Na is 

extremely inexpensive compared to Li. Na is highly abundant in the Earth’s crust, 

hence the production of precursors is a lot cheaper and more environmentally friendly. 

The extraction of Na can be done in several ways like from minerals, brines, and 

seawater.[10, 25, 26] 

Despite that a suitable anode material for Na-ion batteries was found, it took 

some years to get the ball rolling for investigations of materials for Na-ion batteries.[25] 

In 2010, the research group of Komaba investigated a class of layered-type materials, 
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isostructural to the Li-ion battery material, namely LCO. They showed that Na 

intercalation is evidently possible to obtain good capacity retention for some layered-

type materials. Very surprisingly, a chromium material (NaCrO2) showed great 

reversible Na-ion extraction/insertion opposed to the Li-analog, LiCrO2, which is 

infeasible as an electrode material.[27-29] The curiosity for the layered Na-ion materials 

was here initiated, as the same intercalation technique and design of battery cells now 

could be directly applied. The one problem that remained was understanding of why 

materials behavior during cycling still have significant differences compared to the 

Li-cells.[15, 25, 30] In general, the problem for Na-ion battery cathode materials has been 

the lack in capacity, structural stability, and irreversible phase transitions.[31] The 

auspicious aspect of these type of materials is the surprisingly good performance even 

without cobalt present in the structure. Elimination of cobalt from the layered material 

Figure 2. Different materials that are either commercialized or have potential commercial value. 
From left to right is shown LiCoO2 (LCO) [ref. 15], LiMn2O4 (LMO) [ref. 18], LiMn2-xNixO4 (LMNO) 
[ref. 19], LiFePO4 (LFP) [ref. 20], LiNi1/3Mn1/3Co1/3O2 (NMC) [ref. 21], and LiNi0.8Co0.2-yAlyO2 (NCA) 
[ref. 22]. For all the structures Li is shown in green spheres and oxygen in red. For LCO, cobalt is 
shown in deep blue octahedra. The two spinel materials, LMO and LMNO, the manganese’s are 
shown in purple octahedra, whereas the nickel in teal octahedra. In LFP, the phosphates are shown 
in blue, where the iron octahedra in brown. For NMC and NCA, the transition metals are randomly 
distributed, therefore the octahedra are shown in orange and yellow, respectively. 
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for Li-ion batteries has been done by the Dahn research group, although this calls for 

high amount of nickel, which eventually also has to be reconsidered.[32] Whereas, for 

the Na-ion electrode materials the use of iron, titanium, chromium, manganese etc. is 

promising but not ready for implementation, the battery industry will most likely 

become highly dependent on Na-ion batteries in the near future.[33] 

1.2  Improving the rechargeable battery 
With the Li-ion battery completely implemented today, the requirement of Li-ion 

cells are constantly increasing. Extensively, research has gotten the development and 

implementation of the Li-ion battery extremely far. However, the field is still relatively 

young, hence a lot of aspects within rechargeable batteries are yet to be discovered. 

The materials shown in Figure 2 are studied in such detail that most of the 

uncomplicated issues are solved and published, hence the electrochemical 

performance and the structural behavior are understood to a very high degree. 

 Now a lot of research is moving towards compositional tuning, substitution to 

highly abundant elements, and low dopant enhancements. All in all, to improve the 

extremely well-functional materials and frameworks that already are discovered. High 

class research is of imminent importance, as more complex aspects in of already 

known materials are to be answered. An example of this is LFP, which is known for 

its long-life, environmentally friendliness, and structural stability, which has been 

optimized ever since its discovery.[34] LFP has recently shown promising performance 

as it is reacting as a solid-solution during fast cycling, which places the material as a 

candidate for high-power applications.[35, 36] These constant improvements and 

discoveries of features in well-known materials are crucial for development and 

compositional tuning of materials for the next generation of Li-ion batteries, while the 

materials for Na-ion batteries have just emerged and still have much to be explored, 

even from the fundamental point of view.  
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1.3 Oxides and polyanions 
In the beginning of the 1980s, after the discovery of LCO by the Goodenough 

research group,[15] the interest in layered oxides really took off, as these close-packed 

oxygen stacking sequences provided relatively good stabilities and a very high 

working potential compared to Li (above 4 V).[34] A great movement within material 

science began when the investigation of the structural changes during (de)intercalation 

provided deeper knowledge. This revealed the potential possibly to predict new 

materials that could outperform LCO with respects to structural stability, high 

operation voltage for greater watt output, and good Li-ion diffusion paths. The 

discovery of LFP, despite the lower theoretical gravimetric capacity, was a huge 

breakthrough, as this material could, and with respects to safety, provide higher 

structural stability from the polyanionic frameworks. Additionally, the inductive effect 

from the more electronegative polyanions, could potentially introduce higher 

operating voltages woke the interest for many research groups.[20, 37-39] In this part of 

the thesis, I will include a general introduction to the oxide and polyanionic 

frameworks and their different advantages and drawbacks. Furthermore, a brief 

description of the materials that has been the focus of this thesis, namely β-MnO2, 

NaCrO2,  β-LiVOPO4, and Na3Fe3(PO4)4 will be included. 

1.3.1 Oxides 
The most known oxides are the layered oxides like LCO, NMC, NCA etc. 

However, one-dimensional (1D) diffusion oxide-based materials have also been 

investigated for their intercalation properties, mostly several manganese and titanium 

oxides. However, the performance of these is somewhat limited, as the problem for 

the 1D materials is the Li-ion diffusion, which generally is known to be the worst 

framework for ion intercalation. Here, long-range order is required, preferable plate or 

needle-like crystallites, as these will provide shorter diffusion paths. This puts a high 

demand on the synthesis procedure, but also the structural stability. The optimal 

diffusion-framework for intercalation is in theory the three-dimensional (3D) 

materials, as these will provide shorter diffusion paths within the crystallites, 
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regardless of the morphology. Despite the theoretical better 3D framework for 

diffusion, the two-dimensional (2D) framework possesses the advantages of reversible 

interlayer expansion/contraction. The issue regarding the layered materials is the 

possibility for exfoliation, collapsing, and/or gliding of the layers, as these processes 

are irreversible upon high Li- or Na-extraction.[34] The mono-metallic layered oxides 

are today the most applied in rechargeable batteries, although these have stbility issues 

as well upon high Li-extraction. 

The layered materials are also very interesting for intercalation of Na-ions, which 

most often crystallize in one of two structure-types with the names O3 and P2. These 

materials were first denominated by Delmas et al.[40] where the names provide 

information about the sodium-to-oxygen coordination distinguishing between 

octahedral (O) or prismatic (P) as formation of these two structure-types are highly 

dependent on the amount of the Na:TM ratio (TM =transition metal), determined in the 

synthesis procedure. The number added post the letter, e.g ‘3’ in O3, indicates the 

number of transition metal layers with different oxygen stacking sequence. For the 

O3-type, the Na will be octahedrally coordinating to oxygen, and the stacking 

sequence of the oxygen layers is AB-CA-BC-AB (also known as cubic-close-packed 

oxygen array).[31, 41] As the O3-materials hold the most Na for the as-synthesized 

material, this structure has the best theoretical capacity. The higher accessible amount 

of Na comes with a price, as the O3-materials are known to go through several phase 

transitions during charge, some of which are irreversible. The P2 structure holds a 

lower Na content, and therefore a lower theoretical capacity. This behaves more as a 

solid solution reaction upon desodiation and is known for better structural stability.[42] 

It is pivotal to continuously investigate these materials and stive towards 

understanding how to inhibit severe capacity decay.[31] Hopefully, the study of the 

well-known materials can make use of identifying trends, and thereby predicting how 

to inhibit undesired phase transitions and by that preventing degradation, for materials 

that have identical symmetry, but different transition metal compositions.  
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1.3.2 Manganese oxides 
One class of oxides are the manganese oxides. Here the most known is the spinel 

LiMn2O4, as this has been studied extensively by Goodenough and Tarascon back in 

the 1980s and 1990s.[18, 43, 44] Though this material suffers from severe capacity decay 

during cycling and electrolyte decomposition due to the high operating potential.[45] 

The  manganese materials are quite attractive due to multiple active oxidation states 

Figure 3. Structure drawings of Hollandite (top left) with 2x2-channels linked by 1x1 channels, 
Pyrolusite (top right), also known as rutile-structure, with 1x1 channels. Bottommost to the left, the 
intergrowth structure is shown, with changing 2x1 (Ramsdellite-channels) and 1x1 (rutile-channels). 
Lastly layered Birnessite is shown bottom right. All structures have oxygen pictured in red spheres, 
whereas the manganese is shown as purple octahedra. 
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for  reversible reduction/oxidation Mn(VI) ⇋ Mn(III) ⇋ Mn(II), combined with the 

low cost and low environmental impact of the manganese precursors. Alternatively, to 

the LMO-spinel, a variety of manganese oxides (MnO2-polymorphs) can be obtained 

by a simple hydrothermal reaction below 200 ℃. However, the manganese polymorphs 

can all be obtained via hydrothermal reaction, hence this is also the problem regarding 

the 1D MnO2-polymorphs. Each structure is highly depending on the reaction 

conditions and the “inactive” cation introduced to the reaction mixture, such as 

potassium, barium, calcium, etc.[46]  

The most well-known structures are the α-MnO2 (2x2 channels and 1x1 

channels), β-MnO2 (1x1 channels), γ-MnO2 (1x1+2x1 channels), and δ-MnO2 

(layered), that all forms a one-dimensional diffusion network, except the latter (δ) 

shown in Figure 3. The materials are also known by the mineral names hollandite, 

pyrolusite, intergrowth (or nsutite), and birnessite, respectively. The pyrolusite 

β-MnO2 that forms 1x1-channel is naturally occuring and also commercially available. 

This polymorph is often used to produce other 1D-MnO2 materials, as these have 

numerous amounts of applications within super-capacitor, rechargeable batteries, 

photocatalysis, molecular sieves, and pigments.[47] Due to the low price of pyrolusite 

β-MnO2 the interest in direct use of this material is of great value. For all the tunneled 

structures, the ion diffusion can only take place in 1D. Therefore, the long-range order 

is of extreme importance as even the slightest disordering can possibly block the 

channels, and the performance can be significantly lowered, especially for battery 

applications. Christensen et al.[48] has previously investigated a rutile-TiO2 

isostructural to β-MnO2, from which they uncovered that rutile-TiO2 disorders upon 

intercalation of Li-ions into the tetragonal lattice. Here, the disorder was found to 

originate from some regions with a layered structure like α-NaFeO2 with different 

cracking of the needle-like particles. As a consequence, some highly disordered grain 

boundaries were created. Rutile/pyrolusite β-MnO2 has also been shown to structurally 

disorder, as Li-ions are intercalated into the framework. Various studies have 

suggested that the irreversible phase transition forms an orthorhombic phase like 
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Li2MnO3 or the spinel LiMn2O4, that is eletrochemically inactive, explaining the large 

capacity drop in the first cycle.[49-53] Deep structural investigation of the disordering 

process during the first discharge, is yet to be fully understood for pyrolusite/rutile 

β-MnO2 as no investigation of the local bulk sturcture has been done. Uncovering what 

happens during the first discharge might reveal if this material has a future in battery 

applications.  

1.3.3 Sodium Chromium(III) oxide (NaCrO2) 
Though some of the manganese oxides are explored as positive electrode 

materials for Na-ion batteries, the layered O3/P2 materials are more applicable to host 

bigger ions, such as Na, as interlayer expansion is possible. As briefly elaborated in 

the introduction of this thesis, the know-how from Li-ion batteries can directly be 

transferred to Na-ion batteries, although the problem arises, as the structural behavior 

is much different when the cycling behavior of any given material is compared 

between Li and Na.[25, 29] The major bottleneck is still understanding why and how 

cycling LiTMO2 compared to NaTMO2 (TM=transition metal) behaves very differently. 

Extraction of Na from NaTMO2 induces additional phase transitions, compared to 

extraction of Li from LiTMO2.[31] A material like NaCrO2 with trigonal symmetry, also 

referred to as O3-NaCrO2, holds extremely interesting properties as Na-ion 

intercalation material. The material has been known for many years, as it was first 

studied by Braconnier et al. in 1982.[54] However, up until 10 years ago the material’s 

properties had yet to be fully uncovered, where the investigations unveiled outstanding 

reversibility upon extraction half of the Na in the as-synthesized material. 

Furthermore, Xia an Dahn have shown that the material has impeccable stability in 

organic solvents.[55-57]  

The O3- and P2-structure types can be obtained via simple sintering at high 

temperatures (above 500 ℃).[58] As for other O3-type materials during extraction of 

the Na (and reinsertion), the structure undergoes several phase transitions, and upon 

low Na content the NaxCrO2 material undergoes an irreversible disordering which is 

suggested to be originated from chromium migration and dissolution.[59-61] Similar 
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trends for disordering upon high charge, even for Cr-free materials, are also found for 

other O3-type materials.[62] The migration of chromium to the Na layers make great 

chemical sense, as highly unstable Cr4+ is formed during Na-extraction. As Cr3+ is 

much more favorable, the oxidized Cr4+ disproportionate, forming Cr6+ that prefer 

tetrahedral coordination, hence this initiates the migration.[59, 60] The material is 

suggested to form a rock-salt structure upon complete desodation, although a thorough 

structural model with a technique that probes the local environment is yet to be 

published. 

1.4 Polyanions 
About the same time, when the oxide-based materials started to emerge in the 

1980s, the polyanionic materials were also investigated for their intercalation 

properties.[38, 39] However, the lack of practical capacity of the polyanionic materials, 

compared to LCO, made the research to stagnate until the discovery of LFP. This was 

the steppingstone for rapid interest in polyanionic materials. The great advantage for 

many of the polyanionic materials is the high stability and the option for increasing 

the inductive effect by combining the anions in terms of pyro-anions or addition of 

electronegative elements directly coordinating to the metal, like a V=O or V-F. This 

type of substitution will increase the polarization between the anion and the metal in 

the framework, which causes the reduction of the metal more favorable, hence 

providing a higher operating voltage. Some of the most standardized polyanions and 

oxide anions are shown in Figure 4.  Evidently the anion with the poorest 

electronegativity and thereby the theoretical lowest operating potential, only based on 

electronegativity, is the oxides. This has also been observed to be true for two cobalt

 

Figure 4. List of different polyanions, and dioxides for comparison, with increasing electronegativity 
from left to right. The list is solely based on simple calculations from electronegativity differences 
extracted from the periodic table. 
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based materials, namely LCO and LiCoPO4, as the operating potential for these are 

4.2 V and 4.8 V, respectively. This clearly demonstrates that the polyanions have 

promising future as anions in positive electrode materials.[63, 64] It is here emphasized 

that the operating potential is dependent on many factors like the number of metal ion 

per formula unit, oxidation step of the metal ion, number of metals that the polyanion 

coordinates to, and much more. Bearing this in mind, the polyanions still hold an 

important role for rechargeable batteries, as the safety of these are extremely high, due 

to the great structural stability in organic electrolytes.[34] 

1.4.1 Vanadyl phosphates 
One group of extremely well-studied phosphate-based material class is the 

vanadium phosphates. The great attraction of vanadium-based materials is due to the 

multiple active redox states available of vanadium V5+ ⇋ V4+ ⇋ V3+ ⇋ V2+. Another 

extremely appealing nature of vanadium-containing materials is the possibility to form 

vanadyl bonds (oxygen bound to vanadium), as this will significantly increase the 

inductive effect. This branch of materials is known as the vanadyl phosphates, VOPO4. 

The vanadyl phosphates crystallize in seven different structures, from which all of 

these can accommodate Li-ions, though with very different successes.[65] In today’s 

Li-ion battery materials, cathode materials are rarely synthesized in the charged state 

due to safety reasons, but this is also with respect to the anode utilized is graphite, as 

this is synthesized in the non-lithiated state. Synthesizing the lithiated vanadyl 

phosphates (LiVOPO4) is done by addition of a Li precursor, such as lithium 

nitrate/carbonate/oxide and sintered typically in a tube furnace with a gas flow. The 

LiVOPO4 crystallizes in three different structures known as a tetragonal α1-LiVOPO4, 

orthorhombic β-LiVOPO4, and triclinic α/ϵ-LiVOPO4. The materials are synthesized 

in very similar way, by simply varying the synthesis temperature and/or atmospheric 

flow.[66] These lithiated materials have been studied widely by various research 

groups.[67-70] Very interestingly, the most stable of these frameworks for 

(de)intercalation of the vanadyl phosphates is the orthorhombic β-LiVOPO4.[71] 

Obtaining phase-pure β-LiVOPO4 has proven to be extremely challenging, and despite 
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that several research groups have published that a phase-pure material has been 

obtained via different synthesis procedures, Hidalgo et al.[66] has shown that this is 

nearly or completely impossible.[72-74] As the material is put into application in a Li-ion 

battery, the structure has been suggested to react via a two-phase reaction between the 

lithiated and non-lithiated phases β-LiVOPO4 ⇋Li+ β-VOPO4.[69] No structural 

information is backing up this hypothesis, as this is mainly based on the galvanostatic 

charge-discharge profiles. Gaubicher et al.[69] was the first to investigate the material, 

from which they uncovered a lack in capacity retention as the material suffers from 

intrinsic electrical conductivity.[75] This problem can originate from polymorphic 

impurities, as ε-LiVOPO4 is known for its electrical conductivity issues. This seems 

to have been solved by Wang et al.[76] showing that 154 mAh/g can be reached, close 

to the theoretical capacity 166 mAh/g. Despite the great performance Wang and 

co-workers, they emphasized that the reported capacities are highly dependent on the 

applied current densities. Deeper discharge of the material (intercalation of the 2nd Li 

into β-VOPO4) has shown to be reversible as well, and even deeper discharge can be 

done for this material with the aspect of application as an anode material.[77] 

1.4.2 Iron phosphates 
The most well-known iron containing cathode material is lithium iron phosphate, 

LFP. This was first investigated by the Goodenough research group.[20] However, the 

problem for LFP at the time, was the poor performance in terms for ionic and electric 

conductivity which ceased the application. Years later, after solving these issues via 

carbon coating and nanofabrication, the material has earned its place on the 

commercial market.[36, 78] Though the potential, when compared to the layered 

materials, still lacks behind. Iron is a highly abundant element and easily extracted 

from the Earth’s crust, which has led to exploration of many iron-based materials over 

the years, striving to outcompete the performance of LFP. Here some Na super ionic 

conductor (NASICON) materials with the formula NaxZr2P3-xSixP12 was first 

investigated in 1976, also by Goodenough et al.[79] Much later the iron-based material 

has been prepared with the formula Na3Fe2(PO4)3.[80] Other types of iron-based 
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NASICON-type materials has been synthesized for uncovering a novel positive 

electrode material that can out compete LCO and LFP.[81, 82]  

The eagerness for developing novel iron-containing materials, yielded in 2002 a 

new layered-type of sodium iron phosphate, first investigated by Lajmi et al.[83] This 

material has a similar layer-type, compared to the layered oxides (XTMO2, X=Li or 

Na), combined with the polyanionic framework, potentially providing the optimal 

structure as a positive electrode material. Some years later, the material was 

investigated by Trad and co-workers, who showed that this material is functional both 

as a host for Li- or Na ions. 

The material can be synthesized via various synthesis routes, such as 

hydrothermal, sol-gel or ball milling followed by solid-state reaction (SSR).[84-86] 

Theoretically, the material should be able to accommodate 3 guest ions (Li or Na), 

since the material is synthesized in the charged state, where three Fe(+3) is located in 

the structure per formula unit. As the material is cycled, the voltage profile is very 

different for Li and Na. Very surprisingly, when it is applied as a Na-ion battery 

cathode material, the voltage gab is much lower compared to when cycled as a Li-ion 

cathode material.  During deep discharge of the material, it has been shown to 

structurally disorder, although the mechanism for the disordering process is yet to be 

fully investigated. 

1.5 Order-disorder 
Structural stability of cathode materials for rechargeable Li- and Na-ion batteries 

are becoming a hot topic, as for many years, structural order was directly correlated to 

lifetime of the battery electrode. This is especially evident for the 1D-materials, as 

these demand a long-range order, as channel blockage can cause severe capacity decay. 

Therefore, if disorder was induced in an electrode material this was not associated with 

performance improvements. Disorder of the oxide-based materials was a sign of 

oxygen release, layer exfoliation, cation migration etc., also known as the irreversible 

order-disorder transition.[87] More recently, the understanding of why materials 

disorder, and identifying that structural disorder during cycling not necessary leads to 
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electrochemical degradation, has progressed the interest in disorder during cycling of 

electrode materials.[88] Some materials have even shown more stable discharge 

capacities after disorder has been induced, as a more continuous sloping charge-

discharge profile has been found. The sloping cycling behavior is often associated with 

a solid-solution phase evolution, which is shown to provide structural strain relief.[89] 

As an electrode material is operating, different process of the structure can occur. The 

two most well understood, are the two-phase 1st order phase transition e.g. for 

Figure 5. A) Three state of charge (SOC) PXRD scans for the pristine material (blue), after the 1st 
discharge (red) and after 1 cycle (green), for 𝛽𝛽-MnO2 synthesized at 140 ℃. Below is shown the 
electrochemical data monitored between 1.0-4.0 V. B) PXRD data for the first discharge and charge 
of LiVOPO4, showing the scan of the pristine material (brown), ½ discharge (yellow), 1st discharge 
(blue), ½ charge (red), and 1 cycle (green). Underneath the discharge-charge data monitored 
between 1.0-3.5 V is shown. C) Data plotted  identical to Figure 5A, though for 𝛽𝛽-MnO2 synthesized 
at 150 ℃. D) Data of NaCrO2 showing the pristine powder pattern in blue, the 1st discharge in red, 
and after the 1st cycle in green. The electrochemical data shown bottommost, is collected in the 
potential range of 2.5-4.0 V. All four operando experiments are carried out at PETRA III, at beamline 
P02.1, DESY, Hamburg, 𝜆𝜆=0.207 Å.  
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LiFePO4⇋Li+FePO4. The other reaction-type is the solid-solution reaction, from 

which a small continuous change of the crystal lattice during cycling. This is seen for 

LFP when some of the iron is substituted for manganese in the olivine structure.[90] 

The order-disorder transitions can be broken down to the four example presented in 

Figure 5. The reversible reaction between order ⇋ disorder, Figure 5A, from which 

the crystallinity initially is lost, but restored after each cycle. This behavior is observed 

in materials like iron phosphate hydroxide, when applied as a Na-ion battery 

material.[91] In the example presented in  Figure 5A some of the crystalline reflections 

are lost indicating that an irreversible reaction is taking place in the initial discharge. 

Alternatively, the initial structure of a material can be lost, although the 

order ⇋ disorder reaction can still occur, as seen in Figure 5B. The initial structure is 

lost, although the material evolves into another crystalline material, that reappears 

upon charge. The third example, Figure 5C, shows an irreversible reaction upon the 

first discharge, however the electrode material is still functional as a cathode material. 

This type of behavior is seen for materials like V2O5, TiO2-rutile, and the 

β-MnO2.[48, 89] Here, the structure initially changes into a more favorable lattice, that 

can possibly accommodate ions better.[89] As regular powder diffraction experiments 

are not suitable for investigating such behaviors, these systems call for alternative 

techniques to study these structural evolutions. The last, and very unfavorable process 

is the degradation of the electrode material. As for the α-NaFeO2-type materials, like 

NaCrO2, the amorphization is a completely irreversible reaction, Figure 5D. Many 

materials can experience degradation to a certain degree, therefore establishing 

standardized ways of studying these materials to inhibit the irreversible reaction is 

all-important. Examples of ways to inhibit cation migration in NaCrO2 can be to 

substitute some of the chromium for other transition metals, as done by Cao et al.[92-94] 

Although, this is one way to avoid cathode degradation, understanding the 

fundamental mechanisms of disorder and providing profound insight into the 

reversible, as well as irreversible reactions need to be probed at the local environment. 

Techniques that are extremely powerful to identify local (dis)ordering could be pair 
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distribution function (PDF), high-resolution transmission electron microscopy 

(HR-TEM), extended X-ray absorption fine structure (EXAFS), solid-state nuclear 

magnetic resonance (SS-NMR) etc.  

1.6 Working as a material chemist 
In material science, studying the bridge between composition, structure, 

performance, and the direct relationship to properties are the essential aspects. The 

most used example is the graphite-diamond differences, as these both have identical 

composition, although very different structures and consequently very different 

physical and chemical properties. Graphite is built of hexagonal layers, hence 

providing the application for pencils, as pressed and dragged across a surface, the 

layers will exfoliate and stick onto the “new” surface. Whereas diamonds also are a 

product of carbon, although this material is one of the hardest known available on 

Earth. Diamonds are formed under high pressure, creating a 3D structure, where all 

carbons are tetrahedrally bound to other carbons. Natural occurring materials are often 

challenging to put into direct use, as these are often bound in minerals. Therefore, 

material synthesis is often needed. However, this part can be extremely time 

consuming. Doing synthesis work, the goal generally starts out by investigating what 

others have produced and trying to replicate this. Eventually, via thorough synthesis 

optimization, structural characterization and performance tests, the scientist can 

provide a new or improved property of the material of investigation. This could be 

improvement of the material’s hardness, conductivity, reactivity, or magnetism among 

many other properties. During the characterization and performance test, the material 

is evaluated, as feeding back as resynthesizing is very important. The workflow is 

summarized in Figure 6. 
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1.6.1 Challenging synthesis is old news 
In today’s literature, especially within material science, the focus is to link the 

structure directly to its chemical and physical properties, as well as to explain how the 

material in focus, can solve problem within a specific research area. Quite often the 

synthesis procedure is described with very limited details, which severely impedes 

Figure 6. Schematic illustration of the workflow, working in an inorganic laboratory as a material 
scientist. The materials are synthesized in laboratories, and then characterized, which involves 
description of the structure and performance of the materials, which then eventually can end up in 
outlining the properties of the materials of interest. Very often a specific type of structure with 
specific properties is needed. These materials must perform in a certain way. Therefore, an 
optimization feedback route is often taken before anything crucial can be described of a system. 
Describing the properties of a system is often the least part of the work, as the characterization 
and synthesis are extremely time consuming. 
*The two pictures with NNF-tags originate from Novo Nordisk Foundation. 
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replica of the materials. This can be lack of providing synthesis time, purity of the 

precursors, type of atmospheric gas flow, pH, or many other parameters. As seen in 

Figure 6, each step along the way, leads back to the synthesis procedure, though the 

synthesis procedure rarely fills more than a few lines in the published work. For a 

material like Na3Fe3(PO4)4, a variety of ways to produce the material can be taken, 

provided in the very limited published work for this material.[85, 86, 95] The synthesis 

can yield several other materials like Na3Fe2(PO4)3, NaFeP2O7, etc., highly depending 

on the stoichiometric precision. This is only highlighted by one research group for this 

material, how to avoid complications during the synthesis.[84, 85] 

One of the simplest synthesis procedures is hydrothermal reaction, as this 

requires a Teflon cup with a lid (closed system), an autoclave, and an oven. Despite 

this being the simplest way of preparing materials, in term of equipment required, this 

synthesis procedure is extremely complex, as so many variables can be altered. Before 

the hydrothermal reaction is carried out, several things must be considered, such as 

reaction concentration, composition of the precursors, as inactive cations can have 

significant influence, pH of the mixture, and volume as this will change the pressure 

inside the crucible. One example of a class of materials that prove the extreme 

complexity is the polymorphism of manganese oxides, as the tunnel structure is highly 

dependent on all the above-mentioned parameters.[47, 96] 

1.7 Motivation for the PhD thesis 
The scope of the work done in this Ph.D.-thesis has been to investigate the 

structural evolution during galvanostatic charge-discharge of some selected oxide- and 

phosphates-based materials for both Li- and Na-ion batteries. These materials have 

been briefly described in the introduction. The importance of understanding structural 

phase transitions has been the key element of the thesis, as the structure can provide 

critical insight to understanding the material properties. As ions are intercalated into a 

crystal structure the material undergoes phase transformations, which can be directly 

related to strain of the structure, that typically becomes quite severe if a big lattice 

mismatch is induced in the system (two-phase reaction). Another substantial parameter 
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that can be investigated by looking at the crystalline structure, is the stability of the 

framework from a thermodynamic point of view. This could be which structure is 

formed upon synthesis variation or different ion insertions.  

Furthermore, determining the kinetics of a material, focusing on the diffusion is 

imminent to probe why a material undergoes phase transitions during cycling, as this 

can yield vital information on which morphology and composition that are the most 

optimal. Lastly, an operando PXRD experiments can provide immeasurable 

knowledge about a material’s reversibility. As it is essential to investigate why a 

material becomes unfunctional or works impeccable during battery operation. 

In this thesis, operando PXRD experiments are included in all composed papers 

and manuscripts. In each experiment, all the crystalline phases presented in the given 

data set, has been described via single scan refinements, and implemented in a 

sequential Rietveld refinement for each dataset.  

Despite that the four materials have very different structures and compositions, 

they all share a common feature, as at one point the materials disorder upon cycling. 

(For β-LiVOPO4 the disorder occurs upon insertion of the second Li, though this part 

has yet to be explored and is not included in this thesis). The information of why and 

how these materials disorder has been the goal to investigate as only quite superficial 

structural investigation has previously been published. A part of the work in this thesis 

focuses on investigation of the local structure, which is done via total scattering 

experiments. This has been analyzed with pair distribution function via real-space 

refinements.  

A further common goal for all the materials of interest have been to uncover and 

fully describe a reproducible synthesis path that yields a high purity. Furthermore, the 

general idea has been to provide a solid foundation of the structural evolution during 

dynamic condition (operation of the material as a positive electrode material). The 

work has been limited to mono-metallic materials, as this hopefully can contribute 

with complex analysis for rather simple systems. Understanding the effect of disorder 

of materials has been an essential part of the work, as well as investigating how and 
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why the disorder takes place upon ion extraction/insertion. Lastly, the aim was to 

examine how combining the layered structural benefits from the layered oxide-family 

with the polyanionic framework.  

Overall, this thesis set out to provide general knowledge for some known material 

and show how to study order-disorder trends in electrode material, with the prospect 

of building a foundation to predict structural behaviors for other isostructural 

materials. 
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2. Characterization techniques and data 
processing tools 

In this chapter, characterization via electrochemical techniques will be briefly 

introduced as well as some thoughts on different parameter settings, together with the 

limitation for the different techniques applied and what insights these might provide 

to a material’s properties. 

The main part of the work during my Ph.D., has been characterization via 

Rietveld refinement of powder X-ray diffraction (PXRD) data and real-space 

refinements of pair distribution function (PDF) data. In here, an introduction to 

Rietveld refinement and some basic about how to acquire PXRD and PDF data will 

follow. Furthermore, it will be addressed what qualitative and quantitative information 

that can be obtained, as well as the importance of constraining different parameters 

during a refinement and understanding what can be extracted for the collected data. 

Lastly, a short introduction to scanning electron microscopy and Mössbauer 

spectroscopy will be given, as these techniques have been applied in some on the 

papers and manuscripts.  

2.1 Characterization with electrochemical 
techniques 

In this section an overview into which simple electrochemical tests that are 

available, including an overview of the variables that can be controlled when 

performing different investigations, will be presented. Furthermore, a discussion 

follows on the compromises necessarily made within battery research, dependent on 

the aspect or phenomena that is investigated. In this thesis, only the tests utilized in the 

project will be addressed, herein galvanostatic cycling (GC), cyclic voltammetry (CV), 

and galvanostatic intermittent titration technique (GITT), together with the 

technicalities of the tests that have been utilized. 

Within the study of a material’s electrochemical properties, it is very common to 

test a material in a half-cell experiment. When a half-cell is tested, it is assumed that 
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the material of interest is run against a metal-disc, as this will serve both as negative 

electrode and as reference electrode as the metal-disc is assumed to hold the same 

potential as current passes through it. Besides this assumption the complexity of a 

relatively simple battery experiment comes to light as a measurement is initiated. 

During a practical experiment, stuff like polarization, side-reactions, incomplete 

process, among others, highly affects the performance and will vary with the test 

conditions such as rate, potential range, mass load, etc.[97, 98] The most standardized 

techniques for battery testing are galvanostatic cycling and cyclic voltammetry.[97]  

2.1.1 Galvanostatic cycling 
Galvanostatic cycling or charge-discharges is a type of experiment  is commonly 

used to elaborate the specific capacity, cycling hysteresis, rate capability, etc. The 

approach is performed by apply a constant current, Figure 7A, while the potential is 

recorded. The amount of current that has passed through, can afterwards be 

determined, as a constant current is applied, and the time of charge/discharge is logged. 

In this thesis the fabrication of the electrode pellet has been carried out very similar 

and is described in the papers and manuscripts in the end of the thesis. When a battery 

is charged-discharged the common rate reports are either current per surface area (e.g. 

10 mA/cm2), or the often-used C-rate convention. The C-rate is universal for 

galvanostatic battery cycling, as it denotes the time a single discharge or charge takes 

in hours, based on the theoretical capacity of a material and the mass of the electrode 

that are being tested.  When  a measurement is run at 1C, a discharge takes 1 hour, 

whereas it takes 10 hours, if the C-rate is C/10. The current applied is highly dependent 

on the electrode  material of investigation, which implies that it is important to have 

knowledge about the material composition, in order to compare this to the practical 

capacity, Figure 7B. These are rarely 1:1, when initial investigation is performed in 

the laboratory, as a potential cutoff is set, which is often reached before full 

(de)lithiation. The capacity is directly  linked to the  amount of mobile ion inside the 

material of interest, Figure 7C. This will provide a direct insight to the hysteresis and 

the number of mobile ions that can be extracted/inserted from the material per formula 
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unit. Additionally, from a material scientist’s point of view, this type of plot can give 

a direct hint to whether the phase behavior follows a two-phase transformation reaction 

(constant potential, often referred to as a plateau) or a solid-solution transformation 

(changing potential, sloping). The origin of how this information can be extracted by 

simply qualitative inspection lies in the Gibbs phase rule. Here, Gibbs phase rule 

provides information about the number of independent components, C, the number of 

phases present in the system, P, and lastly the degree of freedom, F. This is expressed 

as 

F = C − P + n 

With n as the number of variables, like pressure, temperature, or potential. In a 

GC experiment, the temperature and pressure are ideally kept constant. Depending on 

the type of phase transformation the potential will therefore be allowed to change 

during insertion of Li or Na (for a solid-solution reaction) or remain constant as for a 

two-phase reaction. Lastly, information about the specific capacity, if the mass of the 

active positive electrode material is known, can be plotted against the potential of the 

half-cell. This part is also used to calculate the columbic efficiency (CE) of a material: 

Figure 7. A) Current vs. time graph illustrating the procedure for a GC experiment. Each current pulse 
illustrated represents a full charge or discharge for this type of experiment. B) the plotted GC data 
with the potential vs the amount of Li or Na in a specific material TM= transition metal and X=anion 
like a phosphate or oxide. C) a capacity plot, with the potential against the capacity of a material 
measured in mAh/g. In red the discharge curve is shown and in black, the charge curve. 
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CE =
Qdischarge

Qcharge
 

When a complete reversible reaction is taking place, the CE should reach 100%. 

A complete reversible reaction is rarely the case during cyclic of batteries, as many 

degradation mechanisms can take place, such as solid electrolyte interphase formation, 

electrolyte degradation, etc. [99] 

2.1.2 Cyclic voltammetry 
Cyclic voltammetry (CV) is also an extremely popular test method, which is used 

for characterizing two-phase transition potentials, estimating ion diffusion coefficient, 

reaction reversibility, and much more. The technique is relatively easy to run, as a 

linear potential sweep while measuring the current response is performed, Figure 8A. 

It is important to have some knowledge of the profile beforehand, as two terminal 

voltages (potential cutoffs where the current response is measured in between) must 

be chosen before initiating the experiment. The output of a CV experiment is very 

material dependent, as the different reactions take place at different potentials. The 

collected data is plotted with the current response as function of the potential range 

pre-set for the experiment. As a discharge process takes place, the peak is called a 

cathodic current response, while the revers reaction peak is called the anodic current 

response. As for LFP, one discharge process takes place FePO4→LiFePO4  and the 

reverse reaction that would produce what is called a “duck-shape” cycling 

voltammogram. The duck-shape cycling voltammogram is known from the 

ferrocene ⇋ ferrocenium (Fc ⇋ Fc+) reaction and is often thought as the perfect 

reversible reaction.[100] In this project the CV data is only used for identifying cycling 

reversibility, by identifying anodic and corresponding cathodic peak, and locating 

redox reaction potentials. 

In Figure 8B, three cyclic voltammograms are shown of the same cell. The first 

cycle (black) differs completely from the others, as two anodic peaks are present 

during the second and third discharge. This would suggest that during the first 

discharge, an irreversible reaction takes place. The corresponding cathodic peak is not 
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accompanied by an irreversible reaction. However, the polarization is increasing as the 

cycling number is increasing. When running a cycling voltammogram, it is important 

to consider the locked settings, such as potential range, as this must be within the 

electrolyte stability window. Here the upper limit is the most important as electrolyte 

degradation occurs at high potentials. For LiPF6 in ethylene and dimethylene 

carbonate, the upper limit is ~4.5 V.[101] If estimation of the diffusion coefficient is the 

goal of the experiment, then different cycles with different sweep rates must be 

measured. The integrated currents can afterwards be plotted which should follow a 

linear regression. From the linear regression the slope form would provide the 

estimated diffusion coefficient. When estimating the reaction potential, a slower sweep 

rate is preferable, as the slower the sweep rate chosen, the more accurate the reaction 

potential. However, the slower the sweep rate, the less current is passed through, due 

to a greater diffusion layer is formed.  

2.1.3 Galvanostatic intermittent titration technique 
Although, CV often is used to estimate the diffusion coefficient (DC) of the 

mobile ion, this can only be used for estimation of the overall DC for a reaction. 

Figure 8. A) Potential vs. time graph illustrating a CV experiment with potential changing at a 
constant rate. B) The current (mA) is monitored as the potential is swept from the defined ranges. 
In black is shown for cycle 1, in red for cycle 2, and in blue for cycle 3. 
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Alternatively, galvanostatic intermittent titration technique (GITT) is, opposed to CV, 

a technique with a constant current, whereby the potential is measured, similarly to 

GC. Different from GC is that the measurement is a sequence of applied constant 

current pulses, followed by a rest after each pulse, while constantly recording the 

change in potential. The data obtained can be used to estimate the DC at each pulse if 

a linear correlation between the change in potential and the cubic squared time is 

obtained from the data. Also, some assumptions about the electrode are made as these 

must be dense and planar together with a constant and homogenous potential over the 

full electrode. Furthermore, the diffusion must happen in one dimension. Despite that 

some materials, as for the GITT experiments performed in Paper 2, are layered 

materials and in theory 2D Na diffusion, the assumption of 1D diffusion is made as 

short time pulses are applied.[102] The mobile ion DC can be obtained from the 

following equation: 

Dc =
4
πτ

�
mVM
MA

�
2

· ��
∆Es
∆Et

��
2

, �t ≪
L2

Dc
� 

Having Dc as the diffusion coefficient, VM the molar volume, M the molecular 

weight, m the mass of the electrode material, L thickness, 𝜏𝜏 is the length of each applied 

pulse, and t the time in seconds. This equation is applied for every pulse, from which 

the variables can be obtained as shown in Figure 9A. From the open circuit voltage 

(OCV) just before a pulse is started the ∆𝐸𝐸𝑠𝑠 can be found by subtraction the previous 

OCV from the current. To obtain ∆Et a linear regression of the √t plotted against the 

change in voltage during the pulse. Here the slope will provide the ∆Et, Figure 9B. It 

is of great importance when this maneuver is made, that some restriction is applied for 

the data points utilized for the regression, as the ∆Et will be highly affected by the 

points included.[103] 

With these techniques of estimating redox potentials, diffusion coefficients, and 

reversibility comes a lot of approximation and neglections of small discrepancies as 

the expansion of battery research has grown linear since the commercialization of the 

Li-ion battery. This put a high demand on the  sincerity on the work published by any 
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researcher within the field. Here it should be emphasized that material scientists cannot 

be specialists within all techniques available, and the estimation of diffusion 

coefficients in real materials must be analyzed with carefulness. Very often trends of 

the estimated DC’s are more reliable than exact numbers. In this thesis it should be 

noted that the electrochemical test run has been performed with directly adapting the 

approximation within GITT elaborated by others,[103] as the focus lies within structural 

characterization and understanding changes during ion-intercalation/deintercalation. 

Furthermore, understanding the electrochemical data has been obtained with 

combining knowledge from structural change within the material. 

2.1.4 Compromises in practical battery research 
A battery is a very complex hierarchical system, as a lot of processes take place, 

and often it is only possible to probe one length-scale at the time. If the nano 

length-scale is probed, then investigation of phase transition, Li-migration paths, etc., 

is possible. Other aspects like electrical conductance of the electrode and control of 

stack pressure must, to some degree, be assumed to function properly, as this cannot 

be controlled simultaneously. If, on the other hand, a scientist is working on 

Figure 9. A)  Three titration pulses 𝜏𝜏 shown in grey boxes for a charge of NaCrO2, showing the 
potential over time. In red is shown the data points added to the three pulses are shown the ∆𝐸𝐸𝑠𝑠 as 
the difference in potential between each end of a pulse and the iR drop. B) The regression of a 
titration pulse with the potential vs the t½ . The slope provides the ∆𝐸𝐸𝑠𝑠. 
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optimizing the performance of a known electrode material such as rate capability and 

electrode thickness, thereby probing the macro-scale, it becomes very challenging to 

investigate phase transition, and such. Within both cases, assumptions are made on  

the length scales not probed. These compromises in today’s open-access papers can 

sometimes blur the picture as an enormous growth of publication of scientific papers 

has happened the past 20 years, Figure 10.  

The biggest compromise in today’s publications is often made in the 

experimental section, as parameter description and challenges experienced during the 

synthesis, such as impurities in the final product, happens to be reported a bit vague. 

This making replication of the tests results troublesome to accomplish. A great 

example of the opposite is made by Trad et al.[84, 85] who emphasizes that when 

Figure 10. Showing the number of publications every year from http:\\webofscience.com searching 
for “Li-ion batteries” with respect to every year. The green column illustrates the number of publications 
for that specific year. The data shown is from 1998-2022-(July). 
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synthesizing the layered Na3Fe3(PO4)4,  stoichiometric amount of the precursors is 

critical to obtain a phase pure material.  

For electrochemical data, the importance of interpreting the measured data is as 

important as setting the right settings. Important factors such as electrode preparation, 

active material concentration, voltage range and clearly illustrating these are essential 

to understand, if the current passing through the electrode, in fact is accompanied by 

intercalation or side reactions. 

When investigating structural changes of battery materials, the most obvious 

factor that rarely is monitored is the temperature. The optimal range for a Li-ion battery 

lies within 15-35 ℃,[104] which every research facility around the world most likely are 

able to oblige via ventilation or heating of the laboratories. However, the laboratory 

temperature might still vary during summer and winter time. The most optimal 

condition for reliable replication of battery performance is to store the cells in a climate 

chamber, with completely controlled environment.  

Therefore, when analyzing data obtained from a battery experiment, it is 

important to acknowledge that experiments run at different time of year can vary in 

performance, as testing in a non-controlled area like a regular laboratory might provide 

higher charge capacities than first expected due to degradation, e.g. decomposition of 

the electrolyte (higher temperatures or higher voltage).[105] Or on the other hand lose 

significant capacity, due to the mobility limitation of the active ion, as the kinetics is 

decreased, or the internal resistance is increased, providing a poorer battery 

performance.[106, 107] It can therefore not be stressed enough, that complimentary 

information and clarity of the analysis is critical to provide new and fundamental 

insight to electrode performance. 

The last very important parameter when assembling batteries, is the stack 

pressure. Controlling this parameter is very challenging, and very often the use of a 

spring makes up for this troublesome parameter. The most standardized cell design is 

the coin cell design, as this cell ensures a constant reproduceable stack pressure over 

the full battery stack. The problem emerges as research has moved towards 
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understanding electrode behavior during operation. This can be done by using high 

brilliant X-rays provided at synchrotron facilities. This put a high demand on the 

electrochemical cell design, as it is no longer just the interest of great performance of 

the battery, but preferable the only material in the beam should be the material of 

interest (in this case the active electrode material). Also, the additives and electrodes 

in the beam should be constructed in such a way that their scattering is kept to a 

minimum (constructed of light elements). Some attempts to accede these criteria have 

been made with a coin cell design, but problems with the stack pressure or contribution 

from current collectors still stands.[108, 109] A relatively new operando battery test cell 

is the Argonne Multipurpose In situ X-ray cell (AMPIX).[110] This cell was developed 

at Argonne National Laboratories, Advanced Photon Science at beamline 11-ID-B and 

holds many advantages, such as low X-ray absorption due to glassy carbon windows, 

simple assembly and high reproducibility, which is why this operando battery test cell 

is employed in the work done in this thesis.  

The main problem for the AMPIX cell still lies in that a reproducible stack 

pressure over the battery stack. For each material, a thorough optimization of pellet 

thickness must be done, as the pellet thickness and the amount of electrolyte added 

will determine the stack pressure. (The amount of electrolyte rarely changes, hence the 

electrode mass is the most important factor related to stack pressure). However, the 

AMPIX cell can provide a stack pressure due to the rigid glassy carbon electrode part, 

opposed to the previous Kapton windows in the coin cell design, proving very suitable 

for operando experiments. The AMPIX battery cell is great for studies at slow cycling 

rates, as the cells can be mounted in a stage holder, where several cells can be run at 

the same time. Although, a problem arises as more interest in rechargeable batteries 

for high power electronics is emerging in demand, e.g. for electric vehicles and grid 

storage. The designs available for high-rate testing are quite limited, and probably the 

most promising is the pouch cell. Gustafsson et al.[111] has recently shown how the 

pouch cell design can be optimized to gain an option for controlling the external stack 

pressure, while the half-cell is in the beam during cycling. With the next generation of 
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synchrotrons emerging like MAX IV and ESRF-EBS, that can now provide a beam 

with a much greater brilliance, it will now be possible to study materials with a much 

shorter timeframe, hence investigations of degradations and structural behavior in 

high-power materials are becoming possible. 

The number of material scientists and nanotechnologists are constantly 

increasing as utilizing electrochemical tests has become more standardized.[97] Herein 

lies the broad aspect of understanding the stability, performance, redox 

activity/processes, phase transformations, disorder, cycle rate effects, solid electrolyte 

interphase formation, and much more.[48, 55, 112-114] Inevitably this requires a deep 

understanding of the battery components, as degradation processes in rechargeable 

batteries are extremely complicated and very challenging to control and limits the 

degradation. Birkl et al.[99]  has broken the degradation of a Li-ion cell down to three 

contributions; loss of Li inventory, degradation of active anode material, and 

degradation of active cathode material. Due to the complexity of battery cycling, the 

degradation processes are rarely thoroughly investigated simply due to limitation of 

time and resources. In the work done in this thesis, the focus has been on understanding 

the structural changes, in which structural disordering plays a significant part of the 

work presented. As no full cells has been investigated in this thesis, the anode side 

reactions have been neglected, hence this is used in argument e.g. for excess capacity 

during initial charge(s).[112, 115] Emphasis has been put into understanding some feature 

of cathode degradation, such as cation migration and structural disordering. Therefore, 

operando powder X-ray diffraction (PXRD) and total scattering (TS) experiments has 

been utilized in investigations of all materials examined. This is done by thoroughly 

by refining the diffraction patterns collected (PXRD) or reducing the total scattering 

data into pair distribution function and performing real-space refinements of these and 

correlating the relevant GC data. 
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2.2 Characterization with scattering techniques 
PXRD today is an extremely utilized and standardized technique in material 

characterization to study the average bulk crystalline structure of a powder. In a PXRD 

experiment, firstly X-rays are produced by bombarding a metal target with electrons 

that will irradiate X-rays with a variety of wavelengths, depending on the metal target 

e.g., 1.541 Å and 1.392 Å for Kα1 and Kβ, respectively for a Cu-source. The emitted 

X-rays are then filtered either via specific X-ray filters or a monochromator, such that 

the X-rays that irradiates the sample are of one single wavelength. The X-ray beam is 

shaped by slits cutting it to the desired dimensions. When the (semi)-monochromatic 

X-rays reach the sample, the X-rays are scattered in a coherent and elastic manner and 

collected by an X-ray detector.  If the sample is crystalline and preferably consists of 

random orientated crystallites, the collected data will then consist of a set of a finite 

number of intense peaks at specific angles measured at 2θ [°], depending on the 

symmetry of the structure of the sample investigated. This data can be analyzed 

according to Bragg’s law;[116, 117] 

nλ = 2dsin(θ) 

From the Bragg equation, n must be an integer and λ is the wavelength upon 

irradiation of the sample, d is the interplanar distance and θ is the measured scattering 

angle. The Bragg law treats a crystalline powder, as the crystal is built of 

semi-transparent planes. When the Bragg law is fulfilled then a Bragg peak arises as 

constructive interference occurs. This gives rise to a diffractogram, as seen for 

NaVOPO4, Figure 11A. Each peak can be indexed to a Miller indices hkl which 

indicates the orientation of the so-called “planes” in a crystal. From the Bragg peaks 

structural information can be obtained from the peak position, shape, and intensity. 

The intensity of the reflected X-rays is directly correlated to the structure factor Fhkl 

via the complex conjugate with itself. The structure function is described as a sum of 

all atoms in the unit cell with the position of the elements, as follows: 

Fhkl = �Njfje2πi�hxj+kyj+lzj�e−Mj

j

 



37 
 

From the structure function, the Miller indices are shown as h, k, and l, Nj 

provides the occupancy of the jth atom, Mj provides the displacement of the atoms away 

from the equilibrium state or fixed position. Lastly, fj is the atomic form factor which 

is individual to each element as the scattering is dependent of the number of electrons, 

hence the form factor increases with increasement of element number.  

2.2.1 Structural refinements of powder diffraction data from 
crystalline materials 

The most standardized way to analyze diffraction data of crystalline material is 

the so-called Rietveld refinement, as seen in Figure 11B for monoclinic NaVOPO4.[118-

120] To analyze a diffractogram with the Rietveld refinement method, a structural 

starting model must be provided before initiating a refinement. Thus, good knowledge 

on the sample is key to use the Rietveld refinement method. The structural information 

is often imbedded as a crystallographic information file (CIF). When performing a 

Rietveld refinement, a least square optimization is utilized: 

yres,i = �wi�yobs,i − ycalc,i�
2

i

= �
�yobs,i − ycalc,i�

2

yobs,ii

 

Here the minimization is highly dependent on the structural input from the CIF, 

as the calculated intensities are based on this data starting model. 

ycalc,i = � Sp
p

��|Fhkl|2ϕ · Corrhkl
hkl

� + ybackground,i 

 Here the scale factor, S, which scales with the phase fraction of the CIF 

employed in the refinement. The structure factor, Fhkl, to describe the values of the 

profile functions. ϕ denotes the shape of the individual Bragg peaks at the specific 

scattering angle, measured in θ [°]. The profile functions are modelled via a Gaussian, 

Lorentzian, or a pseudo-Voigt. The Pseudo-Voight is a linear combination of a 

Gaussian and Lorentzian. To correct instrumental and sample dependent factors, a 

correction factor, Corrhkl, is also applied to the description of the calculated intensities. 

Lastly, a background, is applied to the description ycalc,i which will account for the 

inelastic scattering, the thermal diffuse scattering, incoherent scattering, and for the 
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sample environment. This could be adopted directly from a measurement of an empty 

Kapton capillary, or an empty battery test cell imbedded into the refinement or 

modelled as a smooth polynomium. The scale factor of the background is refined 

initially, and often fixed before the structural parameters are refined. 

From a Rietveld refinement it is possible to obtain information about the average 

structure in the bulk of a powder. For Rietveld refined powder diffraction data the 

assumption of periodically repetitions of the structure is pivotal. This includes 

vacancies or defects, as these can be refined in the model in the case of perfect 

Figure 11. A) Collected diffractogram of synthesized NaVOPO4, recorded on a Rigaku Miniflex 400 
with a CuK𝛼𝛼-source. B) The Rietveld refinement of NaVOPO4 with the measured data shown in red 
circles, the calculated data shown in black line, the residual shown in blue line, and the hkl- marked 
in black ticks. 
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reoccurring of the “error”. When the number of refined parameters like unit cell length, 

thermal vibrational factors, atomic position, etc., increase, it is very important to 

consider the quality of the data (signal-noise ratio). The data quality with respect to 

number of phases and crystallinity, and carefully choose the number of parameters to 

refine. New structure refinement programs, like Topas can withstand many parameters 

be refined at the same time, although the approach should be to slowly increase the 

number of refined parameters to obtain the most genuine refinement. 

2.2.2 Structural refinements of disordered materials 
As mentioned for a Rietveld refinement of powder diffraction data, it is key that 

the material of investigation has long range periodicity and the crystallites are of a 

relatively large size, typically above 100 nm. If these conditions are not fulfilled, 

analyzing the data as simple powder diffraction data with the Rietveld method is not 

completely reliable. A way to obtain structural information of nanocrystalline or 

disordered materials is to measure the total scattering. When total scattering data is 

collected, it is more convenient to show the data as a function of the scattering vector, 

Q, as this will provide the data equally presented despite of wavelength. Q is defined 

as the momentum transfer in the moment of a scattered X-ray. 

Q =
4π sin(θ)

λ
 

This can also be very useful for regular powder diffraction data comparison of 

any diffraction pattern can be done in Q-space, independent on how the X-rays are 

generated, as Q is normalized via the wavelength used. This is extremely powerful 

when looking at isostructural or very similar structures, as despite that some 

measurements are collected at synchrotron facilities and others on regular Cu-Kα 

diffractometers, then the collected powder patterns can easily be compared qualitative. 

When analyzing total scattering data,  some information about the sample must 

be known,  to make it possible to calculate the amplitude of scattering, from the 

number of atoms with a position r. Though this is not a measure for the atomic 

positions, as only the intensity can be calculated. Wherein this case, a technique like 

pair distribution function can be utilized to analyze total scattering data. If it is assumed 
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that the scattering from all atoms is isotropic, the intensities can be calculated from the 

Debye Scattering Equation: 

I(Q) = �� fi(Q)fj(Q) ·
sin�Qrij�

Qrijji

 

Here the sum of all atom pairs has been included with ith to the jth distance. Before 

the pair distribution function can be obtained, some data corrections are needed, as the 

only scattering that has been considered is the elastic and coherent, also known as 

Thompson scattering. Effects from incoherent, inelastic, absorption, fluorescence, 

multiple scattering in the sample, must be adjusted for, such that the elastic and 

coherent scattering is isolated. This can be done by calculating all these effects, or 

simply by using the software that is available as an ad hoc approach. For this project 

xPDFsuite[121] has been utilized to do these corrections. The corrected data is then 

normalized to obtain the scattering structure function, S(Q). By some further 

mathematical procedures by averaging the scattering power per atom and Fourier 

transforming, the scattering structure function and the reduced pair distribution 

function can be obtained.[122-124] 

G(r) = � Q(S(Q) − 1) sin(Qr) dQ
Qmax

Qmin

 

The reduced pair distribution function (PDF) has the great advantage that it can 

be interpreted as a histogram of interatomic distances, with a probability of finding a 

pair of atoms with a specific distance. As seen in Figure 12A the perfect crystal will 

give rise to several distances, shown as a positive probability of finding a pair of atoms 

with a specific distance between the pair.  For crystalline materials, the data analysis 

becomes much easier, as the same structural model used for the Rietveld refinement 

can be used as input in the real-space refinement. The challenge arises when the 

material is disordered, as a trial-and-error approach might be needed. Also, the great 

advantage of analyzing PDF data can become the major bottleneck as everything 

within the sample will be visible. This includes additives, disordered phases, unreacted 

amorphous precursors, etc. Very recently, it has become easier to obtain information 
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about the collected data, as it is now possible to input datafiles into a structure-mining 

database by Yang et al.[125] and provide relatively few information, which then will 

match the data to the database.[126] 

When a PDF is analyzed, the approach is very similar to the Rietveld refinement 

approach described, although this refinement is done in real-space, and will be referred 

to as a real-space refinement onwards. Also here, powerful software has been 

developed like pdfgui by Billinge and co-workers[123] and Topas by Alan Coelho.[127] 

The real-space refinement needs, like the regular Rietveld refinement method, a good 

starting model and from this a least square optimization is utilized to obtain the lowest 

Figure 12. A) A crystal with high periodicity and its corresponding PDF, with the first three distances 
shown, r1, r2, and r3, respectively. B) A crystal with interstitial atoms, and its corresponding PDF. 
Now some additionally distance can be observed in the PDF shown as the rd1 and rd2. The distances 
r1, r2, and r3 still remains in the PDF. The interstitial atom is only shown once in the figure drawing, 
although for the calculation of the PDF, the occupancy of the interstitial atom was set to 1. 
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residual, or the best description of the data. The main difference from a Rietveld 

refinement of PXRD data, is that the real-space refinement can provide information 

about the local structure, that inevitably is overlooked in a PXRD experiment.  

2.2.3. Acquiring electrochemical and scattering data 
simultaneously - Operando PXRD and PDF 

Understanding structural features are extremely important as today’s material 

scientists strive towards elaborating the behavior of structures under real present 

conditions. Therefore, doing simple structure refinements of pristine materials and 

ex-situ state of charge samples are simply not sufficient to understand how materials 

behave and how to improve and tune material composition, as this only provide 

information about the initial structure and specific points along the structural changes. 

Therefore, an extremely big part of the work done in this PhD-thesis has been with the 

focus on doing operando experiment at synchrotron facilities. The word “operando” 

implies that measuring data simultaneously as the system of investigation is operating. 

The first time an operando powder diffraction experiment was carried out studying an 

electrode material was 1962 by Chianelli, Scanlon, and Rao[128] utilizing a coin-cell 

type setup equipped with beryllium windows. About 35 years later, a much faster way 

of acquiring operando PXRD data was done in 1996 for the first time by 

Thurston et al, with the use of hard X-rays available at synchrotron facilities.[129] As 

the years have passed, several cell designs have made it into research[130], like coin 

cell,[131-133] Swagelok-type,[134] pouch cell,[135] the AMPIX cell[110], and many more. 

For the work done in this project, the AMPIX battery test cell has been employed. It 

was developed by Borkiewiez et al.[110, 136] The battery test cell is designed of 

stainless-steel parts and a rigid glassy carbon window. It is typically mounted insets of 

up to eight in parallel on a beamline suitable for powder diffraction experiments. The 

extreme gain by employing the AMPIX cell is that it is both compatible for standard 

powder diffraction, but also for total scattering experiment, simply by changing the 

detector distance as seen in Figure 13. The battery stack and the electrode parts are 

enclosed in a PEEK© module and mounted in the beam. As very brilliant X-rays are 
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provided at synchrotron facilities the X-rays can penetrate through the battery cell. 

Some of the X-rays will be scattered, from which most of the X-rays scattered will be 

from the cathode material, as the heavier elements are in this part of the battery stack. 

The anode often consists of either anode-graphite/hard-carbon or an alkali-metal like 

Li or Na, when these types of experiments are performed, and will therefore only 

scatter very little.  

2.2.4 Analysis of operando PXRD- and PDF data  
As the data has been collected, extraction of both qualitative and quantitative 

information can be obtained. Before dedicating a lot of time to the quantitative 

Figure 13. The operando PXRD/PDF setup, employed at synchrotron facilities. Six AMPIX cells are 
connected and measured in series, such that every six cells are measured at once, before cell# 1 
again is measured. The view is downstream with respect to the X-ray beam and the picture is taken 
at MAX-IV at the Danish beamline DanMAX. 
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analysis, it is extremely useful to gain some general information about trends or visual 

behaviors of the structural reactions. This could be:  

• How does the electrode behave? Does it follow a solid-solution (Bragg-peaks 

continuously moving as charge-discharge process is taking place) or does new 

reflection emerge, hence acting more like a two-phase reaction? 

• Is the electrochemical data in good agreement with how the Bragg peaks are 

changing? Here the electrochemical data is visually correlated to collected 

powder patterns. If the potential is changing during cycling, the Bragg peaks 

must move without intensity loss indicating a solid solution reaction. Whereas 

if a plateau of the electrochemical data is found, the material could behave like 

a two-phase reaction, and new Bragg peaks should emerge.[90] 

• Determination of the angle resolution, as the peaks must be resolved and not 

overlapping. If the material of investigation is triclinic, then a great challenge 

might be to separate the Bragg peaks, like for Li3V2(PO4)3.[114] 

• Does the material disorder? If so, it this a reversible or an irreversible 

reaction?[87] Here the loss of intensity of the Bragg reflection without any new 

peaks are emerging is a clear indication.  

• How many different structures is needed to fully describe the data collected? 

This can be determined by several single-scan refinements at state-of-charge 

where the material seems to consist of a single phase. Although, this will to 

some extend need quantitative analysis. 

These are just a few examples of what can easily be gained from qualitative 

analysis of the plotted data. For the contour plot, Figure 14, in uppermost part is the 

collected scattering data, visualized as a colormap of the powder patterns with 

increasing time (Scan#) from left to right along the X-axis, the scattering vector (or 

angle) on the Y-axis and intensities displayed as color according to the color bar to the 

right. This kind of plot can be seen as “a bird’s eye view” of the entire operando PXRD 

dataset. The Bragg peaks intensity can be found from the color bar on the righthand 

side of the figure. The data is plotted in Q-space and shown from 1.75-2.1 Å-1. 
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Underneath the contour plot is the corresponding electrochemical charge-discharge 

data shown. This is collected simultaneously with the cell exposed to the X-ray beam 

every ~6 minutes (for a PXRD experiment). From the qualitative inspection of the 

data, it can be observed that during discharge some of the reflections disappears as 

new ones are formed. Furthermore, the reflection at 1.9 Å-1 seem to continuously move 

to higher angle as discharged, while fading in intensity. The solid-solution-like 

behavior is corroborated by the discharge curve, as the potential is continuously 

changing in this region, suggesting that the material consists of a single phase 

(solid-solution). When reaching deep discharge, suddenly the Bragg peak loses 

intensity and becomes more diffuse. Hence, a disordering process is taking place. This 

Figure 14. Topmost is seen a contour plot of the PXRD obtain from an operando experiment done at 
PETRA III at beamline P02.1 in Hamburg, DESY. The data is shown from a bird’s eye view, with the 
scattering vector Q against the number of powder patterns collected (the Scan#). On the righthand 
side the scale bar can be seen going from blue-white-yellow-red, with red being the most intense. 
Beneath the contour plot is the corresponding electrochemical data shown with the recorded potential 
(V) over time (hours). This data is collected for LiVOPO4, starting with discharging, followed by cycling 
between 2.5-1.0 V. 
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reaction can, in some cases, be reversible as shown in the work done by 

Henriksen et al.[91] The reflections from the pristine material in Figure 14 is never 

reformed in this experiment, suggesting that the disordering during first discharge is 

irreversible. For the following charges and discharges, the disordering of the material 

at deep discharge seems to be somewhat reversible, as the same reflections are formed 

between the electrochemical cycling endpoints. 

For the deeper quantitative analysis of the operando PXRDs, sequential or batch 

Rietveld refinements are pivotal tools. The sequential refinement makes use of 

applying the previous refined parameters as a starting point for the refinement of the 

next pattern in the operando series, thus assuming continuous change with state of 

charge. The batch refinement needs all parameters inputted, as all patterns are refined 

simultaneously and independently from which an overall and individual weighted 

residuals are obtained. For this project, all the refinements that has been carried out, 

has been done in the Topas 6 software.[127] Here, an .inp-file is created in the text editor 

jEdit and constructed with an employed interface available from the Topas software 

package. The workflow when doing any form of structural refinement of several data 

files in series, has been done with a very similar approach in this project. Initially, a 

pattern from a standard, like CeO2 674b-NIST, sample collected from the same 

position as the cell of investigation is utilized, to calibrate the instrumental geometry, 

like detector distance, tilt-angle, beam center position, etc. The same standard 

measurement is also used to determine the instrumental parameters via a Rietveld 

refinement. These parameters are then fixed for any refinement carried out from this 

point. Before the sequential refinement can begin, the .inp-file is created with 

crystallographic models of the phases observed present in the sample during operation 

as per qualitative inspection of the data as described above. The background signal is 

adjusted to fit well for the first pattern (Scan# 1) and then fixed for the following 

patterns. The phases are then defined to exist at specific scans based on the qualitative 

inspection of the contour plot if a sequential refinement is utilized. If a batch approach 

is employed, then one large .inp-file is built with a complete input description for each 
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individual scan. For PDF data it becomes a bit more complicated, as the acquisition 

time is much greater (typically 30 minutes for 1 cycle, with six batteries in mounted 

and running simultaneously, hence 2 scans pr. hour.) Here, single scan refinements for 

every second or third scan is doable and from there building the .inp-file based on the 

knowledge from these refinements.  

The next step for the operando PXRD sequential refinement, is to gain a good 

initial description of all phases present in the data via single scan refinements. The 

refined phases are all added the same .inp-file and the typical parameters to be refined 

are cell parameters, thermal vibrational factors, occupancy of the mobile ion (if Li is 

refined the occupancies are rarely that reliable due to the low atomic number of Li,  or 

low number of electrons that can scatter), atomic positions, and in some cases size 

and/or preferred orientation. Before a sequential refinement is done, the quality of the 

collected data must be addressed, as the background scattering from the AMPIX 

battery cell[110] often has a rather large contribution.  

 An example of collected data from an operando  PXRD experiment shown in 

Figure 15, where PXRD patterns of β-LiVOPO4 collected is shown topmost, Figure 

15A and 15B, and of rutile MnO2 bottommost, Figure 15C and 15D. The collected 

backgrounds are plotted in red. Here, the general approach would be to follow the 

above described way of refining a simple ex-situ diffraction pattern. However, the 

β-LiVOPO4 has a lot of reflection present in the collected data, as the refinement of 

the pristine material showed an additional phase, for more detail see Paper 1. 

Therefore, extreme care must be taken upon sequentially refining this data, as the 

inclusion of several phases might be the right decision to fully describe the data, this 

also complicates things. The least square optimization does not consider that the 

refined parameters must provide physical sense. Therefore, refining an operando data 

set from, where the pristine sample contains more than one phase present and these 

phases has low symmetry, might become very challenging. In such cases the general 

parameters that were considered safe to include in the refinement in this thesis is scale 

factor, lattice parameters, and the mobile ion occupancy if Na is the mobile ion. If the 
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description of the data becomes too poor from the limited number of parameters 

included in the sequential refinement, the overall vibrational factor (Boverall) can often 

also be refined with some restrictions (upper and lower limits). Setting restrictions for 

all refined parameters, can to some extends prove valuable, although this must always 

be done with care, as this can also lead to mistaken interpretation and analysis of the 

collected data. 

When analyzing PDF data, the qualitative analysis becomes a lot more 

challenging, as it is now a histogram of the interatomic distances, and the material is 

not necessarily crystalline. Also, as the additives (that are invisible to PXRD) present 

in the pellet of investigation contribute with extra signals in the PDFs. As graphite 
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Figure 15. A) A single operando PXRD pattern of 𝛽𝛽-LiVOPO4 in black and background scattering in 
red. B) A zoom of the data shown in A). C) Example of operando data of rutile/pyrolusite MnO2 in 
black, and the background scattering in red. D) A zoom of the data shown in C). 
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often is used in pellet preparation, a graphite phase must be included in the fit. The 

approach is very similar to sequential refinement of operando PXRD, although adding 

restrictions to the parameters that are refined, becomes more vital. E.g., for the 

NaCrO2, Manuscript 1, as Cr-migration has been suggested by several research 

groups,[59-61] the Cr-O tetrahedral bond (~1.7 Å) should be visible, although the amount 

of Cr present in the material should not vary. Two new Cr-positions, Figure 16, was 

added, as Bo et al.[60] schematized that Cr(IV) will disproportionate into Cr(III) and 

Cr(VI). The Cr(VI) will possibly migrate to a tetrahedral site and eventually 

comproportionate with Cr(III)  to  Cr(IV), which prefers octahedral coordination, and 

further migrate to vacant Na-position, as repulsion here is lower. Though the 

Cr-occupancy is refined in this scenario, the refinement of this is confined such that 

the total Cr-occupancy must remain 1. 

2.3 Electron microscopy 
Electron microscopy in the form of scanning or transmission are priceless 

techniques that experimental material chemists make great use of. These techniques 

are not very fruitful as stand-alone characterization tools and might in the papers in 

this thesis be a bit downplayed. However, these techniques provide outstanding 

complementary information on morphology, crystalline order, element distribution 

Figure 16.  Section of the .inp file showing how the occupancy of Cr in NaCrO2 was defined to model 
the migration. The Cr1_occ_p1 is the occupancy at the starting position, Cr2_occ_p1 the occupancy 
at the tetrahedra migration position, and Cr3_Occ_p1 is the occupancy of the Cr migrated to the initial 
position of Na. The refined parameters are defined as “prm Cr_tet” and “prm Cr_octRS”. The refined 
occupancy, is shown in red number, followed by the error. Lastly, the restriction of the parameters is 
defined. 
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and much more which cannot be obtained by scattering techniques with the same 

accuracy.  

From Scanning Electron Microscopy (SEM) the morphology is in focus, Figure 

17A, though attaching an energy dispersive X-ray detector to collect the emitted 

fluorescence from the sample, the element distribution on the particle can also be 

obtained. Transmission electron microscopy (TEM) can provide similar information 

about morphology via scanning-TEM (STEM), but unlike SEM, TEM can be collected 

as a high-resolution image (HR-TEM), Figure 17B. This can provide direct insight to 

the atom arrangement, like possible grain-boundaries, disordering of layers, and many 

other things. This knowledge is then used complimentary to every other analysis for 

instance a real-space refinement of a PDF.  

In this project SEM has been utilized to obtain knowledge on the sample 

morphologies and investigation of the particle size reduction. An example of this can 

be seen in Paper 1 or Manuscript 3. The most explicit example of morphology 

uncovering is for Manuscript 3 where MnO2 with the rutile structure[137, 138] was found 

to grow as needles, Figure17A. Although such type of particle morphology can 

A)                            
 

Figure 17. A) A SEM image of rutile/pyrolusite MnO2. B) A HR-TEM image, shown in the upper left 
corner, with a zoom filling the rest of the lefthand figure. 
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provide valuable information on growth of the particles, HR-TEM can solve core-shell 

problems as shown in Paper 1.  

2.4 Mössbauer spectroscopy 
Mössbauer spectroscopy was first discovered by Rudolf Mössbauer in 1957, who 

was awarded the Nobel Prize in physics in 1961. The technique probes the hyperfine 

structure in bulk powders and can provide information on the very local environment 

of a sample e.g., the oxidation state and the number of different iron positions in a 

solid material. Mössbauer spectroscopy is in general possible for any given element, 

although the technique is isotope specific, making is a lot more complicated. The 

Mössbauer effect is most generally applied to iron containing materials, more 

specifically probing 57Fe in solid materials. The working principle is that a 57Co/Rh-

source is irradiated with electrons, to initiate β-decay where an electron is captured by 

the nucleus called an electron capture. This will form a neutron and a neutrino, leaving 

the irradiated target to now consist of 57Fe*, ‘*’ indicating an excited state. When 57Fe* 

decays, it produces a γ-ray with a very specific wavelength of 14.4 keV, which is 

emitted from the target. The γ-rays are then directed to the sample, also called the 

absorber, and the transmitted γ-ray is measured. As the γ-ray is the ideal energy for 

absorption of the sample of investigation, some of the generated γ-rays are not 

transmitted, which is measurable.[139] 

To measure the Mössbauer spectrum for an element the Mössbauer effect must 

be large enough, which the case for elements like 57Fe, 119Sn, 151Eu, and 121Sb.  The 

Mössbauer data presented in Manuscript 2 was measured and analyzed by Dr. Tore 

Ericsson and Dr. Lennart Häggström from Uppsala University. 
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ABSTRACT: Lithium vanadyl phosphate, LiVOPO4, holds interest as a Li-
ion battery electrode due to the multiple active redox states of vanadium
(V5+ ⇋ V4+ ⇋ V3+) and the high redox potential induced by vanadyl
phosphate. The orthorhombic β-LiVOPO4 polymorph is of special interest
owing to its low Li-ion diffusion barrier and high stability. In this work, we
synthesize β-LiVOPO4 and investigate the polymorphic purity under
different synthesis conditions and show that high-energy ball milling without
postsintering can alter the sample morphology and thereby dramatically
increase the electrochemical performance of β-LiVOPO4. Through operando
powder X-ray diffraction (PXRD), the structural evolution of β-LiVOPO4
during charge and discharge is unraveled and unexpected solid solution
behavior in the Li-poor β-VOPO4 is revealed.

■ INTRODUCTION

Rechargeable Li-ion batteries are pivotal in meeting the targets
for reduction in CO2 emission. Li-ion batteries will serve not
only in transportation but also in renewable energy storage
applications. To produce Li-ion batteries with reduced prices,
lower toxicity, and enhanced performance, as well as high
stability and energy density, we need to investigate novel
materials for the battery components, i.e., mainly the
electrolyte and electrodes.1,2 Polyanionic materials, such as
transition-metal phosphates, are a promising class of materials
for high-potential high-stability electrodes.3−6 The electro-
chemical potential of polyanionic materials can be further
increased by introduction of a second electronegative anion
such as F−, OH−, or O2−, which results in a highly ionic bond
to the transition metal causing an inductive effect.7,8

Vanadium-based materials are generally of great interest as
electrodes due to the multiple active redox states of vanadium
(V5+ ⇋ V4+ ⇋ V3+) and the general high reversibility of the Li-
ion storage process.8−13 Lithium vanadyl phosphate, LiVO-
PO4,

14 has thus been widely studied as a cathode material in
rechargeable Li-ion batteries. The compound exists in different
polymorphs with trigonal (α1), orthorhombic (β), or triclinic
(ε/α) symmetry.14 These polymorphs are all capable of both
Li-ion intercalation and deintercalation, with the β-VOPO4
exhibiting the lowest energy barrier for one-dimensional (1D)
Li-ion diffusion and being the most stable host framework.15 β-
VOPO4 was first prepared by Lii et al.

16 in 1991, and the Li-ion
intercalation properties were investigated in 1999 by
Gaubicher et al.17 Other synthesis methods for the preparation
of β-LiVOPO4 were not discovered until 2003, where two

groups, Barker et al.9 and Azmi et al.,18 obtained β-LiVOPO4
via a carbothermal reaction and a sol−gel synthesis with a
postsintering step, respectively. The sol−gel approach has later
been refined by others.11,18−20 Other synthetic procedures like
hydrothermal synthesis21 and microwave-assisted synthesis22

also provide β-LiVOPO4. Unfortunately, obtaining β-LiVOPO4
in a phase-pure state is a major bottleneck, as the three
LiVOPO4 polymorphs can be obtained at very similar synthesis
conditions.23 Despite reports on phase-pure β-LiVOPO4
products,11,19,24−27 previous work has generally encountered
difficulties with the removal of impuritiesmainly small
quantities of ε-LiVOPO4.

19,22,28,29 The work done by Hidalgo
et al.30 shows that the preparation of polymorphic-pure β-
LiVOPO4 is not possible at any temperature when sintered in
O2 or in Ar atmospheres. This provides an explanation for the
extreme difficulty of obtaining phase-pure β-LiVOPO4.
The Li-ion migration in β-LiVOPO4 is affected by poor

kinetics,19,31 and many attempts have been made to improve
the kinetics, e.g., via transition-metal doping,19,32−34 surface
doping,35 formation of porous composites,36 and ball milling.
The latter is known to reduce particle size, provide composites
with submicron homogeneity, and facilitate solid-state
reactions. For β-LiVOPO4, reduction in particle size naturally
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shortens the Li-diffusion paths. Furthermore, homogeneous
mixing with carbon improves the electrical conductivity, and
ball milling also promotes solid-state reactions, which can
increase phase purity.11,37,38 Despite the poor kinetics and low
electrical conductivity of the β-LiVOPO4, Wang et al.22 have
achieved 97% of theoretical Li-ion storage capacity. However,
they emphasized that the capacity is highly affected by the
applied current density.
We here set out to investigate the degree of material purity

with preparation at varying sintering temperatures and the
effect of high-energy ball milling (HE-BM) on the morphology
and electrochemical performance of β-LiVOPO4. Furthermore,
we utilize operando powder X-ray diffraction (PXRD) to follow
the structural evolution during charge and discharge, i.e., Li-
extraction and intercalation in β-LiVOPO4, as well as to assess
the electrochemical activity of ε-LiVOPO4 impurities.

■ EXPERIMENTAL SECTION
Synthesis of β-LiVOPO4. For the synthesis of β-LiVOPO4,

V2O5 (3.5 g, 19 mmol, Merck, ≥99.6%) was dispersed in 200
mL of deionized water and heated to 70°C. Oxalic acid
(C2H2O4, 7.3 g, 59 mmol, Merck, ≥99.0%) was added slowly
over 2 min. The solution was left for 0.5−1 h until it turned
into a deep blue color. Equivalent amounts of LiNO3 (2.67 g,
39 mmol, Merck, ≥99.0%) and NH4PO4 (4.45 g, 39 mmol,
Merck, ≥98.0%) were added, and the solution was stirred for
3−4 h. The temperature was increased to 90 °C, and the
solution was left for stirring overnight. The resulting dense
deep blue solution was dried at 100 °C for 1 day to form a
xerogel, which was subsequently ground in a mortar. A dark
green powder was obtained. The powder was decomposed at
300 °C for 4 h in air in a muffle furnace. After cooling, the
decomposed material was pressed at 30 kN for 2 min and
placed in a quartz boat, before sintering in air (without flow) at
one of three different target temperatures (500, 550, or 600
°C) in a tube furnace. After 4 h of sintering, the final product
was obtained by soft quenching at room temperature by simply
removing the pellet in the quartz boat from the tube furnace.
For one sample, quenching was omitted and instead the
sample was cooled to room temperature in the tube furnace at
a rate of 300 °C/h. For each synthesized sample, a part of the
product (0.90 g) was dispersed in 5 mL of acetone with 0.10 g
of acetylene black VXC72 (Cabot Corporation). The
dispersion was ground by high-energy ball milling (HE-BM)
in an 80 mL tungsten carbide crucible with tungsten carbide
balls for 2 h of active milling at 400 rounds per minute. The
material:ball weight ratio was 1:60. The acetone was
evaporated from the samples, and the powder was collected.
No further sintering was needed for any of the synthesized
samples.
This led to a total of seven samples representing a variation

in sintering temperatures and post-synthesis ball milling with
acetylene black. The variation in sample preparation is
summarized in Table 1, where sample names are also listed.
Powder X-ray Diffraction. PXRD patterns for each

sample have been recorded on a Rigaku Miniflex 600 equipped
with a Cu Kα source (λ = 1.5418 Å). The data were recorded
in reflection mode in a 2θ range of 5−90° with a step size of
0.02°. Rietveld refinements were performed in the TOPAS-6
academic version.39 The background was described by
applying a Chebyshev polynomial, whereas the diffraction
peaks were described by a Thompson−Cox−Hasting pseudo-
Voigt profile function. For the refinements, starting models,

crystallographic information files (CIFs) for β-LiVOPO4,
16 β-

VOPO4,
40 α1-LiVOPO4,

41 and ε-LiVOPO4
42 were used.

Generally, the scale factors, the lattice parameters, profile
parameters, and a common thermal vibration parameter for
vanadium for all phases were refined.

Scanning Electron Microscopy (SEM). The pristine and
ball-milled samples were all studied in an FEI Quanta 200
SEM, equipped with a tungsten filament electron gun. All
images were recorded with an electron beam energy of 20 keV,
using a secondary electron detector with full positive bias.

(Scanning) Transmission Electron Microscopy ((S)-
TEM) and Energy-Dispersive X-ray (EDX) Spectroscopy.
TEM micrographs were collected on an FEI Talos F200X
analytical (S)TEM microscope operated at 200 kV with a
TWIN lens system, an X-FEG electron source, on a Ceta 16M
camera. High-resolution images were collected with a 100 μm
objective aperture inserted, while lower-resolution images were
collected with a 50 μm objective aperture inserted, to increase
contrast. STEM-EDX elemental mapping was performed on
the same microscope, which is equipped with a Super-X EDX
system (Bruker). Elemental maps and spectra were extracted
and plotted using HyperSpy,43 following a background
subtraction via linear interpolation between two points close
to the specific EDX line. Floating window FFT analysis was
conducted in the manner described by Jany et al.

Electrochemical Characterization. Composites for the
free-standing cathode pellets were prepared by mixing the as-
synthesized active material, acetylene black VXC72 (Cabot
Corporation), Graphite C-Nergy SFG6L (99.5%, Imerys
Graphite and Carbon), and Kynar PVDF (Arkena Inc.) in a
weight ratio of 60:15:15:10 in acetone. After evaporation of the
acetone, 11−14 mg of the mixed powder was pressed uniaxially
into pellets at a pressure of 2 metric tons for 1 min using a 7
mm dye. The pellets were dried at 60 °C in vacuum for >4 h
and afterward imported to an Ar-filled glovebox and mounted
in Swagelok-type battery cells using stainless steel cylinder
current collectors, a 10 mm Li-disc as the anode, microporous
glass fiber separators (Whatman GF/B), and liquid electrolyte
composed of 1 M LiPF6 in dimethylene carbonate and
ethylene carbonate (DMC/EC, 50/50 (v/v), Merck, battery
grade). The batteries were charged and discharged at a current
density of C/10 (based on one Li per formula unit) between
4.5 and 2.5 V. For all samples, three battery cells were tested
using identical electrochemical settings to account for cell-to-
cell variations, which can especially affect the capacity.

Operando Synchrotron Radiation Powder X-ray
Diffraction. A cathode pellet of sample LVOP-600-BM-NQ
was mounted in an AMPIX battery cell44 designed for

Table 1. Seven Studied β-LiVOPO4 Samplesa

sample name
sintering

temperature (°C) quenched
ball-milled with
acetylene black

LVOP-500 500 yes no
LVOP-500-BM 500 yes yes
LVOP-550 550 yes no
LVOP-550-BM 550 yes yes
LVOP-600 600 yes no
LVOP-600-BM 600 yes yes
LVOP-600-BM-NQ 600 no yes

aThe table lists sample name, sintering temperature [°C], and info
about whether the sample has been ball-milled and quenched at room
temperature.
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transmission X-ray scattering experiments. A 10 mm Li-metal
disc served as the anode, a microporous glass fiber (Whatman
GF/B) as the separator, and a liquid electrolyte composed of 1
M LiPF6 in dimethylene carbonate and ethylene carbonate
(DMC/EC, 50/50 (v/v), Merck, battery grade) was employed.
The cell was mounted on the diffractometer at beamline P02.1,
PETRA III, DESY, Hamburg.45,46 The AMPIX battery cell was
connected to a BioLogic VMP3 potentiostat and cycled
between 2.5 and 4.5 V with a C/8.5 rate. Note that for the
calculation of the β-LiVOPO4 capacity, the average weight
percentage (wt %) of ε-LiVOPO4 was subtracted from the
total amount of active material. Thereby, x in LixVOPO4 is
based solely on intercalation/deintercalation in β-LiVOPO4.
During charge and discharge, PXRD data were recorded on

a Perkin Elmer 2D amorphous silicon area detector. PXRD
patterns were collected every 6 min with an X-ray exposure
time of 30 s, using a wavelength of λ = 0.20736 Å. The data
from the 2D detector were integrated azimuthally to (2θ,
intensity)-data using DAWN DIAMOND software.47,48

Subsequently, all collected diffraction patterns were normalized
from 1.6 to 2.0° 2θ. Furthermore, a background obtained by
collecting scattering data from an AMPIX battery test cell
containing only separator and electrolyte was subtracted (after
normalization) from each diffractogram. Rietveld refinements

of the operando PXRD data were performed in a similar
manner as described above. To obtain an initial well-described
point of reference, the first PXRD pattern (scan 1) was refined
using β-LiVOPO4 and ε-LiVOPO4. For both phases, scale
factors, lattice parameters, profile parameters, and the thermal
vibration factor for vanadium were refined. The thermal
vibration factor for vanadium for both phases was refined as
one common variable. The same approach was used for scan
72 (fully charged), using the β-VOPO4 and ε-LiVOPO4. These
refinements were used for a sequential refinement from scan 23
to scan 122. Scans 1−22 and 123−140 were not included in
the sequential refinement as discussed below.
For the sequential refinements, profile parameters and the

thermal vibrational factor for vanadium were fixed for all
phases, leaving only the scale factor and lattice parameters to
be refined for each scan. Information for the selected scans can
be found in Tables S1−S3.

■ RESULTS AND DISCUSSION
Characterization of Synthesis Products. Analysis of the

PXRD data by Rietveld refinement (Figure 1) confirms that β-
LiVOPO4 is obtained for all samples, i.e., the sol−gel synthesis
with subsequent decomposition and high-temperature sinter-
ing yields β-LiVOPO4 at all probed sintering temperatures.

Figure 1. Rietveld refinement of X-ray diffraction data of the synthesis products. (A) LVOP-500, LVOP-550, and LVOP-600. (B) LVOP-500-BM,
LVOP-550-BM, and LVOP-600-BM. Red circles: measured data; black lines: calculated diffractograms; blue lines: residual, Yobs − Ycalc. Peak
positions for β-LiVOPO4, β-VOPO4, ε-LiVOPO4, and α1-LiVOPO4 are shown in black, blue, red, and green line scatters, respectively. Each legend
also lists the weight percentage of each phase present in the sample. All patterns shown are measured on a Rigaku Miniflex 600, λ=1.5418 Å.
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Rietveld refinements also reveal small amounts of other
LiVOPO4-polymorphs in all samples. Fortunately, when
sintered at 550−600 °C for 4 h (LVOP-550 and -600; Figure
1A), β-LiVOPO4 is obtained with a purity of >97%. When
sintered at 500 °C (LVOP-500), only 71.8 wt % β-LiVOPO4 is
obtained as 19.5 wt % of the sample remains in the unlithiated
β-VOPO4 state. Surprisingly, the HE-BM process facilitates
complete transition from β-VOPO4 to β-LiVOPO4, which after
HE-BM constitutes >97 wt % of the sample (LVOP-500-BM;
Figure 1B). Mechanochemical synthesis facilitated by HE-BM
is a well-known phenomenon, e.g., within the synthesis of
metal borohydrides as described in the review by Paskevicius et
al.49

The mechanochemical transformation of β-VOPO4 to β-
LiVOPO4 naturally requires the presence of a Li-containing

substance, which is not observable by PXRD. This may be
Li2O formed by decomposition of LiNO3 or may be even
LiNO3 remaining after sintering at 500 °C, which is the lowest
of the probed sintering temperatures. Based on these
suggestions, the formation of β-LiVOPO4 from β-VOPO4

will take place through intercalation of Li-ions into the β-
VOPO4 framework, likely accompanied by an oxidation of
O(−II) in, e.g., Li2O to O2 gas. The oxidation of O(−II) will
allow the reduction process of V(V) → V(IV) induced by the
lithiation of β-VOPO4.
The average crystallite size of the synthesized β-LiVOPO4,

before and after HE-BM, was investigated through the Scherrer
method using the two most intense reflections (201) and
(020). No average crystallite sizes below 200 nm were
observed in any of the samples; thus, the Scherrer method is

Figure 2. SEM micrographs of (A) LVOP-500, (B) LVOP-550, (C) LVOP-600, (D) LVOP-500-BM, (E) LVOP-550-BM, and (F) LVOP-600-BM.
All pictures have the same magnification.

Figure 3. (A) Potential-capacity profiles for the first charge−discharge cycle of the six investigated samples (current rate = C/10). (B, C) Average
capacities (based on three identical cells for each sample) against cycle number.
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not optimal for this analysis. Still, significant peak broadening
relative to the crystalline Si-standard was found for most
samples, i.e., estimates for crystallite sizes can be obtained.
Increasing the sintering temperature causes the crystallite size
to increase from ∼240 to ∼430 and >600 nm for sintering at
500, 550, and 600 °C, respectively. The HE-BM process
reduces the crystallite size to ∼260 nm for all samples.
From SEM images (Figure 2), sintered samples (upper three

images) appear to have a similar particle morphology with
primary particles of a couple of micrometers in diameter
assembled into larger (>10 μm) agglomerates. For the samples
treated with HE-BM (the lower three images), an obvious
decrease in submicron particle sizes is observed.
Electrochemical Performance. The Li-ion storage of β-

LiVOPO4 is known to improve from carbon coating and HE-
BM11,37,38 and provide stable battery capacities above 90
mAh/g and as high as 154 mAh/g.21,22 Based on the purity of
the samples, we expected LVOP-550 and LVOP-600 to
perform similarly and better than LVOP-500.
However, stable capacities of ∼65 and ∼80 mAh/g were

obtained for LVOP-500 and LVOP-550, respectively (Figure
3B). In contrast, LVOP-600 delivered a poor capacity of only 6
mAh/g.
For LVOP-500 and -550, we find average charge plateaus of

4.27 and 4.23 V, respectively. We do note that for all samples,
the Coulombic efficiency is quite poor during the first cycle

(Figure 3A). Solid electrolyte interphase formation is a likely
cause; however, pellet thickness, electrolyte side reactions, and
cell design may also affect the efficiency.
Upon HE-BM of the samples with 10 wt % acetylene black,

the capacity improves by ∼25 mAh/g for both LVOP-500-BM
and LVOP-550-BM (Figure 3C). Furthermore, we find
decreased hysteresis, as the average charge plateau for both
samples stabilizes at 4.11 V. Despite previous reports on the
triclinic polymorh, ε-LiVOPO4, showing that HE-BM
promotes side reaction and that post-HE-BM sintering is
needed to restore the electrochemical properties,50 postsinter-
ing treatment is not found to be necessary for β-LiVOPO4.
For LVOP-600, HE-BM surprisingly results in a capacity

improvement of >100 mAh/g (note that this was observed for
three identical battery cells). Electrode performance is
generally known to improve by ball milling and carbon coating
as the reactive surface area increases, the ion diffusion distances
decrease, and the electrical conductivity improves. This has
also been shown in multiple studies of LiVOPO4 poly-
morphs,11,18 which are generally known to suffer from deficient
intrinsic electrical conductivity.9,19,22,37,51,52 However, the huge
increase in capacity between LVOP-600 and LVOP-600-BM,
observed herein, can hardly be attributed solely to particle size
reduction and carbon coating. Instead, HE-BM likely induces
changes to the morphology and phase distribution, which
affect the capacity.

Figure 4. (A) Schematic illustration of the morphology of the β-LiVOPO4 particles prepared by sintering at 600°C before (LVOP-600) and after
(LVOP-600-BM) high-energy ball milling (note: the schematic is not drawn to scale). (B, D, E) Representative TEM micrographs of LVOP-600.
(C) Electron diffraction from the bulk of the particle in panel (B). The diffraction pattern can be indexed according to the [101] direction of β-
LiVOPO4 and highlights that the particle is one single crystal without significant amounts of planar defects. (F−I) Representative TEM
micrographs of LVOP-600-BM.
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Morphological Changes upon Ball Milling. Possible
correlations between particle morphology and the capacity
increase induced by the HE-BM of LVOP-600 were
investigated by TEM imaging and STEM-EDX.
TEM images of LVOP-600 show well-defined somewhat

faceted β-LiVOPO4 particles (Figure 4A,B). Electron dif-
fraction confirms that the bulk of the particles consists of well-
crystalline β-LiVOPO4, e.g., the electron diffraction pattern
shown in Figure 4C can be indexed according to the [101]
direction of β-LiVOPO4. STEM-EDX investigations of LVOP-
600 (Figure S1) reveal homogeneous distributions of
vanadium and phosphor throughout the entire particle, while
the oxygen concentration appears to be significantly higher at
the surface of the particle. This is interesting as closer
inspection of the edges of the particles reveals an amorphous
or highly disordered surface layer with an estimated thickness
of 3−6 nm covering the entire particle (Figures 4A,D,E and
S2). The high oxygen concentration observed at the edges of
the particle suggests that the amorphous/highly disordered
surface layer is high in oxygen content. Any single TEM image
is a projection of the given object investigated, and accordingly,
it is not possible from one single image to conclude whether
the amorphous layer indeed is a shell or just an edge around
the particle for certain orientations. However, by combining
knowledge from inspecting many particles in various
orientations, as well as unsupervised machine learning analysis
of the STEM-EDX data (not shown), we are quite certain that
our claim of an amorphous shell is valid. Similar surface layers
have been observed in other electrode materials, e.g., in the
work by Christiansen et al. on LiMn2O4.

53 Interestingly, some
areas just beneath the amorphous layer and close to the edges
of the particle show a different image contrast. The contrast
difference could be due to variations in the thickness, structural
strain, or possibly due to the presence (e.g., inclusion or
intergrowth) of another crystalline phase. Unfortunately, HR-
TEM images are notoriously difficult to interpret due to the
complex nature of phase contrast imaging. A detailed
investigation into the origin of the variation in contrast
involving large amounts of image simulations may be the
subject for future studies.
To further substantiate the presence of the amorphous

surface layer, a HR-TEM image was analyzed using the method
presented by Jany et al.,54 which combines fast Fourier
transforms and unsupervised machine learning to detect
distributions of different features giving rise to dissimilar
FFTs. Thus, the method can indicate structural variability
(Figure S3). The analysis clearly highlighted the presence of
the highly disordered/amorphous surface layer and, moreover,
indicated the possible presence of some structural variability, as
also indicated by the contrast variations. The results, however,
were too noisy to perform any sort of quantitative analysis.
Univocally, proving the presence of, as well as, determining the
nature of another crystalline phase close to the edge of the
particles goes beyond the scope of this study. Nevertheless,
considering the PXRD phase analysis, the inclusions may
consist of ε-LiVOPO4 (2.5 wt % in LVOP-600).
LVOP-600-BM has clearly undergone comminution as the

particles have more irregular shapes than in LVOP-600 (Figure
4A,F). Furthermore, STEM-EDX mapping shows that the
carbon additive has been homogeneously distributed around
the LiVOPO4 particles (Figure S4). Inspecting the edges of the
particles after HE-BM reveals that in some smaller regions, the
edge with the amorphous shell remains (Figure 4G); however,

generally, the HE-BM has removed the amorphous shell
witnessed by the crystalline lattice continuing to the edge of
the particle (Figure 4H,I). The same images clearly show the
presence of the carbon additive and the direct contact between
this and β-LiVOPO4 lattice. The removal of the amorphous
surface layer is also backed by STEM-EDX showing no signs of
higher oxygen concentrations at the edges of the particles after
ball milling (Figure S5).
Hence, based on TEM analysis, the poor capacity of LVOP-

600 appears to originate from an oxygen-rich amorphous ionic
and/or electronic insulating shell covering the β-LiVOPO4. It
is important to note that Li-ion diffusion in β-LiVOPO4 occurs
via a one-dimensional diffusion path.15 This means that ion
diffusion can be blocked even if the amorphous shell does not
cover all facets of the β-LiVOPO4 crystallites. Furthermore, if
the crystalline surface inclusions are ε-LiVOPO4, they may also
hamper the intercalation activity, as ε-LiVOPO4 is known to
suffer from poor kinetics compared to β-LiVOPO4.

27,55,56

Structural Charge−Discharge Evolution. To gain
further insight into the structural behavior of the high-voltage
reaction (∼4 V) of β-LiVOPO4, we performed an operando
PXRD experiment. The operando PXRD data, galvanostatic
charge/discharge profile, Rietveld refined cell volumes [Å3],
and wt % for the three observed phases for sample LVOP-600-
BM-NQ extracted by sequential Rietveld refinement are shown
in Figure 5 (see the examples of Rietveld refinement profiles

and all agreement factors in Figures S6 and S7, respectively).
Please note that for the PXRD data near the fully discharged
states, i.e., at the start and end of the experiment (PXRD scans
1−22 and 123−140, respectively), it has not been possible to
include the Li-poor β-VOPO4 phase in the refinement, as this
is naturally present in small amounts. The Li-rich (β-
LiVOPO4) and the Li-poor (β-VOPO4) phases have the
same space group,16,17 and from inspection of the electro-

Figure 5. (A) Contour plot of the collected diffraction data. (B) The
first galvanostatic charge/discharge cycle of LVOP-600-BM (not
quenched). (C) Extracted wt % from sequential Rietveld refinement.
(D) Cell volumes (Å3) extracted from the sequential Rietveld
refinement. β-LiVOPO4 in blue scatter, β-VOPO4 in red scatter, and
ϵ-LiVOPO4 in black scatter.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05494
J. Phys. Chem. C 2021, 125, 24301−24309

24306

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05494/suppl_file/jp1c05494_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05494?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chemical profile and computational calculations, previous
studies have deduced that the transition between the Li-rich
and Li-poor end members occurs via a reversible two-phase
reaction.14,23 Our operando PXRD investigation confirms this,
which is seen directly from the PXRD data (Figure 5A) and
evidenced by the wt % of the two phases extracted by Rietveld
refinement (Figure 5C). The refined unit cell parameters
(Figure S8) reveal that the volume change (Figure 5D)
between the Li-rich and Li-poor β-phases is less than 1 vol %.
Such a small volume misfit between the two phases is highly
beneficial for the mechanical stability of the material.
Interestingly, when the phase fractions of β-LiVOPO4 and β-

VOPO4 are <25 wt % (i.e., near the charged and discharge
states, respectively), the unit cell parameters demonstrate some
variations, which indicate that β-LixVOPO4 solid solutions
form at compositions close to that of the end members. The
effect is most pronounced for β-VOPO4, where the solid
solution formation is observed directly from the change in unit
cell volume. For β-LiVOPO4, only minor changes to the c-axis
are observed, and since the a- and b-axes change in opposite
directions (see Figure S8), the effect cancels out when
calculating the unit cell volume, i.e., the solid solution
formation is only observed by inspection of the unit cell
parameters. To validate the solid solution formation, the Bragg
reflections observed between 3.2 and 4.2° 2θ during the first
discharge are shown in Figure 6. Here, it is clearly observed

that the reflections from both β-LiVOPO4 and β-VOPO4
change their angular positions when the phase fraction
becomes low. This confirms the result of Rietveld refinement
and thus confirms the formation of β-LixVOPO4 solid
solutions within the β-LiVOPO4−β-VOPO4 two-phase region.
It is also worth noting that behavior may indicate a coherent
transformation between the isostructural β-LiVOPO4 and β-
VOPO4.

57 Solid solution behavior has been observed for other
materials like olivine LiFePO4 when reducing the particle
size.58,59 However, it has never been reported for β-LiVOPO4.
The discovery of the solid solution behavior of β-LiVOPO4
entails that this material has a prospect within the field of high-
power materials, as solid solution behavior has been shown to
provide higher capacities at higher discharge rates.60

We finally note that we observed high reversibility between
the first PXRD scan before cycling and the last scan at the end
of discharge, as Bragg intensity and FWHM are generally
identical. A small broadening of the peak for the Li-poor β-
VOPO4 is present, though we note that the contribution to
peak broadening from the battery cell configuration is quite
large, i.e., particle size determination from the PXRD data is
not possible due to data quality (see Figure S9). Also, no
change in the phase fraction and only negligible variations in
the unit cell parameter of ε-LiVOPO4 are observed. From
previous studies, ε-LiVOPO4 has been suggested to go through
a two-phase transition during charge. However, the constant
phase fraction and the fact that ε-VOPO4 is not observed at
any time indicate that ε-LiVOPO4 is electrochemically inactive.

■ SUMMARY

Synthesis of phase-pure β-LiVOPO4 is a challenging task;
however, herein, a phase purity of >97 wt % is obtained via a
solid-state reaction and sintering at 550 or 600 °C with ε-
LiVOPO4 being the only secondary phase. HE-BM of the as-
synthesized materials with conductive carbon led to improve-
ments in the electrochemical performance, in terms of both the
capacity and the voltage hysteresis. For the material sintered at
600 °C, HE-BM results in an improvement of >100 mAh/g in
the reversible capacity without post-sintering. TEM revealed an
oxygen-rich amorphous or highly disordered layer on the
surface of the β-LiVOPO4 particles after sintering at 600 °C,
but which is removed by the HE-BM process. Hence, the
amorphous surface layer may be blocking ion diffusion and
thus give rise to the poor capacity prior to HE-BM.
Using operando PXRD, we show for the first time that the

reversible structural evolution for β-LiVOPO4 ⇋ β-VOPO4

during charge and discharge follows a two-phase pathway with
significant solid solution behavior in both β-LiVOPO4 and β-
VOPO4 near the fully charged and discharged states,
respectively, evidenced by the variation in the unit cell
parameters of both phases. Operando PXRD also reveals that
for the applied current densities, the coexisting polymorph, ε-
LiVOPO4, remains electrochemically inactive.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05494.

Refined structural parameters from Rietveld refinement
of PXRD data of the pristine materials LVOP-500, -550,
and -600; and additional TEM characterization of
LVOP-600 and LVOP-600-BM containing STEM-
EDX, HR-TEM, RGB composites with corresponding
NMF factors, and element concentration maps of RGB
composites. Furthermore, Rietveld refinement profiles
from the sequential refinement of the pristine, charged,
and discharged operando PXRD data, the agreement
factors for each refined pattern of the operando
experiment, and finally, the changing cell parameters
correlated directly to the galvanostatic potential profile.
(PDF)

Figure 6. Selected operando PXRD data of the first discharge of
LVOP-600-BM (not quenched). Reflections of β-LiVOPO4 are
marked with blue dashed lines and those of β-VOPO4 with red
dashed lines. The legend shows the lithiation state in LixVOPO4.
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Table S1. The refined structural parameter for samples LVOP-500: Unit cell parameters, cell volume, 
phase density, weight percentages, and R-Bragg values for each phase. Parameters that are not listed 
are kept fixed to the values stated in the crystallographic information files for β-LiVOPO4 (from the 
work of Lii et al.1), for β-VOPO4 (for work by Gopal and Calvo2), ε-LiVOPO4 (from work by Lavrov 
et al.3) and α1-LiVOPO4 (from work by Dupre et al.4). 

X-ray source Rigaku Miniflex 600 
Wavelength  1.54059 Å 
Sample LVOP-500 
State Pristine 
Material type β-LiVOPO4 
Crystal system Orthorhombic 
Space group Pnma (#62) 
Unit cell parameters a = 7.4611(4) Å, b = 6.2835(3) Å, c = 7.1671(5) Å 
Volume 336.01(3)Å3 
Phase density 3.3379(3)

g
cm3 

Weight percent 72.4(5) % 

RB 4.56 % 

Material type ε-LiVOPO4 / α-LiVOPO4 

Crystal system Triclinic 
Space group P-1 (#2) 
Unit cell parameters a = 6.740(5)  Å,  b = 7.211(5) Å, c = 7.924(5) Å 

α = 89.71(5)°, β = 90.94(6) °, γ = 116.74(8)° 
Volume 343.9(4)Å3 
Phase density 3.261(4)

g
cm3 

Weight percent 3.7(2) % 
RB 14.85 
Material type α1- LiVOPO4 
Crystal system Tetragonal 
Space group P4/nmm (#129) 
Unit cell parameters a=6.238(4) Å, c=4.4245(7) Å 
Volume 172.2(2) Å3 
Phase density 3.257(4) g

cm3 
Weight percent 4.3(3) % 
RB 13.96 % 
Material type β-VOPO4 
Crystal system Orthorhombic 
Space Group Pnma (#62) 
Unit cell parameters a = 7.762(1) Å,  b = 6.142(1) Å, c = 6.999(2) Å 
Volume 333.6(1) Å3 
Phase density 3.223(1) 
Weight percent 19.6(3) % 
RB 8.01 % 
Temperature factor (b) V-overall 0.74(13) 
Rwp 16.94 % 
Rexp 5.62 % 
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Table S2. The refined structural parameter for samples LVOP-550: Unit cell parameters, cell volume, 
phase density, weight percentages, and R-Bragg values for each phase. Parameters that are not listed 
are kept fixed to the values stated in the crystallographic information files for β-LiVOPO4 (from the 
work of Lii et al.1) and ε-LiVOPO4 (from work by Lavrov et al.3). 

X-ray source Rigaku Miniflex 600 
Wavelength 1.54059 Å 
Sample LVOP-550 
State Pristine 
Material type β-LiVOPO4 
Crystal system Orthorhombic 
Space group Pnma (#62) 
Unit cell parameters a = 7.4537(2) Å, b = 6.2862(1) Å, c = 7.1732(2) Å 
Volume 336.11(1)Å3 
Phase density 3.3369(1)

g
cm3 

Weight percent 97.94(11) % 

RB 2.93 % 

Material type ε-LiVOPO4 / α-LiVOPO4 

Crystal system Triclinic 
Space group P-1 (#2) 
Unit cell parameters a = 6.7346(9) Å, b = 7.190(1) Å, c = 7.953(1) Å 

α = 89.82(1)°, β = 90.87(1) °, γ = 116.84(1)° 
Volume 343.606(91)Å3 
Phase density 3.2641(9)

g
cm3 

Weight percent 2.06(11) % 
RB 5.84 % 
Temperature factor (b) V-overall 0.47(7) 
Rwp 9.95 % 
Rexp 4.94 % 
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Table S3. The refined parameter for samples LVOP-600: Unit cell parameters, cell volume, phase 
density, weight percentages, and R-Bragg values for each phase. Parameters that are not listed are 
kept fixed to the values stated in the crystallographic information files for β-LiVOPO4 (from the work 
of Lii et al.1) and ε-LiVOPO4 (from work by Lavrov et al.3). 

X-ray source Rigaku Miniflex 600 
Wavelength 1.54059 Å 
Sample LVOP-600 
State Pristine 
Material type β-LiVOPO4 
Crystal system Orthorhombic 
Space group Pnma (#62) 
Unit cell parameters a = 7.4545(1) Å, b = 6.2895(1)Å, c = 7.1766(1) Å 
Volume 336.47(1)Å3 
Phase density 3.3332(1)

g
cm3 

Weight percent 97.52(10) % 

RB 2.75 % 

Material type ε-LiVOPO4 / α-LiVOPO4 

Crystal system Triclinic 
Space group P-1 (#2) 
Unit cell parameters a = 6.7506(8) Å,  b = 7.198(1) Å, c = 7.930(1) Å 

α = 89.84(1)°, β = 91.26(1) °, γ = 117.17(1)° 
Volume 342.704(82)Å3 
Phase density 3.2727(8)

g
cm3 

Weight percent 2.48(10) % 
RB 5.57 % 
Temperature factor (b) V-overall 0.42(6) 
Rwp 8.47 % 
Rexp 4.96 % 
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Figure S1. (Upper row) STEM-EDX maps of O (red), V (green) and P (blue) of a representative 
particle in LVOP-600 based on their respective Kα emission lines as well as the RGB composite 
image of these three elemental distributions. The latter highlights a very homogeneous distribution 
of V and P, while there seems to be a higher content of O at the edges of the particle. (Lower row) 
TEM image of the mapped particle, which also shows the amorphous shell covering the particle (see 
Figure 4 and S2 for more details). Finally, the lower right plot shows the integrated intensities along 
the line trace plotted on the HAADF image (in the insert). This reveals a significant increase of the 
relative oxygen content at and around the edges of the particle – in contrast to LVOP-600-BM as 
shown in Figure S6. 
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Figure S2. HR-TEM micrographs of the edge of a representative particle in LVOP-600. The images 
illustrate that different defocus and imaging modes yields different thicknesses of the amorphous shell 
but does not reveal clear crystalline features. Consequently, we estimate that the shell thickness is on 
the order of 3-6 nm.  

 

 

 

 

 

 

 

  



S7 

 

 

 

Figure S3. Analysis of HR-TEM image of representative particle in LVOP-600 by means of a 
floating window FFT approach (developed and implemented in Python by Jany et al.5) The top row 
shows the RGB composite, and the individual non-negative matrix factorization (NMF) loadings 
obtained from the analysis. Importantly, the blue loading at the right shows that the corresponding 
factor is uniquely present only along the edge of the particle (where the “amorphous layer” is found). 
The bottom row shows the RGB composite and the corresponding NMF factors obtained from the 
analysis.  
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Figure S4. STEM-EDX maps of O (red), V (green), P (blue) and C (yellow) of a representative 
particle in LVOP-600-BM based on their respective Kα emission lines. The last image is a composite 
image of all the other images, highlighting how the carbon wraps around the particles. 

 



S9 

 

 

Figure S5. (Top row) STEM-EDX maps of O (red), V (green) and P (blue) of a representative particle 
in LVOP-600-BM based on their respective Kα emission lines. Moreover, the RGB composite image 
of elemental distribution highlights a very homogeneous distribution of all three elements throughout 
the particle after ball milling. (Lower row) HR-TEM image of the imaged area (same area as shown 
in Figure S4). Finally, the lower right plot shows the integrated intensities along the line trace plotted 
on the HAADF image (in the insert). This reveals that there is no increase of relative oxygen content 
at the edges of the particle – in contrast to the LVOP-600 (pre-HE-BM) sample shown in Figure S1.  
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Figure S6. Scan 1 (Pristine), scan 72 (charged), and scan 140 (1st discharge) Rietveld refinement 
from the sequential refinement of the Operando PXD data collected at PETRA III, beamline P02.1. 
The measured data is shown in red spheres, the calculated as a black polynomial, and the residual 
of the fit in blue. The powder pattern is plotted with intensity in a.u. against the scattering angle 
2𝜃𝜃 from 2-10 °. 
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Figure S7. R-Bragg factors plotted for 𝛽𝛽-LiVOPO4, 𝛽𝛽-VOPO4, and 𝜀𝜀-LiVOPO4, shown in blue, red, and black 
spheres, respectively. Furthermore, is the Rwp factor shown in yellow stars. The R-factors are plotted as 
percent at a specific Scan# from scan 22-123. 
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Figure S8. The refined unit cell parameters from scan 23-123. In blue dot with black error 
bars, we find the a, b, and c parameters for 𝛽𝛽-LiVOPO4 from top and down, respectively. In 
red dots with black error bars, the unit cell parameters a, b, and c for 𝛽𝛽-VOPO4 is plotted 
from top and down, respectively. Below the plot for the unit cell parameters, we have the 
galvanostatic charge/discharge plot, recorded simultaneously. This is shown as the 
potential [V] against the lithium content (x) in LixVOPO4.  
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Figure S9. The integrated recorded diffraction patterns shown here, is obtained from the operando 
PXRD experiment. Scan 1 (start) shown in red, Scan 72 (end of charge) shown in blue, and Scan 140 
(end of discharge) shown in green. The black lines illustrate the FWHM, where the colors of the text are 
colored such that it matched its respective Bragg peak. The data is shown the angle, 3.4-4.0 2𝜃𝜃, and the 
intensity. Please note that the FWHM of CeO2 is determined to be 0.040°. 
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Expanded solid-solution behavior and charge-discharge asymmetry in 
NaxCrO2 Na-ion battery electrodes 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A new intermediate is observed during 
charge of NaCrO2 cathodes. 

• Severe charge-discharge asymmetry is 
observed in the phase evolution for 
NaxCrO2. 

• The asymmetry appears to originate 
from differences in Na-diffusion 
coefficients.  

A R T I C L E  I N F O   
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A B S T R A C T   

Sodium chromium oxide, NaCrO2, has received significant attention as positive electrode (cathode) for Na-ion 
batteries mainly due the high capacity retention of the material. In this paper, we use operando powder X-ray 
diffraction to investigate the structural evolution of O3–NaCrO2 during Na-ion extraction and insertion with use 
of both liquid and solid-state electrolytes. This reveals a previously overlooked phase transition, causing for-
mation of an unexplored O′3-NaxCrO2 intermediate during Na-ion extraction (charge). The phase transitions 
within the electrode are investigated by sequential Rietveld refinement and distortion analysis, which shows that 
the discovered O′3-NaxCrO2 intermediate accommodates the increasing interlayer repulsion and in-plane 
contraction with less distortion of the [NaO6]-polyhedra as compared to the other observed phases. Our struc-
tural findings are corroborated by analysis of the Na-ion diffusion coefficients through the galvanostatic inter-
mittent titration technique. Furthermore, the operando powder X-ray diffraction reveals substantial charge- 
discharge asymmetry with a significant preference for solid-solution and two-phase behavior during charge 
(Na-extraction) and discharge (Na-insertion), respectively.   
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1. Introduction 

The search for alternatives to the Li-ion battery technology have 
intensified during the past years due to limited availability of lithium 
resources and increasing prices of the lithium minerals used to produce 
positive Li-ion electrodes (cathodes) [1–3]. Na-ion batteries are a highly 
attractive alternative technology due to the high abundance and low 
price of sodium raw materials [1,4]. Na-ion batteries generally functions 
in the same manner as the Li-ion counterpart and much of the existing 
know-how can be utilized. Still, there is a need for development of 
electrode materials offering high capacities and high cyclic stability for 
Na-ion intercalation [5,6]. 

Within the development of Na-ion cathode materials, layered tran-
sition metal oxides have gained significant attention due to high ca-
pacity retention and thermal stability [7,8]. Intercalation of sodium in 
such materials has been known since the 1980’s, where it was estab-
lished for NaCoO2, NaCrO2, and NaNiO2 [9]. However, at that time a 
well-functioning Na-ion anode was lacking [4]. Layered sodium transi-
tion metal oxides for Na-ion electrodes are most often synthesized with 
an O3 or P2 structure, as denominated by Delmas et al. [10] The letter in 
O3 and P2 refers to an octahedral or prismatic Na-environment, 
respectively and the number denotes the stacking sequence by identi-
fying the number of transition metal layers with different oxygen 
stacking in a single unit cell [11]. Of the two polymorphs, the O3-type 
has the highest theoretical capacity, due to a higher content of sodium 
(i.e. higher x in NaxMO2) in the as-synthesized state [7,11]. 

Reversible Na-extraction/insertion in O3–NaCrO2 was established 
already 40 years ago, [12-17] and the performance of the material has 
later improved to offer a reversible capacity of ∼120 mAh/g [18,19]. In 
contrast with other Na-based transition metal oxides, it is also very 
flexible in terms of architecture, i.e. high capacity retention has been 
demonstrated using both liquid and solid state electrolytes [20–22]. It is 
well established that O3–NaCrO2 goes through several phase transitions 
during Na-ion extraction and insertion. The commonly reported struc-
tural evolution starts from the ideal trigonal O3-polymorph (space group 
R-3m, #166) undergoing a monoclinic distortion forming O′3 (space 
group C2/m, #12) via a two-phase (1st order) transition followed by a 
second two-phase transition into a monoclinic structure with a prismatic 
Na-coordination environment, i.e. a P′3 polymorph (space group C2/m, 
#12). These transitions have been confirmed by varies research groups 
via ex situ measurement of different state of charge (SOC) [23–26] and in 
situ measurements [15,27,28]. In 2021, Lee et al. [29] observed a 
hitherto missed phase during Na-extraction (charge) forming in between 
the O′3 and P′3 phase. They report evolution of the lattice parameters 
based on positions of two Bragg reflections, and they suggest the new 
phase to be a P′3 polymorph. Interestingly, the new phase was not 
observed during discharge suggesting charge-discharge asymmetry. The 
structural details and the exact origin of the transition thus remains 
unclear. Insights into the structural evolution during charge and 
discharge is of immense importance for the understanding of the po-
tential behavior and more importantly of the cyclic stability. 

To gain a more thorough description of the structural behavior, we 
have investigated O3–NaCrO2 via operando powder X-ray diffraction 
(PXRD), in both a classical battery cell using a liquid electrolyte (LE) and 
in a solid-state (SS) battery. Probing both battery systems and comparing 
the structural evolution within the electrode is of great interest as it may 
be affected by the difference in e.g. Na-ion diffusion kinetics across the 
electrolyte-electrode interface or the mechanic confinement of the 
electrode material. The PXRD data is treated by sequential Rietveld 
refinement to evaluate the O′3 and P′3 structural models and to extract 
the structural parameters of the phase transitions. Hereunder, we 
perform distortion analysis of the observed phases. The findings from 
operando PXRD are coupled with cyclic voltammetry (CV) and galva-
nostatic intermittent titration (GITT) to evaluate the change in Na-ion 
diffusion coefficients. 

2. Experimental 

2.1. Preparation of NaCrO2 

Stoichiometric amounts of Na2CO3 (Merck, anhydrous, 99.8%) and 
Cr2O3 (Merck, 99%) were mixed by high energy ball milling (HE-BM) in 
a WC:Co (92:8 wt%) crucible with a spinning speed of 300 rounds per 
minute for 2 h of active ball milling. WC balls were used in a mass ratio 
of precursor:WC = 1:25. The milled material was pressed at 30 kN for 2 
min and sintered in a tube furnace for 5 h at 900 ◦C with an argon flow. 
The material was cooled to room temperature at 300 ◦C/h rate. To 
minimize the exposure to water and air, the material was transferred 
immediately to an Ar-filled glove box, as exposure to air will degrade the 
material [30]. 

2.2. Electrochemical characterization 

For the battery cell employing liquid electrolyte (LE-cell), an elec-
trode composite was prepared from conductive carbon, active material 
(NaCrO2), and binder in a mass ratio of 2:6:2 as described in previous 
work [31–34]. Conductive carbon and binder (Graphite C-Nergy SFG6L, 
99.5%, Imerys Graphite and Carbon, acetylene black VXC72, Cabot 
Corporation, and Kynar PVDF Arkena Inc.) were pre-dried at 60 ◦C in a 
vacuum oven for >4 h before being imported into the glove box [30]. 
Mixing of the additives and active material was done in a mortar. Free 
standing pellets was pressed at 2 metric tons for 1 min to form pellets 
with masses of 8–14 mg. The pellet masses were specified with μg pre-
cision outside an Ar-filled glovebox leaving the pellets to be exposed to 
air for less than 5 minutes. A pellet was mounted on stainless steel cyl-
inders and assembled in a Swagelok® type union made of Teflon™. A 10 
mm Na-foil served as the anode. As separator a microporous glass fiber, 
Whatman GF/B, was used. Serving as the electrolyte a solution of 1 M 
sodium bis(triflouromethanesulfonyl)-imide (NaTFSI) in dimethylene 
carbonate and ethylene carbonate (DMC:EC) 50/50 (v/v), 99.9%, Sol-
vionic, was used. The cyclic voltammograms was run between 3.65 and 
2.5 V with a scan rate of 0.05 mV/s. The galvanostatic intermittent 
titration technique data has been collected in a similar potential range 
(3.7 V–2.0 V) with a titration pulse of 10 min with charge/discharge rate 
of C/20 relative to extraction of one Na per formula unit. The electro-
chemical data was recorded on a Biologic™ VMP3 battery cycler and 
controlled by the EC-lab® software. 

2.3. Ex-situ powder X-ray diffraction 

The pristine material was mounted in a Kapton® polyimide tube and 
PXRD data was collected from this at P02.1 at PETRA III, DESY, 
Hamburg, with λ = 0.20712 Å [35,36]. The PXRD data was obtained by 
exposing the sample to X-rays for 30 seconds with 1 subframe and 
recording the scattering by a 2D Varex XRD 4343CT (150 × 150 μm2 

pixel size, 2880 × 2880 pixel area) detector with a CsI scintillator. The 
2D image was integrated using the DAWN DIAMOND [37,38] software. 

As PXRD data within this study have been collected using different X- 
ray wavelengths (0.20712 Å and CuKα as described below), all diffrac-
tion data (including the operando data) is plotted in Q-space (Q =

4πsin(θ)
λ ) 

in order ease the comparison of angular positions of the Bragg 
reflections. 

Rietveld refinement was performed in Topas 6, academic version 
[39]. The background was described by fitting PXRD data from an empty 
polyimide tube to the data and fixing its scale factor. Additionally, a 6th 
order Chebyshev polynomial was used to completely describe the 
background. The diffraction peaks were described by a 
Thompson-Cox-Hasting pseudo-Voigt profile function. Here lattice pa-
rameters, scale factor, atomic positions, sodium and chromium occu-
pancies, atomic displacement factors, and profile parameters were 
refined. The starting crystallographic information file (CIF) for NaCrO2 
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was obtained from Scheld and Hoppe [40]. 

2.4. Operando powder X-ray diffraction 

Operando PXRD data for the LE-cell was collected at P02.1 at PETRA 
III, DESY, Hamburg, with λ = 0.20712 Å [35,36]. A free-standing 
cathode pellet was prepared as described above. It was mounted in an 
AMPIX battery test cell [41] with a 11 mm Na-foil serving as the anode. 
The two electrodes were separated by a Whatman GF/B microporous 
glass fiber, which was wetted in a 1 M solution of NaTFSI dissolved in 
(DMC:EC) 50/50 (v/v), 99.9 %, Solvionic, serving as the electrolyte. The 
AMPIX battery cell was connected to a BioLogic™ battery cycler VMP3 
and cycled with a C/15 rate (relative to extraction of one Na), in the 
potential range 3.65 V–2.5 V. Simultaneously, powder patterns were 
collected using a 2D Varex XRD 4343CT (150 × 150 μm2 pixel size, 
2880 × 2880 pixel area) detector, with a CsI scintillator. Every 6 mi-
nutes a powder pattern was collected using an exposure time of 30 
seconds with 1 subframe. The 2D image was integrated using the DAWN 
DIAMOND [37,38] software. 

2.5. Operando powder X-ray diffraction on the solid-state battery (SS- 
cell) 

The solid electrolyte with the composition Na4(CB11H12)2(B12H12) 
was prepared from commercial sodium hydroborates (Katchem) via 
ball-milling according to the procedure described earlier by us [42]. The 
electrochemical cell for operando PXRD studies was designed on the 
basis of an operando cell commonly known under the name Leriche cell 
[43]. The modifications include the use of Ertacetal (Polyoxymethylene) 
body, which assures the mechanical stability and electric isolation. An 
adjustable spring on the bottom electrode assures a mild and constant 
contact on the battery stack (Fig. S1). Operando studies with this cell are 
possible at room temperature due to high Na + conductivity of 
Na4(CB11H12)2(B12H12) electrolyte (1 mS cm− 1). The cell was mounted 
on a Bruker D8 Advance powder diffractometer with CuKα radiation and 
LynxEye silicon strip linear detector. A MTI BST8-WA (10 mA) battery 
analyser was used for charge/discharge with C/70 rate relative to 
extraction of one Na per formula unit. The collected powder patterns 
were analyzed with Fox and refined with Topas programs [39,44]. Un-
fortunately, it has only been possible to obtain operando PXRD during 
charge, because the Leriche cell lacks in tightness and the absences of a 
protective medium for Na cannot hinder this oxidation. Thus, the 
discharge process is reported based on the LE-cell only. 

2.6. Sequential Rietveld refinement of operando powder X-ray diffraction 

For sequential refinement of the LE-cell, the starting O3–NaCrO2 was 
described by the structural model from Scheld and Hoppe [40], while for 
the O′3, O′3-E and P′3 phases, CIFs from Bo et al. [15] were employed. 
To achieve the best possible initial basis for the sequential refinement, 
selected scans representing the maximum amount of the observed 
phases were refined individually (scans 130 for O′3, 51 for O′3-E, and 
105 for P′3). To describe the background, PXRD data was collected from 
and AMPIX battery cell containing only separator and electrolyte and 
normalized to scan 1. Furthermore, a 6th order Chebyshev polynomial 
has been used to fully describe the background. In general, we refined 
the lattice parameters, scale factors, atomic positions, sodium occu-
pancies and the profile parameters for each single scan refinement. For 
the sequential refinement the atomic positions and the profile parame-
ters for all phases were fixed, leaving the scale factor, lattice parameters 
and sodium occupancies to be sequentially refined for each phase. Note 
that the occupancy was constrained to ≤1Na per formula unit. 

For the Rietveld refinement of the operando PXRD data from the SS- 
cell the structure described by Kubota et al. [24] was adopted and 
optimized for each phase in single-phase domains (scan 1, 8, 11 and 21 
Fig. S2). Sequential refinement with the Le Bail method was adopted to 

fit the lattice parameter evolution during each phase transition step. 
The calculated equivalent hexagonal lattice parameters are obtained 

as described by Mukai et al. [45]. 

2.7. Distortion and symmetry-mode analysis 

All structural drawings and octahedral distortion calculation have 
been done in the program Visualization for Electronic Structural Anal-
ysis (VESTA) [46]. For the analysis of the parent trigonal structure 
distortion, we have used the implementation of symmetry-mode anal-
ysis as available in Bilbao Crystallography server [47,48]. 

3. Results and discussion 

3.1. Characterization of the as-synthesized material 

The as-prepared O3–NaCrO2 is found by PXRD and Rietveld refine-
ment to be phase pure and well-crystalline (Fig. 1, Table S1 and 
Table S2). The redox processes taking place during extraction and 
insertion of sodium in O3–NaCrO2, were investigated by cyclic vol-
tammetry (CV) on a LE-cell within the so called “reversible potential 
region”, i.e. 2.5–3.7 V during the first five charge-discharge cycles 
(Fig. 2) [15,24,27]. During the first charge, two separate oxidation 
peaks are observed at 3.07 V, with a shoulder at 3.13 V, and at 3.33 V. 
The corresponding reduction peaks are at 2.83 and 3.28 V during the 
first discharge. Upon repeated cycling the potential hysteresis of the 
lowest potential event decreases and after the five cycles the peaks are at 
3.04 and 2.87 V. The potential shift of the latter seems to reveal a 
shoulder in the range of 2.9–2.95 V on the reduction peak, like that 
observed at 3.13 V during charge. Similar observations have been made 
in previous studies [19,29,49,50]. It is noted that this shoulder is not 
reported to have any relationship to irreversibility, as this potential 
range is known for extreme cycling reversibility [29,51,52]. 

3.2. Structural evolution during charge and discharge 

To gain a deeper insight into the structural evolution of the 
O3–NaCrO2 cathode during charge and discharge, operando powder X- 
ray diffraction (PXRD) was performed during Na-ion extraction and 
insertion at a current rate of C/15 in an LE-cell. In Fig. 3, the operando 
PXRD is directly correlated to simultaneously collected galvanostatic 

Fig. 1. PXRD data (red spheres) and Rietveld refinement profile (black line) for 
as-prepared O3–NaCrO2 (λ = 0.20712 Å). The residual (Ymeasured - Ycalculated) is 
shown in blue. Further structural details are found in Tables S1 and S2. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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charge/discharge data. Furthermore, operando PXRD was collected 
during charge of a SS-cell at a C/70 current rate (Fig. S2). 

Qualitative inspection of the operando PXRD data for the LE-cell 
(Fig. 3A), clearly reveals that a two-phase (1st order) transition oc-
curs, during charge (Fig. 3B), between scan# 10–30, i.e. at x ~0.93–0.81 
in NaxCrO2 (see e.g. Q = 2.3–2.4 Å− 1). This is corroborated by the 
evolution in unit cell parameters and phase fractions extracted from 
Rietveld refinement (Fig. 3C, D and S3). This is a transition from the 
trigonal O3 structure into a monoclinic distorted version of the O3 
phase, denoted O′3, as distortion of the [NaxO6] octahedra, caused by 
Na-removal, will cause the transition metal layers to glide [23,24,27, 
53]. The O3 → O′3 transition causes an ~0.2 Å expansion of the c-axis 
(hexagonal equivalent) due to increasing repulsion between the CrO2--
layers upon Na-extraction, while the oxidation of Cr causes a slight 
contraction of the a-axis (Fig. 3C). The structural parameters for the 
observed phases extracted from the refinement herein are summarized 
in Table 1. Note, that despite the two-phase nature of the O3 →  O′3 
transition, the O′3 phase shows solid solution behavior with changing 
lattice parameters in the two-phase region. Scan# 30–40 (xNa 
~0.81–0.75) represents a single-phase region of O′3-NaxCrO2, wherein 
this naturally behaves as a solid solution. 

Upon further Na-extraction, our data reveals an until recently over-
looked phase transition, which causes formation of an intermediate 
NaxCrO2 phase. The intermediate is observed from scan# 35 (NaxCrO2, 
x ~ 0.77), where a set of new reflections emerges (most clearly seen at Q 
= 2.9 Å− 1), until scan# 65 (NaxCrO2, x ~ 0.58). See also Figs. S7 and S8. 
Looking at the potential (Fig. 3B), this transition most likely corresponds 
to the peak shoulder observed at 3.13 V in the CV data. This phase 
transition has generally been missed in previous studies, as the main 
peak of the intermediate at Q = 2.9 Å− 1 has been hidden by a peak from 
Al-current collectors or due to limited time or angular resolution [15, 
25]. 

Hence, previously a single monoclinic O′3-NaxCrO2 phase was 
thought to exhibit a wide solid solution range from x ~ 0.95–0.60 and 
then, at x ~ 0.70–0.60 to transform directly into a monoclinic P′3 
structure with prismatic coordinated sodium, which then remains for 
the rest of the charge [15,25], i.e. the entire phase sequence was 
described as O3 → O′3 → P′3. Recently, Lee et al. [29] also reported the 
previously missed intermediate phase using operando PXRD. They sug-
gest the newly observed phase to be a P′3-NaxCrO2, however no struc-
tural model or Rietveld refinement analysis has been provided. To 
clarify the structural nature of the intermediate, we have performed 

Rietveld refinement of the operando PXRD scan containing the highest 
fraction of the phase (scan# 51) using P′3- and O′3- NaxCrO2 structural 
models (both with space groups C2/m). This clearly shows that the in-
termediate remains in the O′3 structure as the P′3 structure does not 
provide a physical meaningful fit to the observed PXRD data (Fig. 4). 
This is especially evident at Q = 2.9 Å− 1 where a high intensity reflection 
is observed, which corresponds to the (111) and (20-2) reflections for 
O′3. P′3 has no high intensity reflection at Q = 2.9 Å− 1. In contrast, at Q 
~3.1 Å− 1 only weak peaks are observed in the data, which further 
corroborates that the intermediate is not P′3 as the (201) and (11-2) 
reflection has high intensity at this Q-position (see also Fig. S4). Hence, 
our analysis shows that the Na-ions keeps the octahedral coordination in 
the NaxCrO2 till x ~0.58. This is corroborated by ab initio density 
functional theory calculations showing that Na prefers octahedral over 
prismatic coordination at xNa >0.5 in NaxCrO2 [15]. Table 1 lists the 
structural parameters for the new O′3-phase henceforth denoted O′3-E 
due to the expanded c-axis compared to O′3. 

The transition from O′3 to O′3-E NaxCrO2 involves a slight expansion 
of the hexagonal equivalent c-axis and a contraction of the a-axis (the 
monoclinic unit cell parameters obtained directly from the refinement 
are shown in Fig. S5), and at the point of transition the misfit between 
O′3 and O′3-E is very small as evidenced by the volume pr. formula unit 
being close to identical for the two phases (Fig. S6). The same holds true 
for the initial O3 to O′3 transition. 

As Na-extraction is continued, the fraction of O′3-NaxCrO2 decreases 
on the behalf of the O′3-E phase. Simultaneously the expansion of the c- 
axis and contraction of the a-axis continues as a result solid solution 
behavior. From Scan# 44 to 51 (xNa ~0.72–0.67) O′3-E exists as a single 
phase. At the end of this single-phase region the P′3-NaxCrO2 forms as 
expected from previous studies. The transition from O′3-E to P′3 in-
volves a significant change of the hexagonal equivalent c-axis of ca. 0.15 
Å, while the a-axis remains almost identical to that in O′3-E. This sug-
gests a higher repulsion between the CrO2-layers in the P′3 compared to 
the O′3-E phase. Between xNa ~0.68–0.59, the O′3-E → P′3 transition 
follows a mixed two-phase solid solution behavior. During the last part 
of charge, i.e. Scan# 65 to 84 (xNa ~0.59-full charge) P′3-NaCrO2 exists 
as a single-phase. 

The structural evolution of NaxCrO2 during charge occurs in the same 
manner in the SS-cell (Figs. S2 and S3) as in the LE-cell, i.e. it follows the 
same O3 → O′3 → O′3-E → P′3 route and the evolution in the unit cell 
parameters of all phases has no noteworthy differences between the two 
cell types. Furthermore, the total amount of Na remaining in the struc-
ture is the same (xNa = 0.53) and the phase transitions occur in the same 
xNa-regions in the two cell types. Hence, exchanging the liquid elec-
trolyte by a solid-state electrolyte does not affect the structural evolution 
and as such the electrochemical behavior of the NaCrO2 electrode. 

Interestingly, during Na-insertion (discharge), the O′3-E phase is not 
observed (Fig. 3). Instead, P′3 transforms directly to O′3 via a simple 
two-phase transition at scan# 108 (xNa ~0.60). At this point, the cell 
parameters of O′3 are similar to those in the point of the phase dis-
appearing during discharge. This results in a significant lattice misfit 
between P′3 and O′3. It also signifies that the O′3 phase is not stable with 
a lower Na-content (xNa ~0.8 based on the refined Na-occupancy, 
Fig. 3E), and that O′3-E, which is stable with lower Na-contents, 
bridges the gap in the lattice dimensions between O′3 and P′3 during 
charge. The subsequent O′3 to O3 discharge transition occurs in much 
the same manner as observed during charge. At this point, it is worth to 
notice that the Na-occupancies, extracted from Rietveld refinements, 
clearly points to extended solid solution behavior of both the O′3, O′3-E 
and P′3 phases during charge as the Na-occupancies changes continu-
ously for all phases. In contrast, during discharge, the Na-occupancies 
exhibit more discrete values for all phases, i.e. simple two-phase 
behavior with phases of fixed Na-contents dominate the discharge pro-
cess. Hence, during removal of Na-ions from NaxCrO2 a varying amount 
of Na-vacancies can be accommodated in the structure, while upon 
reinsertion, only NaxCrO2 with fixed Na-contents (x ~ 1.0, 0.8 and 0.4) 

Fig. 2. Cyclic voltammogram of the first 5 cycles from 2.5 V to 3.7 V. Cycle 
number 1, 2, 3, 4, and 5 is plotted in black, red, green, blue, and magenta, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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are stable. The structures of the individual phases, i.e. O3, O′3 and P3, 
only show subtle differences at the same points of xNa during charge and 
discharge. Thus, a direct explanation for the charge-discharge asym-
metry cannot be provided based on the structural analysis. However, a 
plausible hypothesis is that the asymmetry is caused by differences in 
Na-ion diffusion in the electrode between charge and discharge. During 
charge, homogeneous solid solutions forms (based on observation of 
narrow Bragg reflections). Hence, Na-ion diffusion is sufficiently fast to 

facilitate homogeneous distribution of the Na remaining in the electrode 
while Na-ions are constantly removed at the particle surface. Only as the 
distortion, e.g. in the O′3 phase, becomes unfavorable during to the 
decreasing Na-content, does a new phase nucleate, e.g. O′3-E, which is 
less distorted. In contrast, if Na-ion diffusion is slower during discharge, 
the inserted Na-ions may not redistribute to the entire electrode particle 
and thus not form a solid solution. Instead, a phase with a higher Na- 
content (here O′3) nucleates and forms a biphasic system with the P′3 

Fig. 3. (A) Contour plot of the collected scattering data with a Scan# from 1 to 155. (B) The galvanostatic charge/discharge collected data between 3.65 and 2.5 V 
over ∼ 15 h running with a C-rate of C/15 with the observed phases indicated. (C) The equivalent hexagonal lattice parameters (Å) for all phases present during the 
first cycle. (D) wt% for the observed phases. (E) Sodium occupancies for the sequential refinement (values with uncertainties >5% of the values have been omitted). 

C.L. Jakobsen et al.                                                                                                                                                                                                                            



Journal of Power Sources 535 (2022) 231317

6

phase. 
We also note, that in the operando experiment a larger charge ca-

pacity than discharge capacity is observed corresponding to a difference 
of 0.09Na based on Columbic counting. The difference is likely caused 
by decomposition of the electrolyte, which may be especially pro-
nounced at high voltage. Thus, the constant unit cell parameters and Na- 
occupancy in the P′3 phase observed near the end of charge may reflect 
that the capacity is not generated by ion-intercalation but instead by 
irreversible electrolyte decomposition. The capacity loss does not 
appear to affect the structure of the electrode, which is corroborated by 
the reversibility of the structural transitions as evidenced by the single 
scan refinements of the operando data for the LE-cell before and after 
cycling (see Fig. S11 and Tables S10–S13), i.e. the O3 phase returns to 
the initial state after cycling and there are no signs of introduction of 
defects such as Cr migration onto the Na-ion sites as we observe the Cr 
occupancy to be unchanged before cycling and after 1 cycle for the O3 
phase. 

From our operando PXRD data and sequential Rietveld refinements, 
we thus elucidate the full structural evolution O3 →  O′3 →  O′3-E →  P′3 
during charge and P′3 → O′3 → O3 during discharge. We note that our 
data for the LE-cell included half of the second charge, which clearly 
shows that the O′3-E reappears following the same behavior during the 
second cycle (Fig. S8). The structural information from the pristine 
sample and all observed phases obtained from Rietveld refinements, can 
be found in Tables S1–S8. 

3.3. Structural analysis of the NaxCrO2 phases and distortions of [NaO6] 
polyhedra 

In all the observed NaxCrO2 phases, the CrO2-layers consist of 
[CrO6]-octahedra each sharing six edges with neighboring octahedra. As 
expected, the Cr–O and intralayer Cr–Cr distances decrease as Na-ions 
are removed and Cr oxidized, i.e. upon the transitions O3 → O′3 → 
O′3-E → P′3 (see Table 1). This is expressed as the decreasing a-axis in 
Fig. 3. At the same time the Cr–Cr interlayer distances grow due to the 
increased repulsion between the increasingly oxidized Cr and simulta-
neous decreasing shielding of the O–O interlayer repulsion as Na-ions 
are removed from the interlayer space. This is witnessed as the 
expanded c-axis in Fig. 3. 

As explained previously, in the O3, O′3 and O′3-E phases, the Na-ions 
sit in edge-sharing [NaO6]-octahedra, while in P′3 they sit in face- 
sharing [NaO6]-prisms. As NaxCrO2 transitions from O3 → O′3 → O′3- 
E, the Na–Na distances decrease gradually as expected due to the in- 
plane (a-axis) contraction. As O′3-E transforms to P′3, very short dis-
tances between neighboring Na-sites arises (1.494 Å) due to face-sharing 
of the [NaO6]-prisms. Hence, placing Na-ions on neighboring sites 
would be unstable and only every second prism is likely to be occupied 
by Na. This provides a natural upper limit to the Na-content in P′3- 
NaxCrO2 of x < 0.5. Note however, that the Na–Na distances in P′3 are 
still significantly shorter than in O′3-E. Interestingly, the volume/for-
mula unit (Table 1 and Fig. S6) are similar for these four phases, i.e. the 
increased interlayer spacing is counter-balanced by the in-plane 
contraction. 

To understand why the O′3-E phase appears during charge, we have 
performed distortion analysis of the coordination polyhedra for all 
phases present during charge (Fig. 5 and Table 1). From this analysis, 
performed as described by Baur [54], we found no distortion of the O3 
sodium octahedra. The greatest distortion of the octahedra is found for 
the O′3 as the [NaO6]-polyhedra deviates 5.41% from a perfect octa-
hedra. As the O′3 → O′3-E phase transition occurs, the [NaO6]-octahedra 
distortion is reduced to 3.20%. Thus, the Na-configuration in O′3-E 
appears to have a more stable nature than O′3. Furthermore, O′3-E also 
exhibit a smaller distortion than in P′3, wherein the distortion of the 
[NaO6]-prisms increase to 4.75%. However, the distortion in P′3 is likely 
favored at low Na-contents, as P′3 allows for larger interlayer distances 
and in-plane contraction compared to O′3-E. 

Furthermore, the distortions of the parent trigonal structures during 
sodium extraction have been analyzed with symmetry-mode analysis for 
displacive phase transitions. From the analysis we obtain the amplitudes 
of the different symmetry-adapted distortion, as also shown in Fig. 5B. 
Indeed, from the distortion mode at the K-point of the Brillouin zone, we 
find the lowest amplitude to originate from the transition of O′3 → O′3- 
E, which agrees with the distortion indexing of the NaO6-polyhedra. In 
contrast, the greatest distortion occurs as the O′3-E → P′3 as tran-
sitioning into a prismatic coordinated sodium. The results are summed 
in Table S9. 

3.4. Overpotential and Na-diffusion coefficients 

To investigate the size of the overpotential and relative change in the 
sodium diffusion coefficient during charge and discharge, galvanostatic 
intermittent titration technique (GITT) was employed (Fig. 6A, cycle 2 
and 3 is found in Fig. S10). The GITT data for the first cycle and the 
extracted Na-diffusion coefficients for the three first cycles are shown as 
a function of x in NaxCrO2 in Fig. 6B–D. The overpotential, i.e. the size of 
the potential relaxation, is on the order of mV over a wide SOC span and 
only increases near the end of charge/discharge, where the potential is 
affected by the IR drop. Some capacity loss is observed in each cycle but 
especially during the first cycle, where a capacity corresponding to 
extraction of ~0.13Na-ions more than what is reinserted is observed. 
This is likely caused by electrolyte decomposition and has no effect on 
the electrode structure as confirmed by the operando PXRD data analysis. 

Table 1 
Structural parameters extracted from Rietveld refinements of the operando PXRD 
data shown in Fig. 3 for the phases O3 (Scan# 1), O′3 (Scan# 130), O′3-E (Scan# 
51), and P′3 (Scan# 105). For the Rietveld refinement of the specific scans see 
Fig. S6.   

O3 O′3 O′3-E P′3 

Scan# 1 130/35 51 105 
Space group R-3m C2/m C2/m C2/m 
a (Å) 2.97399 

(12) 
5.0640(11) 5.00584(13) 5.0000(16) 

b (Å) 2.97399 
(12) 

2.9525(6) 2.9155(7) 2.8905(8) 

c (Å) 15.9646 
(11) 

5.7834(9) 5.793(2) 5.850(1) 

a-hexagonal 2.97399 
(12) 

2.9525(6) 2.9155(7) 2.8905(8) 

c-hexagonal (Å) 15.9646 
(11) 

16.41 16.69 16.92 

β (◦) 120 108.948(15) 106.211(17) 105.40(3) 
Volume per 

formula unit 
(Å3) 

40.76(4) 40.89(2) 41.02(2) 40.88(1) 

RBragg (%) 1.988 2.579 2.721 2.736 
Rwp (%) 3.89 4.65 4.88 4.71 

Interatomic distances 

Na–O 2.353 Å 2.333–2.504 
Å 

2.425 Å 2.201–2.642 Å 

Na–Cr 3.167 Å 3.165–3.250 
Å 

3.243–3.271 
Å 

2.925–3.117 Å 

Na–Na 2.974 Å 2.931–2.953 
Å 

2.919 Å 1.494 Åa 

2.247–2.905Åb 

Cr–O 2.013 Å 1.928–2.036 
Å 

1.956–1.991 
Å 

1.965–1.973 Å 

Cr–Cr (inter- 
layer) 

5.591 Å 5.783 Å 5.796 Å 5.814 Å 

Cr–Cr (intra- 
layer) 

2.974 Å 2.931–2.953 
Å 

2.915–2.919 
Å 

2.902–2.905 Å 

Na-polyhedra 
distortion 

0% 5.41% 3.20% 4.75%  

a Shortest Na–Na distance between neighboring [NaO6]-prisms. 
b Second shortest Na–Na distances between second neighbor [NaO6]-prisms. 
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Fig. 4. Scan# 51 from the operando PXRD data (red spheres) for O′3-E Na~0.68CrO2 obtained during discharge of O3–NaCrO2. In A) the Rietveld refinement profile 
for the O′3-model is shown, while B) shows the Rietveld refinement profile for the P′3 model. The grey areas are excluded regions due to small reflections from the Na 
anode. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. (A) Illustration of the O3, O′3, O′3-E, and P′3 polymorphs, from left to right. (B) The symmetry-mode analysis shown with amplitude vector directions in red 
arrows. Chromium is shown in blue spheres, oxygen in red spheres, and sodium polyhedra shown in yellow octahedra for O3, O′3, and O′3-E and prismatic co-
ordination for P′3 phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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For the diffusion coefficients extracted from the GITT data 
(Fig. 6B–D), note that the values may not be accurate as these depends 
heavily e.g. on the particle size. However, the relative change in the 
diffusion coefficients can be evaluated from the GITT method. The main 
decrease in the Na-diffusion coefficients is found near the end of charge 
and discharge where they drop >3 orders of magnitude (e.g. at xNa 
~0.45 during the first charge) signifying the Na-extraction and -inser-
tion limits for the material. For similar layered transition metal oxides, 
Li-ion electrode materials with the α-NaFeO2 structure [55–57] kinetic 
limitations have been shown as drops of several orders of magnitude of 
the Li diffusion coefficient upon deep discharge. 

Furthermore, some variations in the diffusion coefficients are 
observed during charge and discharge. During the first charge, a 
decrease by half an order of magnitude is observed at xNa ~0.95–0.80, 
which corresponds to the O3–O′3 biphasic region. Upon further Na- 
extraction, the diffusion coefficient restores to ~10− 11 cm2 s− 1, which 
corresponds well with the solid solution behavior observed in this xNa- 
region. During charge, decreasing Na-diffusion coefficients are observed 
at xNa~0.6–0.7 and ~0.75–0.85, which corresponds to the P′3-O′3 and 
O′3-O3 biphasic regions, respectively. This behavior is repeated during 
the second and third cycles. The evolution in Na-ion diffusion co-
efficients corroborates our hypothesis, that the asymmetry in structural 
charge-discharge evolution is caused by differences in Na-diffusion 
leading to dominant solid solution behavior during charge and domi-
nant two-phase behavior during discharge. 

Finally, we note that, the fact that the diffusion coefficients return to 
similar values at specific states of charge over the three cycles is in good 
agreement with the very small hysteresis gab, as we find from the CV 
(Fig. 2). It also signifies that Cr-migration does not appear to be a sig-
nificant issue within this state-of-charge range as this would likely 
hamper Na-ion diffusion dramatically. This agrees with previous reports 
stating no Cr-migration happens below 50% state of charge [24,52,58]. 

4. Summary 

In this work, the structural evolution during battery charge and 
discharge of an O3–NaCrO2 Na-ion electrode has been investigated both 
with the use of a liquid and solid-state electrolyte using operando PXRD. 
Independently of the state of the electrolyte, a previously missed phase 
transition with formation of a NaxCrO2 intermediate, denoted O′3-E, was 
observed during charge. This phase transition may be observed in CV as 
a shoulder to the main oxidation event. The formation of the O′3-E in-
termediate is reasoned by a larger capability of this phase to accom-
modate the increasing interlayer repulsion and in-plane contraction 
caused by Cr-oxidation with less distortion of the [NaO6]-polyhedra. 
The operando PXRD data revealed a significant charge-discharge asym-
metry with the intermediate O′3-E not being observed during discharge, 
i.e. during charge the phase sequence follows O3 → O′3 → O′3-E → P′3, 
while the sequence for discharge is P′3 → O′3 → O3. Furthermore, sig-
nificant solid solution behavior is observed in O′3-, O′3-E− and P′3- 
NaxCrO2 during charge even within the two-phase regions. This is evi-
denced both by continuously changing lattice parameters and the Na- 
occupancies. In contrast, two-phase behavior dominates the discharge 
process, wherein both the unit cell parameters and Na-occupancies have 
more discrete behavior. Finally, GITT shows that Na-ion diffusion co-
efficients remain at the same level during several cycles indicating that 
no significant Cr-migration occurs. Also, a small decrease in the diffu-
sion coefficients is observed around the O′3-E → P′3 and P′3 → O′3 
transitions. 
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Figure S1. Illustration of the Leriche cell. 



 

 

  

Figure S2. Galvanostatic charge from in-house operando PXRD of the SS-battery. The left image 
shows the voltage evolution as function of the state of charge (time). The right plot is the 
corresponding PXRD obtained with Cu-Kα and an acquisition time of two hours for each scan. 



Table S1. Rietveld refinement information of refined pristine O3-NaCrO2. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Material O3-NaCrO2 
State Pristine 

Crystal system Hexagonal 
Space Group R-3m (no. 166) 

Unit cell parameters a = 2.9734(1) Å, c = 15.9759(8)Å  
Volume 122.32(1)Å3  

Phase density 4.3570(4) 𝑔𝑔
𝑐𝑐𝑚𝑚3  

Rwp 9.4098 % 
Rexp 1.8067 % 

RB 2.5313 % 
 

Table S2. Atomic positions, occupancies, and thermal vibration factor from the refinement in 
Figure 1. 

Atom x y z occ beq 
Na1 0 0 0 1.0 0.54 (9) 
Cr1 0 0 0.5 1.0 0.14 (6) 
O1 0 0 0.2324(2) 1.0 1.0 

  



 

 

Figure S3. From top to bottom is shown the calculated volumes (Å3) per unit formula (or per Cr), the 
equivalent hexagonal c-axis (Å), and the equivalent hexagonal a-axis (Å). These calculations are 
based on the Rietveld refined unit cell parameters from the in-house operando PXRD of the SS-
battery. In blue spheres is shown the O3, in red spheres the O’3, in orange spheres the O’3-E, and in 
blue spheres the P’3 phases. 



 

Figure S4. Simulated PXRD patterns for the three monoclinic NaxCrO2 phases.  In blue the 
O’3-, in green the O’3-E-, and in orange the P’3-phases are shown. 

  



 

Figure S5. Evolution in unit cell parameters for the observed NaxCrO2 phase extracted directly 
from Rietveld refinement, i.e. for O’3, O’3-E and P’3 the monoclinic unit cell parameters are 
shown instead of the hexagonal equivalent parameters shown in the paper. 

  



   

Figure S6. A) Contour plot of the LE-battery collected data from operando PXRD. B) The measured 
potential of the battery cell directly related to the state of charge (time (h), top, or x in NaxCrO2, 
bottom). C)The extracted cell volumes from the sequential Rietveld refinement is shown. The 
calculated cell volume per unit formula (or per Cr) is shown lowermost, D). This is shown for Scan# 
1-155. In black spheres is shown the O3, in red spheres the O’3, in orange spheres the O’3-E, and in 
blue spheres the P’3 phases. For the extracted cell volumes, the error bars are shown in the plot. 



 

  

Figure S7. (A) Shows the single scan refinements for Scan# 1 (O3), Scan# 130 (O’3), Scan# 51 (O’3-
E), and Scan# 105 (P’3). In red spheres is shown the measured data, in black line the calculated data 
and in blue the residual Ymeasured - Ycalculated. For all the single scans is shown the peak positions in 
black line scatters underneath the residual line. For all the sequential refinement two regions have 
been excluded (Q=1.8-2.12 Å-1 and 2.65-2.70 Å-1) as the peaks in these regions originates from 
metallic sodium. (B) Shows the data as is after integration in DAWN. In black line plot is shown 
Scan# 1, in red Scan# 130/35, in light green Scan# 51, in blue Scan# 90, and in black at the top Scan# 
105. 

 



Table S3. Rietveld refinement information of refined #Scan130 when the only phase present 
is the O’3 phase. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Phase O’3 
Scan 130 

Crystal system Monoclinic 
Space Group C2/m (no. 12) 

Unit cell parameters a=5.046(1) Å, b=2.952(1) Å, c=5.783(1) Å 
beta=108.95(1)° 

Volume 81.783(28)Å3  
Phase density 4.171(19) g

cm3  
Rwp 4.626 % 
Rexp 1.172 % 

RB 2.374 % 
 

Table S4. Atomic positions, occupancies, and thermal vibration factor from Scan130 of the 
O’3 phase. 

Atom x y z occ beq 
Na1 0.5 0 0.5 0.814(20) 3.46(64) 
Cr1 0 0 0 1.0 0.46(13) 
O1 0.2474(29) 0 -0.1919(18) 1.0 0.46(13) 

 

 

  



Table S5. Rietveld refinement information of refined #Scan51 when the only phase present is 
the O’3-E phase. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Phase O’3-E 
Scan 51 

Crystal system Monoclinic 
Space Group C2/m (no. 12) 

Unit cell parameters a=5.058(1) Å, b=2.916(1) Å, c=5.793(2) Å 
beta=106.21(2)° 

Volume 82.04(3) Å3  
Phase density 3.92(2) g

cm3  
Rwp 4.866 % 
Rexp 1.182 % 

RB 2.740 % 
 

Table S6. Atomic positions, occupancies, and thermal vibration factor from #Scan51 of the 
O’3-E phase. 

Atom x y z occ beq 
Na1 0.5 0 0.5 0.561(11) 2.12(50) 
Cr1 0 0 0 1.0 0.46(13) 
O1 0.2679(50) 0 -0.1867(18) 1.0 0.46(13) 

 

 

  



Table S7. Rietveld refinement information of refined #Scan105 when the only phase present 
is the P’3 phase. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Phase O’3-E 
Scan 105 

Crystal system Monoclinic 
Space Group C2/m (no. 12) 

Unit cell parameters a=5.034(1) Å, b=2.9022(4) Å, c=5.8133(1) 
Å 
beta=105.72(1)° 

Volume 81.754(4) Å3  
Phase density 4.0165(2) g

cm3  
Rwp 4.699 % 
Rexp 1.175 % 

RB 2.770 % 
 

Table S8. Atomic positions, occupancies, and thermal vibration factor from #Scan105 of the 
P’3 phase. 

Atom x y z occ beq 
Na1 0.219(4) 0 0.513(3) 0.326(7) 0.01(50) 
Cr1 0 0 0 1.0 1.02(14) 
O1 0.393(2) 0 0.183(1) 1.0 0.01(24) 

  



 

  

Figure S8. Contour plot plotted in Q-space (Å-1), directly correlated to the galvanostatic 
charge/discharge data collected at PETRA III,  P02.1, DESY, Hamburg.  The dashed lines represent 
when the cell has ended charge or discharged. Furthermore, on both the contour plot and the 
galvanostatic charge/discharge data, the phases present at a given time, has been added, such that the 
behavior can be followed qualitatively. 



  

Figure S9. Agreement factors (Rwp and RBragg) for the sequential Rietveld refinement of the operando 
PXRD data for the LE-cell 



 

Table S9. Showing the transitions taking place during charge with the calculated amplitudes 
calculated via symmetry-mode analysis. 

Initial 
structure 

Final 
structure 

Amplitude (Å) 

O3 (R-3m) O’3 (C2/m) 0.216 and 0.352 

O’3 (C2/m) O’3-E (C2/m) 0.175 

O’3-E (C2/m) P’3 (C2/m) 1.44 

 

 

  



 

  

Figure S10. The raw GITT-data. A) Shows the collected GITT-data over time in hours (h). B) 
shows the same data, but plotted as the potential (V) vs the state of charge, or the amount of Na 
(x) in the material (x in NaxCrO2) 



 

  

Figure S11. A) Rietveld refinement of #Scan1, and B) Rietveld refinement of #Scan155 (1 cycle 
performed at this point). In red scatter is the measured data, in black is the calculated powder 
pattern, and in blue the difference curve (Ymeasure-Ycalculated). 



Table S10. Rietveld refinement information of #Scan1. Here the only phase present is the O3 
phase. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Structure O3 
Scan 1 

Crystal system Hexagonal 
Space Group R-3m (no. 166) 

Unit cell parameters a=2.9740(1) Å, c=15.964(1) Å  
Volume 122.29(1) Å3  

Phase density 4.1827(4) g
cm3  

Rwp 3.229 % 
Rexp 1.172 % 

RB 1.337 % 
 

Table S11. Atomic positions, occupancies, and thermal vibration factor from the refinement in 
Figure S11A. 

Atom x y z occ beq 
Na1 0 0 0 0.963(9) 0.70(18) 
Cr1 0 0 0.5 0.933(8) 0.18(15) 
O1 0 0 0.2333(4) 1.0 0.23(16) 

 

  



Table S12. Rietveld refinement information of #Scan155. Here the only phase present is the 
O3 phase. 

Synchrotron source DESY, PETRA III, P02.1  
Wavelength  0.20712 Å 

Structure O3 
Scan 155 

Crystal system Hexagonal 
Space Group R-3m (no. 166) 

Unit cell parameters a=2.9707(1) Å, c=15.986(1) Å  
Volume 122.18(2) Å3  

Phase density 4.206(30) g
cm3  

Rwp 4.405 % 
Rexp 1.169 % 

RB 1.668 % 
 

Table S13. Atomic positions, occupancies, and thermal vibration factor from the refinement in 
Figure S11B. 

Atom x y z occ beq 
Na1 0 0 0 0.959(13) 0.97(29) 
Cr1 0 0 0.5 0.944(13) 0.81(23) 
O1 0 0 0.2330(5) 1.0 0.08(28) 
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Abstract 
Layered sodium chromium oxide, O3-NaCrO2, is a promising electrode material for Na-ion 

batteries due to the high thermal stability, high rate-capability, and good coulombic efficiency 

of the material. It is however well-known that the material loses crystallinity as well as the 

capability to store Na-ion reversibly when taken to high states of charge. While the structural 

identity of the disordered state has been investigated, a bulk structural model has so far been 

lacking as has the mechanism for the order-disorder transition from the P’3-NaxCrO2 (the last 

crystalline phase observed during charge) to the disorder state. In this work we combine pair 

distribution function analysis from total scattering, powder X-ray diffraction and cyclic 

voltammetry to obtain a complete structural model for the disordered O3-like NaxCrO2 

forming at high states-of-charge and from operando PDF we elucidate the structural evolution 

of the order-disorder transition and shed new light on the Cr-migration in the disordered state, 

which is the cause of the irreversibility of the Na-ion storage.  

1. Introduction 
Rechargeable batteries holds a great promise to store excess produced electricity 

as chemical energy and thereby improve the utilization of renewable energy sources.[1, 

2] Unfortunately, limiting Li-deposits in the earth’s crust hampers the use of traditional 

Li-ion batteries.[3] A great alternative is to substitute rechargeable Li-ion batteries for 

Na-ion batteries, which exhibits similar intercalation chemistry to that of Li-ion 

batteries and can be based on Na-precursors, which are significantly more abundant 

and inexpensive compared to Li-based counterparts.[4-6]  

For Na-ion battery cathodes, layered transition metal oxides are suitable for 

Na-intercalation[7], e.g. demonstrated extensively by Dahn and co-workers.[8-10] 

Although the intercalation chemistry is similar for Li- and Na-ions, intercalation into 

well-known layered transition metal oxides typically causes very different structural 

changes when employing the two ions.[11] Hence, to understand Na-ion storage 

properties of layered transition metal oxides, we cannot rely on previous studies of Li-

ion intercalation, and we need to investigate details of the structural changes induced 
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by Na-ion intercalation as this affects both the thermodynamics and the kinetics of the 

entire battery.  

Layered sodium chromium oxide, NaCrO2, has been widely studied as a Na-ion 

cathode material mainly due to the good thermal stability, high rate-capability and 

columbic efficiency.[12-14] The first reports on NaCrO2 were published ca. 40 years 

ago.[15, 16] The material stores Na-ion reversibly when only exploiting ~50% of the Na 

in the intercalation reaction during which the material undergoes a series of crystalline-

to-crystalline phase transitions. The structural details of these have been investigated 

by several research groups, which generally agreed that the initial O3-NaCrO2 (O 

referring to octahedral coordination of Na and 3 to the numbers of layers in the unit 

cell) transforms via several distorted O3-like phases into a P’3 phase (P referring to 

prismatic coordination around Na, the ‘ referring to monoclinic distortion).[17-20]  It is 

well known that upon extraction of >50% Na from NaCrO2, the material loses 

crystallinity (i.e. loose long range order) and forms a highly disordered phase. The 

disordering process is irreversible and is also accompanied by complete loss of the 

capability to re-intercalate Na-ions. The cause of disordering and irreversibility has 

been suggested to be Cr migration into the vacant Na-layers.[19-21] The Cr migration 

has been linked to formation of Cr(VI) from disproportionation of Cr(IV) at high 

potentials.[19],[22] The small size of Cr(VI) and preference for tetrahedral coordination 

leads to the Cr-migration. A further comproportionation between Cr(VI) and Cr(III) 

has been suggested to lead to Cr-migration into the octahedral sites in the interlayer 

space, i.e. the original Na-site[18],[19],[21, 23, 24] The bulk structure of the disordered state 

has been proposed to be both O3-like NaδCrO2 (δ~0) and rock salt CrO2. However, 

powder X-ray diffraction (PXRD) has so far been the main tool used in the structural 

characterization, which does not provide detailed insight into the disordered nature of 

the NaδCrO2 (δ~0). Hence, the detailed structure remains to be resolved. Furthermore, 

the evolution from the crystalline P’3-NaxCrO2 to the disordered NaδCrO2 (δ~0) is also 

unknown.  
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In this work, we use total X-ray scattering with pair distribution function (PDF) 

analysis in combination with PXRD and cyclic voltammetry to gain a detailed 

understanding of the structure of the disordered state forming at deep charge of O3-

NaCrO2. Furthermore, we utilize operando PDF analysis to understand the structural 

evolution during the irreversible order-disorder transition occurring at deep charge.  

2. Experimental 
Synthesis procedure. NaCrO2 was prepared as described previously.[25] High 

energy ball milling was used to mix the precursor (Na2CO3 (Merck, anhydrous, 99.8 

%) and Cr2O3 (Merck, 99 %)) in a 1:1 molar ratio. The mixed powder was pressed to 

a pellet in a hydraulic press at 30 kN for 2 minutes and sintered at 900℃ for 5 hours 

in Ar-flow. 

Electrochemical cycling. For battery testing an electrode composite was 

prepared by mixing active material (NaCrO2), carbon- (Graphite C-Nergy SFG6L, 

99.5%, Imerys Graphite and Carbon. Acetylene Black VXC72, Cabot Corporation in 

1:1 wt%), and binder (Kynar) additives in a mass ratio of 6:2:2, as described by us 

earlier.[26-29] Pellets with a mass of 8-14 mg was pressed at 2 metric tons in a Specac® 

mini-pellet press (Ø 7 mm) to form free standing pellets. The pellets were placed on 

stainless-steel cylinders and mounted in Swagelok® type unions manufactured in 

Teflon™. As anode Na-discs of Ø 10 mm were employed. Whatman GF/B 

microporous glass fiber wetted in 1 M sodium bis(triflouromethanesulfonyl)-imide 

(NaTFSI) in dimetylene carbonate and ethylene carbonate (DMC:EC) (50/50 (v/v), 

Solvionic, 99.9%) were employed as separator and electrolyte, respectively. The cells 

charged to specific states-of-charge (SOC) have been charged with a current rate of 

C/50 rate for 30, 37.5 and 50 hours to achieve the composition Na0.4CrO2, Na0.25CrO2, 

and NaδCrO2 (δ~0), respectively. The cyclic voltammograms (CV) have been obtained 

by scanning with a rate of 0.05 mV/s over a potential range of 2.5 V- 3.5 V, 3.65 V, 

3.75 V, and 4.0 V for two cycles on four different cells. Please note, that the cells 

cycled from 2.5-3.5 and 3.65 V has a high active material mass loading (80 wt%). The 
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data was recorded using a BioLogic™ VMP3 battery cycler. The cycling parameters 

was controlled by the EC-lab® software. 

Ex-situ powder X-ray Diffraction and total X-ray scattering. The three 

batteries containing SOC-specific electrodes (Na0.4CrO2, Na0.25CrO2, and NaδCrO2 

(δ~0)) were disassembled inside an Ar-filled glovebox and the electrodes were left on 

the stainless-steel cylinder-part to dry for 2 hours after which they were ground to 

powders. The pristine sample and the three SOC-specific samples were loaded in 

Kapton® polyimide tubes and mounted at the P02.1 beamline at PETRA III, DESY, 

Hamburg.[30, 31] The samples were exposed to the X-ray beam (λ = 0.20712 Å) for 30 

or 60 seconds for the diffraction and total scattering data, respectively. The scattered 

data was recorded on a 2D Varex XRD 4343CT (150x150 µm2 pixel size, 2880x2880 

pixel area) detector with a CsI scintillator. The raw data was integrated using the 

DAWN DIAMOND software.[32, 33]  

Operando powder X-ray diffraction. At PETRA III, beamline P02.1. in 

Hamburg (DESY), a free-standing cathode pellet, prepared as stated in the 

Electrochemical cycling section, was mounted in an AMPIX battery test cell.[34] The 

cell assembling was done with the exact same procedure as stated in an earlier 

papers.[26, 28, 29, 35-37] The battery cell was mounted in homemade 8-cell holder and 

attached to a kinematic base from Thorlabs™. The battery was connected to a 

Biologic™ battery cycling and a constant current with a C/10 rate (assuming 1 Na per 

formula unit) was applied. The potential range was set to 2.5 V - 4.0 V. As the battery 

was cycling the cell was exposed to the X-ray beam (λ = 0.20712 Å) for 30 seconds. 

The scattered X-rays was recorded on a 2D Varex XRD 4343CT (150x150 µm2 pixel 

size, 2880x2880 pixel area) detector, with a CsI scintillator. The cell was exposed 

every ~6 minutes. The collected 2D images was processed in the DAWN DIAMOND 

software.[32, 33] No Rietveld refinement was done for this data herein, as we described 

the full details of the crystalline-to-crystalline transitions in NaCrO2 elsewhere.[25] 

Operando pair distribution function analysis. An identical setup, as for the 

operando powder X-ray diffraction, was used for the operando PDF experiment, 
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though with a different wavelength (λ = 0.20696 Å) and a shorter detector distance 

(~210 mm). The cell was exposed for 240 seconds every ~30 minutes.  

Rietveld refinement of powder X-ray diffraction data. Rietveld refinements 

have been done in the Topas 6 academic software.[38] To describe the background, an 

empty Kapton® capillary was measured and scaled to fit the background of the data. 

Before any refinements was done, the background scale factor was fixed. During the 

Rietveld refinements a 6th order Chebyshev polynomial was used to make up for any 

background effects not described from the Kapton® capillary, e.g. carbon and binder 

additives. To describe the observed diffraction peaks, a Thompson-Cox-Hasting 

pseudo-Voigt profile function was utilized. In general, the parameters that have been 

refined are the lattice parameters, scale factors, atomic positions, sodium occupancies, 

profile parameters, zero-offset, and thermal vibrational factors. The refined parameters 

can be found in Table S1-S4. If no error is stated, the parameters has not been refined 

but fixed from the obtained crystallographic information file (CIF). The starting model 

for pristine NaCrO2 was obtained from Scheld and Hoppe,[16] whereas the P’3 CIF was 

acquired from Bo et al.[20] The electrochemically desodiated NaδCrO2 (δ~0) sample 

has been refined with a P’3 and a O3-phase with Cr migrated into the interlayer space 

(denoted O3-CrMig) as explained below. Both were obtained from Bo et al.[20] For the 

P’3 phase, the lattice parameters, scale factor, sodium occupancy was refined. For the 

O3 Cr migration phase we refined the lattice parameters, and chromium occupancies 

for three different Cr-position (all summed to 1 in total, assuming no dissolution). Note 

that for this sample, we did not refine any thermal vibrational factors, nor any profile 

parameters. For the refinement of the SOC-specific samples a Pawley refinement of a 

graphite phase has been included. 

Pair distribution function analysis. The total scattering data was transformed 

to PDF data using the PDFgetX3 software.[32, 33, 39] From the ex situ data an empty 

Kapton tube was subtracted, the rpoly value was set to 0.9 Å and Qmax = 28.0 Å-1 as the 

upper limit for the data. The Qdamping was obtained from a standard to be 0.1. For the 

operando data, the total scattering data from a cell containing only a separator and 
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electrolyte was subtracted to correct for the contributions from these parts. The rpoly 

was set to 0.9 Å and the upper Q-range Qmax = 24.0 Å-1 was used. For the data analysis, 

the real-space refinement was performed in the Topas 6, academic software. 

Generally, the lattice parameters, scale factors, atomic positions, sodium occupancies, 

and thermal vibration factors were refined. The operando data was analyzed via a 

batch refinement, which provides an individual refinement for each scan with an 

individual input. The equivalent hexagonal lattice parameters are obtained as described 

by Mukai et al.[40] Before the refinement was initiated, six different regions are listed 

for which the defined phases can be found in Table 1. 

Non-negative matrix factorization (NMF) mapping. The reduced PDFs were 

inputted into the NMF-mapping tool available at pdfitc.org.[41-43] The range of 

investigation was entered to be 1-30 Å, and the data was checked with 2, 3, 4, 5, 6 and 

10 components. 

Table 1. Information about the phases used to fit the different scan# (sections) of the operando PDF 
date. Column 1 shown the section number, column 2 is the scans numbers included in the sections 
and the last column shows the structures/phases that is present in these sections of the data. 

SECTION SCAN# PHASES* 
1 1-3 O3 
2 7-9 O3+O’3 
3 10-11 O’3 
4 12-16 O’3+P’3 
5 17-21 P’3 
6 22-28 P’3+O3-

CrMig 

*O3 (space group: R-3m), O’3 (space group: C2/m), P’3 (space group: 
C2/m) O3 (space group: R-3m) with Cr migrated to the Na-layers. We 
employed the CIF from previous refinements of ex-situ data. In general, 
we refined the lattice parameters, scale factor, sodium occupancy and 
Cr-occupancies, and thermal vibration. The Cr occupancy was only 
refined for the O3-CrMig structure, from which it was constrained to sum 
to 1 Cr in total in the structure. 
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3. Results and discussion 
Electrochemical and structural characterization of NaxCrO2 at selected 

states-of-charge. Phase pure O3-NaCrO2 (space group R-3m, #166)[15, 44] has been 

obtained via solid state synthesis. The high phase purity of the pristine trigonal O3-

NaCrO2 is confirmed by PXRD and PDF via Rietveld refinement of the powder 

diffraction data and real-space Rietveld refinement of the PDF data in Figure 1B and 

C (top). The structural model obtained from the refinement is given in Table S1. 

 

Figure 1. A) Electrochemical data (recorded potential (V) as a function of time, C/50 current rate) 
for the samples prepared with specific states-of-charge: topmost Na0.4CrO2, middle Na0.25CrO2, and 
bottom NaδCrO2 (δ~0). B) Rietveld refinements of PXRD data for the pristine sample (topmost), 
Na0.4CrO2 (2nd from top), Na0.25CrO2 (2nd from the bottom) and NaδCrO2 (δ~0) (bottommost). The 
collected data is shown in red spheres, calculated data in black line and the residual in blue line. 
The Bragg positions is shown in black scatters for the O3 of the pristine sample and graphite. C) 
The refinements of the PDF data. The data is plotted in identical order as the PXRD data. The 
collected data is shown in blue spheres, the calculated in red line, and the residual in green line. 
NaCrO2, Na0.4CrO2, and Na0.25CrO2 has been refined from 1-40 Å. The fully charged sample is 
refined in two regions, 1-3.2 Å and 3.2-30 Å. 
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In order to investigate the structure of NaxCrO2 at the most relevant different 

state-of-charge, i.e. the relevant x, cyclic voltammetry with different potential cutoffs 

(Figure 2) was employed to provide insight into the potentials of the main redox 

processes and to assess their effect on the reversibility of the material. Previous 

investigations of O3-NaCrO2 have uncovered that charging to 3.5 V (corresponding to 

extracting ~0.5Na) results in the initial O3-phase transforming to a monoclinic P’3 

structure.[14, 18] This occurs via several crystalline-to-crystalline structural transitions: 

First a monoclinic distortion occurs with formation of O’3-NaxCrO2 via a 1st order two 

phase transition. Recently, we showed that the O’3-NaxCrO2 transforms into a second 

monoclinic phase denoted O’3-E-NaxCrO2 (“E” refers to the expanded interlayer 

distance) before the monoclinic P’3-NaxCrO2 forms.[25] Despite significant charge-

discharge asymmetry, the overall O3 ⇋ P’3 phase transitions are reversible, and it is 
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Figure 2. Cyclic voltammetry of O3-NaCrO2 vs. Na/Na+ using different upper potential limits. Two 
cycles are shown for each potential window with the first cycle in black and the second cycle in red. 
The data is plotted with the recorded current (mA) vs. the potential (V). The following potential 
windows are used: A) 2.5-3.5 V, B) 2.5-3.65 V, C) 2.5-3.75 V, and D) 2.5-4.0. In the latter, the well-
known crystalline-to-crystalline phase transformations (O3→O’3, O’3→O’3-E, and O’3-E→P’3) are 
noted. 
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well known that O3-NaCrO2 exhibits good capacity retention when >0.5Na-ions are 

extracted.[13, 14, 45-49] Rietveld refinement and PDF analysis of Na0.4CrO2 prepared by 

galvanostatic charging at C/50 for 30 hours (Figure 1, second row and Table S2) 

confirms the monoclinic P’3-NaxCrO2 structure at this point of charge.   

With charging beyond 3.5 V, CV reveals an oxidation peak at 3.67 V. If the 

charge does not go beyond this peak (Figure 2B), the subsequent cycle appears to 

follow a similar route as the first cycle. In contrast, if charge do go beyond 3.67 V 

(Figure 2C), the subsequent cycle is significantly different from the initial cycle, i.e. 

the peaks broaden suggesting increased solid solution behavior. However, the 

reactions still appear reversible. Rietveld refinement and PDF analysis of the sample 

corresponding to this state, i.e. Na0.25CrO2 prepared by galvanostatic charging at C/50 

for 37.5 hours (Figure 1, third row and Table S3) reveals that the monoclinic P’3-

NaxCrO2 structure remains at this point. The high degree of crystallinity is still retained 

at this point and the monoclinic P’3-NaxCrO2 provides good fits to the data.  

When fully charging to 4.0 V, the last Na-ions are extracted at an oxidation 

occurring at 3.85 V. As evident from cyclic voltammetry (Figure 2D), this process is 

responsible for the deep-charge irreversibility in NaxCrO2, i.e. no reduction peaks are 

observed upon discharge. The PXRD data (Figure 1, fourth row) for the fully charged 

sample, NaδCrO2 (δ~0), shows significant changes including loss of diffracted 

intensity (notice the intensity of the graphite peak at ~1.9 Å-1 present in all charged 

samples) and some broad reflections as compared to the samples at lower states-of-

charge, Na0.25CrO2 and Na0.40CrO2. Hence, the last redox process causes significant 

loss of crystallinity. To some extent Rietveld refinement of the PXRD is possible and 

confirms the presence of a monoclinic P’3-NaδCrO2 (δ~0) phase. Furthermore, some 

broad peaks are observed which cannot readily be assigned to a phase. Thus, PXRD 

analysis is far from ideal for this sample due to the disordered nature. Instead, we turn 

to total scattering and PDF analysis.  

To arrive at the best models to describe the PDF for the fully charged NaδCrO2 

(δ~0) sample, several relevant NaxCrO2 and CrO2 phases were tested (Figure 3). The 
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analysis uncover that a rock-salt structure is not formed at high charge. For the CrO2 

rock salt, the short-range Cr-O or Cr-Cr bonds are not able to fit the data 

simultaneously and if they are fitted individually to the PDF, the resulting unit cell 

length (a = 3.94 Å or a = 4.11 Å) does not match those reported for the CrO2 rock salt 

(4.08 Å). PXRD revealed presence of a P’3-NaxCrO2 phase, however employing this 

as the only phase in the PDF fit does not provide a satisfactory description of the data 

Figure 3. The PDF data for NaδCrO2 (δ~0) presented with the measured data in blue spheres 
(same in all plots), the calculated data for the different refined models in red line, and the 
difference in green line. The data is refined in two r-regions: 1-3.2 Å and 3.2-30 Å. These 
regions are separated by a dashed line to guide the eye.  The refined structural models are 
from the top: A CrO2 rock-salt with a=4.106(6) Å, a second CrO2 rock-salt with a=3.95(2) 
Å, P’3- NaδCrO2 (δ~0), O3-CrMig-NaδCrO2 (δ~0), O3-NaδCrO2 (δ~0) and P’3 and O3-CrMig 
combined. In all refinements a graphite phase has been added primarily to account for the C-
C distance at ~1.44 Å (marked by the dashed line. 
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(Rw = 0.54). This suggests in agreement with the PXRD data, that several phases are 

present in the sample. Thus, two O3-NaxCrO2 phases were tested: One with Cr only 

on the original positions and one with Cr on the tetrahedral and octahedral positions 

in the interlayer space between the CrO2-layers. The latter is referred to as O3-CrMig-

NaxCrO2. These phases provide relatively good fits to the short-range structure of the 

sample with the O3-CrMig-NaxCrO2 providing the best fit of the two. As the Na-content 

in the material is very low, Cr-migration is highly likely to occur. Note, that neither of 

the O3-phases explains the PDF at the higher r-range, which underlines the low degree 

of order in this phase. Finally, a fit of the PDF data was made employing both the 

O3-CrMig-NaxCrO2 and P’3-NaxCrO2 phase provides, which provides a good fit both 

at the low and long r-ranges. The fact that P’3-NaxCrO2 is needed to describe the long 

r-range underlines the higher crystallinity of this phase as also evident by the PXRD 

data. Also, the negative correlation at r ~ 13.85 Å is especially evident for P’3-phase 

which further proves the presence of this phase.  

Hence, at deep-charge the electrode consists of a highly disordered O3-CrMig-

NaxCrO2 and a P’3-NaxCrO2 phase with some degree of crystallinity. Judging mainly 

on the good fit obtained by Rietveld refinement of the P’3-phase and the difference in 

range of structural order, the two phases exist as two physically separated, i.e. not-

intergrown, structures. Since, the P’3-phase forms at lower states-of-charge, it is likely 

that O3-CrMig forms from the P’3-phase in a bi-phasic transition.   

Operando pair distribution function analysis. As the ex-situ refinements 

clearly shows a formation of an O3-CrMig upon high charge, we set out to confirm the 

expected charge behavior (O3→O’3→O’3-E→P’3→O3-CrMig). From an operando 

PXRD experiment, it is clear that the PXRD-data at high charge becomes impossible 

to analyze by Rietveld refinement, due to the loss of intensity in the diffraction patterns 

when reaching the composition ~Na0.2CrO2 (Figure S1). Therefore, an operando PDF 

experiment (Figure 4) was carried out at to investigate local change during dynamic 

conditions.[26, 37]  
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To gain an initial idea about how to analyze the data, i.e. which structures must 

be included in the fit of each scan,  non-negative matrix factorization (NMF) mapping 

is employed using PDF in the cloud (Figure 4A-C).[41]  This mathematical approach 

provides information about the number of components needed to describe the data.[42, 

43] First, we performed the NMF mapping with different number of components to 

assess how many components are needed to provide a reasonable description of the 

Figure 4. Left A-C) the NMF-mapping data and right D-G) the operando PDF data and real-
space refinements, where the cell is charged with a C-rate C/15. A) Calculated PDFs of the 
five components from the NMF analysis used to describe the operando PDF data. B) 
reconstructive NMF error of the components. C) Fraction evolution of the different NMF 
components, which are named based on previous investigation and this work. D) Contour 
plot of the operando PDF data collected during charge of O3-NaCrO2. This is directly 
correlated to the electrochemical data of the cell. E) The lattice parameters of the refined 
phase converted to equivalent hexagonal lattice, as described by Mukai et al.[40] F) The 
extracted wt% and G) the refined sodium occupancies.  



14 
 

dataset. NMF-mapping with 1-10 components shows that the reconstructive error 

decreases significantly with use of up to five components (Figure 4B and S2). 

Following the changes in the phase fractions from the NMF mapping provides 

surprisingly good match to the previous results of operando PXRD[25] as well as the 

ex situ analysis performed herein, i.e. it confirms the expected O3→O’3→O’3-

E→P’3→O3-CrMig phase evolution during Na-ion extraction (Figure 4C). The fact that 

even the O’3-E-phase is observed points towards the validity of the NMF-mapping. 

Based on the NMF-mapping the operando PDF dataset are divided into regions   for 

each phase to be present. These defined regions can be found in the Experimental 

section. The regions were used as input into a batch refinement of the operando PDF 

data, from which all scans can be refined simultaneously with different inputs for each 

scan. The cell parameters, phase fractions and Na-occupancies obtained from the PDF 

refinement is shown in Figure 4E-G.  

Comparing the phase evolution obtained from the PDF refinement to the contour 

plot of the operando PDF data reveals that the local structures of the O3, O’3 and O’3-

E are very similar as no major changes are observed in the PDF during the first 3 hours 

of the experiment. In fact, these phases are so similar that it has not been possible to 

extinguish the O’3 and the O’3-E from each other in the PDF data. Between 3 and 6 

hours into the experiment significant changes occur in the PDFs from 3 Å and up as 

the P’3-NaxCrO2 phase forms signifying the difference in local structure between the 

O3-like phases and P’3. Continued Na-extraction causes a continuous decrease of the 

Na-occupancy in the P’3 phase, which increases the repulsion between the CrO2-layers 

causing the continuous expansion of the c-axis. During charge at the 3.8 V plateau, the 

O3-CrMig starts to form at the expense of the content of the P’3-phase. This evident e.g. 

at ~3.7 Å where a correlation from O3-CrMig appears and at ~8.2 Å, where a P’3 

correlation disappears as well as from the phase fractions of the two phases (Figure 

5A, top). This confirms that the P’3  O3-CrMig transition occurs via a biphasic 

reaction. As the phase O3-CrMig is formed at low Na-occupancies, a larger repulsion 

and thus larger distance between the CrO2-layers are expected, however, as evidenced 
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from the refinement the interlayer distance, i.e. the c-axis, is even lower than in the 

initial O3-NaCrO2. This is a clear sign of Cr migrating into the interlayer space 

minimizing the repulsion. The relatively constant lattice parameters for the O3-CrMig-

NaxCrO2 suggest that this phase forms with a very low Na-content, which remains 

constant, i.e. O3-CrMig-NaxCrO2 does not behave as a solid solution.  

The Cr-migration has previously been discussed by others[19-21] and is likely to 

be caused by the formed Cr(IV) disproportionating into Cr(VI) and Cr(III) ions. The 

small Cr(VI) ion can migrate via a 1D path in the c-direction (Figure 5B, Cr2 position) 

into the tetrahedral site in the interlayer space as this oxidation state favors tetrahedral 

coordination.[50] As Cr(VI) is highly reactive, it will likely comproportionate with two 

neighboring Cr(III) to reform Cr(IV) as also suggested by others.[19, 20] Cr(IV) favors 

octahedral coordination and will migrate into the octahedral site in the interlayer space, 

Figure 5. A) The extracted scale factors during the P3- to O3-CrMig-phase transition and the 
refined occupancies of the migrated Cr at the tetrahedra- and octahedra-sites in the O3-CrMig-
phase. This is plotted as the O3-CrMig emerges at Scan# 22 to the end of charge at Scan# 28. 
B) Illustration of the  O3-CrMig structure with oxygen in red spheres, Cr1 in blue, Cr2 in 
orange, and Cr3 in green. The zoom illustrates the migration mechanism. The curved arrows 
illustrated the time limiting migration step, followed by an immediate migration, shown with 
a straight arrow. 
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i.e. the original Na-site (Figure 5B, Cr3-position). Through-out the refinement of the 

operando PDF data, low occupancies are observed for the tetrahedral site (Figure 5A, 

bottom). Hence, if the migration path goes through the tetrahedral site, this is very 

short-lived, i.e. the migration of Cr into the tetrahedral position is likely the time 

limiting step followed by a fast migration to the octahedral site. Our refinement 

suggests that ~40% of the octahedral sites in the interlayer space is occupied by Cr. 

This amount appears to be relatively constant for the phase, i.e. this suggests that the 

migration is fast and does not depend on the state of charge in the electrode. Hence, 

the level of migration appears to reach an equilibrium level as the O3-CrMig-NaxCrO2 

forms.  

The mechanism has previously been proposed by Kubota et al.[19] and Bo et 

al.[20], as we have illustrated in Figure 5B, although we here confirm from PDF 

refinements that Cr in fact exists in the vacant Na-octahedra in the O3-CrMig-phase, 

which causes the material to disorder and become unfunctional as a positive electrode 

material for Na-ion batteries. 

4. Summary 
In this work, we obtain a detailed description of the disordered deep-charge state 

of O3-NaCrO2, which consists of a highly disordered O3-Crmig-NaxCrO2 phase with 

~40% of the Cr migrated into the octahedral sites on the interlayer space, i.e. the 

original Na-site. This explains the irreversibility caused by the deep charge as the 

migrated Cr blocks the reinsertion of Na-ions. Furthermore, the deeply charged 

electrode contains a P’3-NaxCrO2 phase with some degree of crystallinity. The 

operando PDF analysis shows that the P’3 is remaining from the incomplete order-

disorder transition between the crystalline P’3 forming at lower states of charge into 

the fully charged O3-Crmig-NaxCrO2 end-member. Our PDF analysis showed that the 

bulk material does not contain CrO2 rock salt phases. The operando PDF analysis 

further shows that very little Cr is observed on the tetrahedral sites in the interlayer 

space. Hence, if Cr-migrates through the tetrahedral site, which is highly likely based 

on the position of this site in the structure, the subsequent migration to the octahedral 
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site is faster and Cr does not remain in the tetrahedral position. Combining the insights 

gained from operando PDF analysis and cyclic voltammetry reveals that disordering, 

i.e. formation of the irreversible O3-Crmig-NaxCrO2 phase, occurs at higher states-of-

charge than expected, i.e. reversibility is preserved up to the last redox event at 3.8 V 

corresponding to extraction of ~70% of the Na-ions. Hence, with the novel routes for 

stabilizing the cyclic capacity of NaCrO2 presented by Lou et al.[23], there may be 

options to utilize a higher fraction of the capacity in NaCrO2.  
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Table S1. Structural information from the ex-situ refinement PXRD data of the pristine 
sample (NaCrO2). The refined parameters are marked in bold. 

Material NaCrO2 
Technique Powder X-ray Diffraction 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 
Cell-lengths a=2.97337(8) Å, c=15.9761(7) Å 

Volume 122.321(8) Å3 

RBragg 2.28 
Rwp 7.29 

Atom 
 

x y z Occupancy Beq 

Na1 0 0 0 1 0.525(68) 
Cr1 0 0 ½ 1 0.087(41) 
O1 0 0 0.2322(2) 1 0.002(74) 
  

Technique Pair Distribution Function 
Beamline P02.1, PETRA III, DESY, Hamburg, Germany 

Wavelength λ=0.20712 Å 
Cell-lengths a=2.92156(6) Å, c=15.9618(5) Å 

Volume 122.28(3) Å3 

Refinement 
range 

1.5-60 Å 

Qmax 28 Å-1 
Qdamp (Topas) 0.10409 

Rwp 15.58 
Atom 

 
x y z Occupancy beqlo beqhi radius 

Na1 0 0 0 1 0.52(2) 1.04(1)  
8.08(26) Cr1 0 0 ½ 1 0.043(6) 0.206(4) 

O1 0 0 0.2322(1) 1 0.25(1) 0.611(9) 
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Table S2. Structural information from the ex-situ refinement of the SOC sample (Na0.4CrO2). 
Here is shown the information from the PXRD data (top) and the PDF data (bottom). The 
refined parameters are marked in bold. 

Material Na0.4CrO2 
Technique Powder X-ray Diffraction 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 
Cell-lengths a=5.0180(8) Å, b=2.8896(4) Å, c=5.8577(1) Å, β=105.58(1) ° 

Volume 81.81(2) Å3 

RBragg 2.11 
Rwp 6.84 

Atom 
 

x y z Occupancy Beq 

Na1 0.208(6) 0 0.509(3) 0.27(1) 2.25(81) 
Cr1 0 0 ½ 1 0.17(14) 
O1 0.394(2) 0 0.182(1) 1 0.27(21) 
  

Technique Pair Distribution Function 
Beamline P02.1, PETRA III, DESY, Hamburg, Germany 

Wavelength λ=0.20712 Å 
Cell-lengths a=5.0135(7) Å, b=2.8900(4) Å, c=5.857(1) Å, β=105.44(1) ° 

Volume 81.81(2) Å3 
Refinement 

range 
1.5-40 Å 

Qmax 28 Å 
Qdamp (Topas) 0.10409 

Rwp 24.8 
Atom 

 
x y z Occupancy beqlo beqhi radius 

Na1 0.219(6) 0 0.511(1) 0.27(1) 0 2.83(25)  
10.1(6) Cr1 0 0 ½ 1 0.020(1) 0.387(19) 

O1 0.3921(7) 0 0.1817(3) 1 0.037(2) 1.41(7) 
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Table S3. Structural information from the ex-situ refinement of the  SOC sample 
(Na0.25CrO2). The top is shown the information from the PXRD refinement, and beneath the 
information from the PDF refinement. The refined parameters are marked in bold. 

Material Na0.25CrO2 
Technique Powder X-ray Diffraction 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 
Cell-lengths a=5.0073(8) Å, b=2.8865(4) Å, c=5.8797(6) Å, β=105.61(1) ° 

Volume 81.85(2) Å3 

RBragg 2.81 
Rwp 8.11 

Atom 
 

x y z Occupancy Beq 

Na1 0.194(7) 0 0.505(4) 0.26(1) 1.94(81) 
Cr1 0 0 ½ 1 0.06(15) 
O1 0.389(3) 0 0.180(1) 1 1 
  

Technique Pair Distribution Function 
Beamline P02.1, PETRA III, DESY, Hamburg, Germany 

Wavelength λ=0.20712 Å 
Cell-lengths a=5.0005(8) Å, b=2.8853(4) Å, c=5.8550(1) Å, β=105.36(1) ° 

Volume 81.75 Å3 
Refinement 

range 
1.5-40 Å 

Qmax 28 Å-1 

Qdamp (Topas) 0.10409 
Rwp 25.4 

Atom 
 

x y z Occupancy beqlo beqhi radius 

Na1 0.219(6) 0 0.5114(1) 0.35(1) 0 2.28(20)  
10.8(7) Cr1 0 0 ½ 1 0.031(12) 0.43(2) 

O1 0.3925(7) 0 0.1803(3) 1 0.044(17) 1.50(8) 
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Table S4. Structural information from the Rietveld refinement of the electrochemical fully 
desodiated sample. The refined parameters are marked in bold. 

Material NaδCrO2, δ~0  
Technique Powder X-ray Diffraction 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 

Rwp 9.19 
Phase P’3, (space group: C2/m) 

Cell-lengths a=5.0322(3) Å, b=2.8916(1) Å, c=5.8401(20) Å, β=105.71(3) ° 
Volume 81.81(6) Å3 

RBragg 6.86 
Atom 

 
x y z Occupancy Beq 

Na1 0.228170 0 0.519340 0.26(3) 0.5 
Cr1 0 0 ½ 1 0.5 
O1 0.391880 0 0.24433 1 1 

Phase O3CrMig, (space group: R-3m) 
Cell-lengths a=5.8871(5) Å, c=14.218(7) Å  

Volume 102.64(7) Å3 
RBragg 1.51 
Atom x y z Occupancy Beq 
Cr1 0 0 0 0.184(9) 1.32 
Cr2 0 0 ½ 1-Cr1-Cr3= 

0.38 
1.32 

Cr3 0 0 0.589(2) 0.216(18) 1.32 
O1 0 0 0.255(2) 1 0.33 
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Table S5. Structural information from the ex-situ PDF refinement of the  fully charged SOC 
sample in the region 1-3.2 Å. The refined parameters are marked in bold. 

Material NaδCrO2, δ~0  
Technique Pair Distribution Function 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 
Refinement 

range 
1-3.2 

Qmax 28 Å-1 
Qdamp (Topas) 0.10409 

Rwp 37.7 
Phase1 P’3 

Cell-lengths a=4.98(68) Å, b=2.85(26) Å, c=5.59(43) Å, β=106.7(39)° 
Volume 76(14) Å3 
Atom 

 
x y z Occupancy Delta1 Beq 

Na1 0.22817 0 0.51934 0.5(8)  
1.2 (9) 

- 
Cr1 0 0 0 1 - 
O1 0.394 0 0.183 1 0.5(89) 

       
Phase2 O3-CrMig 

Cell-lengths a=2.929(23) Å, c=13.84(151) Å  
Volume 102(11) Å3 
Atom 

 
x y z Occupancy Delta1 Beq 

Cr1 0 0 ½ NR*  
1.550(1) 

4.0(4) 
Cr2 0 0 0.652(2) NR* 0.044(97) 
Cr3 0 0 0 NR* 4.0(9) 
O1 0 0 0.240(5) 1 1.42(17) 

 

*Not refined  
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Table S6. Structural information from the ex-situ refinement of the  fully charged SOC 
sample in the region 3.2-30 Å. The refined parameters are marked in bold. 

Material NaδCrO2, δ~0  
Technique Pair Distribution Function 

Beamline P02.1, PETRA III, DESY, Hamburg, Germany 
Wavelength λ=0.20712 Å 
Refinement 

range 
3.2-30 

Qmax 28 Å-1 
Qdamp (Topas) 0.10409 

Rwp 37.7 
Phase1 P’3 

Cell-lengths a=5.0082(12) Å, b=2.8917(6) Å, c=5.8313(15) Å, β=105.28(2)° 
Volume 81.75(4) Å3 
Atom 

 
x y z Occupancy Delta1 Beq 

Na1 0.22817 0 0.51934 Fixed 0.05  
1.28(87) 

- 
Cr1 0 0 0 1 0.28(25) 
O1 0.3917(14) 0 0.1714(10) 1 1.12(8) 

       
Phase2 O3-CrMig 

Cell-lengths a=2.9087(8) Å, c=13.9967(74) Å  
Volume 101.76(8) Å3 
Atom 

 
x y z Occupancy Delta1 Beq 

Cr1 0 0 ½ 0.604  
1.550(1) 

4.0(4) 
Cr2 0 0 0.622(1) 0.0936(33) 0.044(97) 
Cr3 0 0 0 0.209(15) 4.0(9) 
O1 0 0 0.249(1) 1 1.42(17) 
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Figure S1. Topmost is shown the contour plot of the operando PXRD data, shown as a bird’s eye 
view with the intensities shown with the least intensity going from blue-white-yellow-red. The data is 
plotted in Q=2.1-3.2 Å-1. The data is directly correlated to the electrochemical data which is shown 
as the recorded potential (V) with respect to time (h). 
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Figure S2. The data is shown in parallel such that the 3 horizontal plots are from the same NMF-
mapping. On the lefthand side is shown the reconstruction error and the number of components. In 
the middle is the change in fraction of the components vs the Scan# and on the righthand side is 
shown the different PDFs corresponding to each component. From top going downwards is shown 
the data analyzed with 2, 3, 4, 6, and 10 components. 
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Abstract 
Layered Na3Fe3(PO4)4 has so far received little attention, despite being a 

promising material for positive electrode material in both Li- and Na-ion batteries, as 

it able to reversibly intercalate both ions. In this work, we use ex-situ and operando 

synchrotron radiation powder X-ray diffraction to study the structural evolution during 

Li- and Na-ion intercalation into the Na3Fe3(PO4)4 framework. From sequential 

Rietveld refinement, we show that Na is intercalated into the cavities between the two 

Fe-site in the FeO6-PO4 layers corroborated by Mössbauer spectroscopy, which shows 

that both iron sites are reduced in the structure. Furthermore, we compare the structures 

of Na3+xFe3(PO4)4 (x ~ 1.4) immediately at the end-of-discharge and after it has been 

allowed to relax. This comparison reveals that during relaxation Na-ions migrate to 

the Na-layers and the cavities in the FeO6-PO4 layers become less occupied resulting 

in a contraction of the structure. 

1. Introduction 
Polyanionic iron-based materials are today one of the most inexpensive and 

attractive material-types for future battery application in all kinds of electronics, due 

to the very inexpensive price of iron and high global abundance.[1, 2] Especially the 

iron phosphates have been given a lot of attention since the discovery of LiFePO4.[3] 

Other phosphate frameworks with the active redox couple Fe3+/Fe2+ has been studied 

over the years, such as Li3Fe2(PO4)4, LiFeP2O7, Fe3(P2O7), etc. However, these 

materials provide a lower operating potential than LiFePO4.[4-6] The attraction for 

phosphate based materials originate from the robust structure that this framework can 

provide, combined with the option to increase the inductive effect via introducing 

electrophile elements/groups to the frameworks, such as O2-, F-, OH-, etc. [7, 8]  

However, the very robust phosphates framework that can host ions suffers from 

poor ion conductivity upon fast cycling.[3, 8, 9] Much more attractive for high power 

batteries are the layered oxides as reversible layer expansion/contraction is possible 

combined with diffusion in two dimensions providing better performance for high 

power applications.[10, 11] 
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The primary developments of iron-based materials have been for Li-ion battery 

cathodes, although the global concern of Li-deposit depletion in near future, has 

moved research towards materials for Na-ion batteries. Herein, a very interesting 

material, Na3Fe3(PO4)4 (NFP), which has proven to exhibit properties as a host for Li- 

and Na-ion intercalation.[12, 13] The material crystallizes in the same monoclinic 

structure as the Na3Cr3(PO4)4 first investigated by D’Yvoire et al.[14] NFP was later 

synthesized by Lajmi et al.[15] and studied for its magnetic properties. The material is 

composed of layers of corner-sharing FeO6-octahedra linked by edge-sharing 

phosphates (PO43-). Na-ions are residing between these layers, and thereby composing 

the structure. This creates the ideal framework for intercalation, as robustness is 

obtained from the polyanionic framework, combined with possible interlayer 

contraction/expansion, as seen for the well-known and extensively studied layered 

oxides.[16-19] 

In this work, we have synthesized a layered Na3Fe3(PO4)4 via hydrothermal 

reaction followed by sintering in oxygen atmosphere. The material can be obtained in 

several ways with high purity.[12, 13, 20-22] The material has been proposed to undergo 

significant structural change during Na insertion where the material disorders beyond 

intercalation of one Na per formula unit, whereas Li intercalation seem to leave the 

structure relatively unchanged.[12, 13]As this material seem to accommodate Li- and 

Na-ions equally good, understanding the structural difference is key for the ideal 

framework, as indeed  Na- and Li-ion intercalation do not happen in a similar manner, 

as seen for other materials.[23, 24] Therefore, to understand the structural changes during 

insertion of both Li- and Na-ions we have investigated the material with ex situ and 

operando powder X-ray diffraction (PXRD) experiments. The material is synthesized 

in its charged state, ideally with fully occupied Na-sites. Via void-space analysis in 

combination with the migration energy barrier profile provided by Shinde et al.[22] we 

propose 3 new interstitial Na-sites of which Na/Li might be positioned after 

intercalation. We here report an interesting aspect of phase contraction after relaxation 

upon end of discharge, which possibly could explain why the amount of Li and Na 
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might vary from one published work to the next, as this material exhibits quite poor 

kinetics.[22] 

2. Experimental 
2.1 Preparation of layered Na3Fe3(PO4)4. Stoichiometric amount of Na3PO4 

(0.83 g, purity 96 %, Sigma-Aldrich/Merck) and FePO4·4H2O (3.34 g, Sigma) was 

mixed in 25 mL demineralized water and stirred for 10 minutes. The solution was 

sealed in a Teflon™ cup with a volume of 70 mL. The Telfon™ cup was enclosed in 

an autoclave made of stainless-steel parts. The autoclave was placed in a cold oven 

and heated to 200 °C for 24 hours. The autoclave was naturally cooled in the oven. 

The product was washed, filtered, and dried. The dried material was pressed into a 

pellet and sintered at 750 ℃ for 48 hours with a constant flow of oxygen. 

2.2 Void-space analysis. A void-space analysis was done with inspiration from 

other investigations of the migration energy barrier profile.[22] To perform the void-

space analysis the software CrystalExplorer[25] was utilized, with the isovalue = 0.004. 

The Na initial in the structure was not removed before the void-space analysis was 

performed. The structure drawing shown in the paper is made in the three-dimensional 

software VESTA, available for depicting structural models.[26] 

2.3 Electrochemical Characterization. The pristine material was mixed with 

conductive carbon (Graphite C-Nergy SFG6L, 99.5%, Imerys Graphite and Carbon. 

Acetylene Black VXC72, Cabot Corporation in 1:1 wt%) and Polyvinylidene fluoride 

(PVDF) Kynar® binder (HSC900, MTI Corporation) in ratio 6:2:2. The powders was 

dispersed in 1-2 mL acetone and mixed well on a vortex-mixer for 1 minute. The 

suspension was spread on a glass plate and collected after evaporation of the acetone. 

In a Specac® mini-pellet press, free-standing pellets were pressed with a mass of 8-12 

mg each.[27, 28] The prepared pellets were mounted in a Swagelok®-type cell made of 

Teflon™ on stainless-steel cylinders. For the galvanostatic charge-discharge samples, 

a Na-disc served as the anode. An ion permeable microporous glass fiber was wetted 

in solution of 1 M of sodium perchlorate in propylene carbonate, serving as the 
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electrolyte. The cell was cycled between 1.5-3.0 V with a C/10 cycling rate. (The 

discharged cell versus Na (Nax-NFP) was built in an identical way but discharged to 

1.5 V with C/25 rate). The discharged lithium cell was assembled identical to the 

sodium cells, except that a lithium-disc served as the anode, and the electrolyte utilized 

was the lithium salt lithium hexafluorophosphate (LiPF6) dissolved in dimethyl 

carbonate and ethylene carbonate, 50/50 (v/v) (Solvionics 99.9 %). For all 

measurement, the cycling rates are based on the assumption that one Na can be 

intercalated per formula unit. 

2.4 Ex situ powder X-ray diffraction. The pristine material was mounted in a 

Kapton® polyimide capillary at PETRA III on beamline P02.1 at DESY in 

Hamburg.[29] The sample was exposed to the beam (λ=0.20734 Å) for 30 seconds. The 

data was recorded on a 2D Varex XRD 4343CT (150x150 µm2 pixel size, 2880x2880 

pixel area) detector with a CsI scintillator. Furthermore, two sample in the discharged 

state, intercalating Na- or Li-ions, named Nax-NFP and Lix-NFP, respectively, were 

in an argon filled glovebox extracted from the battery cell and sealed in Kapton® 

polyimide tape as the free-standing pellets. The two pellets were mounted on the 

DanMAX beamline at MAX-IV in Lund, Sweden, and exposed to the beam (λ=0.3541 

Å) for 10 seconds. Here the data was recorded on a 2D area detector DECTRIS 

PILATUS3 X 2M CdTe. All the data was integrated using the software DIAMOND 

DAWN[30], developed by Basham et al.[31] For the Rietveld refinements the academic 

version of Topas 6 was used.[32] The background was described by scaling a 

measurement of empty Kapton® tape, collected for each beamtime. Furthermore, a 

Chebyshev polynomial of 6th order was applied to the refinement to describe any 

additional background effects. The observed diffraction peaks were described with a 

Thompson-Cox-Hasting pseudo-Voigt profile function. The instrumental profile 

parameters have been obtained from refining a measurement of CeO2 and fixing these 

during the refinement of the powder patterns. The structural information for the 

layered sodium iron(III) phosphate (Na3Fe3(PO4)4) was obtained from Lajmi et al.[15] 

Furthermore, small amounts of iron(III) oxide (hematite, Fe2O3) with rhombohedral 
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trigonal symmetry (space group R-3c), described by Blake et al.[33] was used to fully 

describe the data. In general, the refined parameters were lattice parameters, scale 

factor, sodium/lithium occupancies, zero-offset, overall thermal vibrational factor, and 

the particle size. For the two discharged samples, a 2nd order spherical harmonics was 

added to the main phase (NFP). 

2.6 Operando PXRD. The material was investigated during operation both as a 

Na- and Li-ion battery cathode material at PETRA III beamline P02.1, DESY in 

Hamburg. The pellets were prepared as described in the section Electrochemical 

characterization. The cells were assembled in an argon filled glovebox in AMPIX 

battery test cells.[34] To separate the anode metal discs of either 11 mm Na-disc or 

Li-disc from the cathode-pellet, a Whatman GF/B microporous glass fiber permeable 

to ions was utilized. For the Li-cell a 1 M LiPF6 dissolved in dimethylene carbonate 

and ethylene carbonate (DMC:EC), 50/50 (v/v), Solvionics 99.9 %, served as the 

electrolyte. Whereas, for the sodium-ion battery, an electrolyte composed of a 1 M 

sodium bis(trifluoromethanolsulfonyl)-imide (NaTFSI) salt-solution, using propylene 

carbonate (PC) as solvent. The two cells were mounted on a homemade 8-cell sample 

holder, which can be attached to a kinematic base from Thorlabs™. The two cells were 

cycled between 3.0-1.5 V and 4.5-2.0 V for the Na- and Li-cell, respectively. The cells 

were connected to BioLogic™ battery cycler, and a constant current with a C/10 rate, 

assuming one Na/Li per formula unit can be inserted into the structure. The cells were 

exposed to the beam (λ=0.20734 Å) for 30 seconds per scan collected every ~6.67 

minutes. The data was recorded on a 2D area detector Varex XRD 4343CT (150x150 

µm2 pixel size, 2880x2880 pixel area), with a CsI scintillator. The integration was done 

as described for the ex-situ data but with masking of single diffraction peaks 

originating from the metallic anode materials. The data was sequential Rietveld 

refined, using the model described by Lajmi et al.[15] The background was described 

by modelling 2 artificial broad peaks at position 2θ=3.37° and 5.72° (Q= 1.78 Å-1 and 

3.02 Å-1, respectively) together with an 9th order Chebyshev polynomial. Furthermore, 

a Pawley fit for graphite phase (mainly attributed from the glassy carbon windows) 
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and the sodium metal for the sodium-cell was used. For both samples the lattice 

parameters, scale factors, sodium/lithium occupancies, an overall thermal vibration 

factor, particle size, and a 2nd order spherical harmonics was refined.  

2.8 Mössbauer spectroscopy. Mössbauer measurements were carried out at 

room temperature on a spectrometer with a constant acceleration type of vibrator and 

a 57CoRh source. Three samples were investigated Na3Fe3(PO4)4-pristine (NFP), 

Na3+xFe3(PO4)4 (Nax-NFP), and LixNa3Fe3(PO4)4 (Lix-NFP). All samples could be 

indexed using the monoclinic C2/c space group. Samples were enclosed in sealed 

Kapton pockets. The so formed absorbers had a sample concentration of ~6 mg/cm2. 

Calibration spectra were recorded at 295 K using natural Fe metal foil as a reference 

absorber. The spectra were folded and fitted using the least square Mössbauer fitting 

program Recoil to obtain the values of the center shift (CS), the magnitude of the 

electric quadrupole splitting IQSI, the full width at half maximum W of the Lorentzian 

absorption lines and the spectral area A. 

3. Results and discussion 
3.1 Structural characterization. Layered Na3Fe3(PO4)4 (NFP) has been 

obtained via hydrothermal treatment of sodium phosphate and iron(III) phosphate 

followed by sintering in an oxygen atmosphere. In the powder pattern of the product, 

we observe small amounts of hematite (Fe2O3) and an unknown phase in the final 

product marked with #, Figure 1A. Refined structural information can be found in 

Table S1. The unknown material can be a variety of phases. It has been suggested by 

others, that just a slight deviation in the stoichiometry of the precursors can yield 

unwanted phases.[12, 13] Synthesizing  Na3Fe3(PO4)4 has proven to be extremely 

arduous despite that several synthesis routes are suggested elsewhere.[12, 13, 22] 

Synthesizing the material via  hydrothermal reaction has proven to be is highly 

dependent on the precursor concentration and solvent volume utilized, Figure S1, 

Table S2.  
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The material crystalizes in a layered monoclinic cell with FeO6-PO4-layers, linked via 

Na-ion layers. The material is produced in its charged state, assuming that all sodium 

positions are occupied in the structure. Therefore, if the material is to host additional 

ions, additional sites must be included in the structure. From void-space analysis in 

CrystalExplorer[25] we have determined three new sodium positions, Figure 2A. Here, 

we were able to determine some areas of the unit cell with lower electron density, 

illustrated as semitransparent grey clouds. This fits very well with the interstitial Na-

sites in the Na-diffusion pathway plot by Shinde et al.[22] For all samples we have 

implemented the new sites in the structural model, Figure 2B. The site-coordinates can 

be found in Table S1-3 with Na3/Li3 Wyckoff position 4e and Na4-Na5/Li4-Li5 with 

Wyckoff position 8f, like those of Na1 and Na2, respectively. However, we emphasize 

that the new positions for Na/Li are estimations since the atomic coordinates have not 

Figure 1. A) Rietveld refinement of the pristine Na3Fe3(PO4)4. B) Rietveld refinement of the 
discharged sample Lix-NFP. C) Rietveld refinement of the discharged sample Nax-NFP. The collected 
data for these refinements are depicted in red circles, the calculated patterns in black line, and the 
residual in blue. Furthermore, are the Bragg peak position of Na3Fe3(PO4)4, hematite (Fe2O3), and 
graphite shown in green, red, and black ticks, respectively. D) Three replicas of NFP cycled vs Na-
metal with the discharge capacity (mAh/g) vs the cycle number. E) Discharge profile of Lix-NFP. F) 
discharge profile of Nax-NFP. 
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been refined. For each mobile ion (Na or Li) only the occupancies have been refined.  

NFP has been known to reversible host lithium or sodium ion, where during 

sodium intercalation the material has been shown to follow a reversible order-disorder-

order reaction.[12, 13] To investigate the structure as the material has hosted the 

maximum capacity of ions, two discharged samples were prepared. From the Rietveld 

refinement, Figure 1B and 1C, the structure is found to have very little difference, 

compared to the pristine material, Figure 1A. This is quite surprising, as intercalation 

processes almost exclusively are associated with phase transition or expansion to 

mitigate the additional ions.[8, 35, 36] For the refinements of the discharged samples the 

unit cell seem to have contracted, Table S3 and S4, which might be explained by 

relaxation of the crystal lattice after intercalation. Here the electrostatic effect might 

play a significant role, as it is often seen for the traditionally layered oxides, that the 

oxygen lattice will create an increasing repulsion of  the ion-poor interlayer-slabs.[37] 

Figure 2. A) Structure drawing of Na3Fe3(PO4)4. In the top is depicted viewing along the c-axis, middle 
along the b-axis, and bottommost the a-axis. The sodium atoms are displayed in green spheres, 
oxygen in red spheres, iron in brown octahedra, and phosphates in blue tetrahedra. The grey clouds 
are illustrating the areas of which the electron density is lower compared to the rest of the structure. 
B) Structure drawing of Na3Fe3(PO4)4 with added Na atoms depicted in black spheres. 
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The change observed from the Rietveld refinements is though limited, and the powder 

pattern is similar to that of the pristine NFP, Figure 1A-C, indicating that the structures 

are similar in size. 

3.2 Electrochemical characterization and 57Fe Mössbauer spectroscopy. 

Trad et al.[12, 13] has previously studied NFP both as a Li and Na-ion battery material, 

showing that just under two ions can be intercalated into Na3Fe3(PO4)4. Ideally 

reduction of each Fe3+ should be possible to Fe2+, which potentially would provide a 

theoretical capacity of ~120 mAh/g, equivalent to intercalation of three alkali ions 

(A+). From the discharged ex-situ samples, we find that a low applied current-rate 

(C/25 per single ion intercalated, i.e. 1.7 mA/g) can provide the reported number of 

intercalated ions, Figure 1E and 1F.[12, 13] As the material is cycled versus Na, the 

discharge capacity drops more than 10% after just 5 cycles, Figure 1D. This might be 

explained by that the charge seems to continue for longer than the previous discharge 

i.e. this entail that more Na is extracted than previously inserted, Figure S2. 

Alternatively, electrolyte side reaction can also take place, as ClO4- in propylene 

carbonate is far more likely to form CO2, HClO4 and acetone radicals compared to 

other electrolytes.[38] From the charge-discharge a very little voltage gab (VG) for the 

sodium cell is observed (<50 mV for some regions Figure S2) suggesting a very 

reversible reaction. The very low VG is also reported by Trad and co-workers, who 

additionally shows that the intercalation of Li-ion creates a much bigger VG, imposing 

a better reversibility of the Na-cell.[13] It has previously been speculated that the origin 

of the greater polarization observed for cycling against Li is due to that only one iron 

site, Fe(2), is taking part in the Fe3+→Fe2+ reduction during intercalation of Li, whereas 

both iron sites are reduced upon Na intercalation.  

To verify which iron-site that takes place in the redox reaction process, we 

performed 57Fe Mössbauer spectroscopy of the pristine and discharged samples, Figure 

3. Here the pristine sample yields a spectrum with two distinct doublets with slightly 

asymmetric lines which could not be completely resolved by positioning the sample 

in the magic angle, as this should avoid texture.[39] The two doublets are assigned to 
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Fe3+ on the two different crystallographic 4d and 8f sites, Fe(1) and Fe(2), respectively, 

Figure 3A. We analyzed the spectral area ratio to yield 0.63(4). An additional spectrum 

recorded at 82 K confirms that this ratio indeed is a result of the occupancies of the 

two sites and not due to different recoil f-factors in good agreement with previous 

work.[12, 13] The hyperfine parameters can be found in Table S5.  

The discharged samples reveal the same two doublets as from the oxidized 

Fe3+(1)- and Fe3+(2)-sites. For the Nax-NFP sample, Figure 3B, reduction of both iron 

sites was observed though the Fe(2)-site is the primary iron site that is being reduced, 

as this provides the greatest spectral area, Table S5. The discharged Lix-NFP shows a 

similar spectrum, Figure 3C. Though the reduction of the iron is quite poor form the 

spectrum, which has left the analysis to be quite challenging. We observe, that from a 

sample prepared with identical to the spectrum shown here, but with a slower discharge 

rate, that in fact both iron sites are reduced, although the data is not shown here, the 

Figure 3. A) Mössbauer spectrum of NFP, B) Mössbauer spectrum of Nax-NFP, and C) Mössbauer 
spectrum of Lix-NFP. The data is shown as black scatter points, the base line in green, Fe3+ doublets 
in red and blue, Fe2+ doublets in pink and purple, and hematite (Fe2O3) in light blue/green. 
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spectral areas can be found in Table S5, sample name Lix-NFP-2. This discovery is in 

good agreement with findings by Trad et al.[12, 13] as the they suspect the Li to 

intercalate in the cavity between the two iron sites, followed by a shrinkage of this 

cavity. 

3.3 Operando powder X-ray diffraction. To elaborate on the structural 

evolution during ion intercalation in NFP, we investigated both intercalation processes 

(Li and Na) with operando powder X-ray diffraction. The material has been proposed 

to structurally disorder upon intercalation of Na-ions when reaching ~2.36 V, while 

previous investigations of the insertion of Li-ions barely show any structural changes. 

The origin of the difference between Li and Na insertion has been speculated to derive 

from the Na-ions located in the synthesized material do not take place in the 

mobilization of the Li-ions during operation, whereas is it does as Na is 

intercalated.[12, 13] 

Previously it has been demonstrated that Na intercalation into the structure causes 

a cell expansion of ~50 Å3. From our  investigation we find that the material is evolving 

like a solid solution during intercalation of either ion, Figure 4A and 4E, as suggested 

elsewhere.[12, 13] For the sequential refinements only one phase has been employed to 

describe the data collected for both cycling processes. This proves to describe the data 

very well, with very good agreement factors of the whole range, Figure S3. Looking 

at the contour plot of the sodium cell, Figure 4A, upon reaching deep discharge 

(Figure 4B) some reflections start to become more diffuse. Whereas, for the Li-cell, 

Figure 4E, the reflections seem to remain intact throughout the whole electrochemical 

process. From inspection of the first powder pattern collected in the operando PXRD 

experiment (before discharging) and after the first discharge, Figure S4, it is not 

possible to determine if the intercalation indeed induces any disorder or the changes 

are simply the reflections slightly changing the structure and thereby simply peaks 

moving. 

From the sequential Rietveld refinement, the lattice parameters are shown in 

Figure 4C and 4H. Similar trend is observed for both cells, as an expansion is seen 
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along the a-axis (inter layer-expansion), where an extremely small change is observed 

in the b- and c-axis. All occupancies for Na of the respective cells have been refined, 

we have shown the constantly changing occupancies of the Na-cell in Figure 4D. Very 

surprisingly we find that only Na4-Na5 occupancies are constantly changing during 

discharge, indicating that Na is intercalated into the cavities in the FeO6-PO4 layers 

(FP-layers), depicted by the Na4 and Na5 sites in Figure 2B. This also shows that the 

Na-layers pre-present in the structure remains unchanged during the initial 

intercalation of Na, Figure S5. As reaching beyond one Na intercalated into the 

structure a change in the added Na3-position suggesting that the intercalated Na-into 

the cavities in the FP-layers moves towards the Na-layers. This is followed by the Na1 

occupancy becoming fully occupied rather quickly. The Na3 occupancy, drops back 

to zero after a few scans, suggesting that the diffusion of sodium to elsewhere occurs 

rather quick. However, we find that the Na-occupancy stagnate around this state of 

discharge. Here we observe that a poorer description of the data from the sequential 

refinement, possibly explaining that the occupancies remain constant until the end of 

the experiment. Simply explained by the fact that the data quality no longer is 

sufficient to refine Na-occupancies. 

For both cells investigated by operando PXRD we discover a unit cell expansion, 

most evident of the Na-cell compared to Li-cell, Figure S6. The expansion of both 

cells is consistent with what is previous uncovered for the material. However, this 

comes as a surprise, as from the discharged samples Nax- and Lix-NFP the Rietveld 

refinement of the ex-situ PXRD data reveal contraction of the unit cell is found after 

the cell is discharged and the structures have had time to relax. In the operando 

Na-cell, as the cell is discharged, we find that the cavities inside the FP-layers are 

slowly being occupied by Na. Opposed to the Rietveld refinements of the discharged 

sample where Na- is mostly located on the Na3-site, Table S4. This discovery could 

be explained as the initial intercalation occurs in the cavities of the FP-layers, reducing 

both the iron-sites equally. As the material is continued to discharge the FP-layers start 

to repel the Na-layers, causing the expansion. As reaching beyond one Na-intercalated 



14 
 

the cavities are becoming too occupied and the Na+-Na+ repulsion increases, causing 

the Na to intercalate into the Na-layers, explaining the small contraction observed 

towards the end of discharge.  

Being very aware that refining Li-occupancies are nearly impossible we have 

attempted this for the operando PXRD of the Li-cell, Figure 4H. From this refinement, 

we observe a similar trend of intercalation of Li compared to Na, as we observed 

Li4/Li5-site’s occupancy to continuously grow until reaching end of discharge. During 

charge, the Li4/Li5-occupancies are going back down, suggesting a reversible 

reaction. The similar trend of volume expansion during cycling is found, as well as the 

unit cell contraction for the ex-situ Rietveld refinement of Lix-NFP. From operando 

Figure 4. A) Contour plot of the operando PXRD data from intercalation of Na into NFP. The color 
bar on the right shows the corresponding intensity in  increasing order from blue through white to red. 
B) Electrochemical data complimentary to the to the operando PXRD data. C) Rietveld refined lattice 
parameters evolution during intercalation of Na. D) sodium occupancy during discharge. Only sodium 
positions Na4 and Na5 are shown, as these were the only Na-occupancies changing during the 
sequential refinement. E-H) same types of plots as A-D but for Li intercalation into the same NFP 
framework. Here the H) are shown as Li-occupancies, though we emphasize that these might not be 
real values. The grey bars shown on both data sets illustrate loss of beam. 
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PXRD of the Li-cell the later polarization might also be explained by the fact that the 

Na-occupancies as remaining constant throughout the refinement, adding to the 

hypothesis that the Na-ion synthesized in the structure does not participate in the 

mobilization of Li-ions during intercalation. We emphasize that no conclusion is made, 

based on the refined Li-occupancies, we simply observe that the behavior found from 

the Na-cell, seem to be similar to the intercalation of Li. However, to confirm this 

behavior it would be ideal to investigate the intercalation process of Li into NFP by 

neutron diffraction.  

4. Summary 
Synthesizing layered Na3Fe3(PO4)4 has proven to be a complicated task, despite 

the many possible routes suggested for obtaining the material. In this work we have 

obtained the material with a high purity from a hydrothermal reaction at 200 ℃ 

followed by a solid state reaction at 750 ℃ in oxygen atmosphere. From void space 

analysis the three intercalation sites in the structure of Na3Fe3(PO4)4 were resolved. 

Operando PXRD reveals that the Na-ions initially are intercalated into the cavities 

between the two iron sites, which is also corroborated by Mössbauer spectroscopy. As 

the material is relaxed after discharge, the structure is found to contract due to the Na-

ions migrating into the Na-layers. 
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Table S1. Refined parameters for the pristine NFP sample plotted in Figure 1A. The refined 
parameters are marked in bold. 

Structural information for PXRD ex-situ refinement 
Technique Powder X-ray Diffraction 

Synchrotron facility PETRA-III, P02.1, DESY 
Wavelength 0.20734 Å 

Agreement factor Rwp=7.99 
Na3Fe3(PO4)4 

Symmetry Monoclinic 
Space group C2/c 

Lattice Parameters a=19.6393(10) Å 
b=6.3938(3) Å 
c=10.5997(5) Å 
β=91.785(4)° 

Volume 1330.35(12) Å3 

Domain size 36.5(7) nm 
Thermal vibrational factors Boverall=0.895(75) 

RBragg 3.08 
Weight percent 97.37% 

Refined sodium occupancies 
Atom x y z occupancy Wyckoff 

position 
Na1 0 0.3705 ¼  0.79(22) 4e 
Na2 0.08 0.1417 0.975 0.89(1) 8f 
Na3 ½ 0.3583 ¼ 0.042(23) 4e 
Na4 0.2 ¾ ½ 0.00(1) 8f 
Na5 0.3 ¾  ½ 0.00(1) 8f 

Fe2O3 (Hematite) 
Symmetry Trigonal 

Space group R-3c 
Lattice Parameters a=5.0365(11) Å 

c=13.769(6) Å 
Volume 302.3(2) Å3 

Domain size 31(6) nm 
Thermal vibrational factors Boverall=1.6(6) 

RBragg 1.98 
Weight percent 2.6% 
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Table S2. Table of the hydrothermal reaction parameters for the three samples shown in Figure S1. 

Synthesis 
number 

Solvent 
Volume 

(mL) 

Na3PO4 
(g) 

Na3PO4 
(concentration) 

FePO4·4H2O 
(g) 

FePO4·4H2O 
(concentration) 

HT-1 25 0.826 0.20 M 3.34 0.60 M 
HT-2 25 0.548 0.13 M 2.24 0.40 M 
HT-3 40 0.976 0.15 M 4.03 0.45 M 

  

Figure S1. Powder patterns collected on a Rigaku Miniflex 600 diffractometer of the samples synthesized via 
three different hydrothermal reactions. Topmost is shown the diffractograms in full format, whereas in the 
bottommost zoom the y-axis is scaled to emphasize the less intense diffraction peaks. 
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Table S3. Refined parameters for the sample discharged vs. Li plotted in Figure 1B. The refined 
parameters are marked in bold. 

Structural information for PXRD ex-situ refinement 
Deep discharge vs lithium 
Technique Powder X-ray Diffraction 

Synchrotron facility MAX-IV, DanMAX 
Wavelength 0.3541 Å 

Agreement factor Rwp=7.03 
Na3Fe3(PO4)4 

Symmetry Monoclinic 
Space group C2/c 

Lattice Parameters a=19.5962(35) Å 
b=6.3871(6) Å 
c=10.5807(9) Å 
β=91.77(1)° 

Volume 1323.67(30) Å3 

Domain size 62(7) nm 
Thermal vibrational factors Boverall=2.14(75) 

RBragg 4.51 
Weight percent 96.69% 

Refined sodium occupancies 
Atom x y z occupancy Wyckoff 

position 
Na1 0 0.3705 ¼  0.70(5) 4e 
Na2 0.08 0.1417 0.975 0.66(3) 8f 
Li3 ½ 0.3583 ¼ 1.00(22) 4e 
Li4 0.2 ¾ ½ 0.37(5) 8f 
Li5 0.3 ¾  ½ 0.37(5) 8f 

Fe2O3 (Hematite) 
Symmetry Trigonal 

Space group R-3c 
Lattice Parameters a=5.0277(29) Å 

c=13.764(14) Å 
Volume 301.30(47) Å3 

Domain size 29(15) nm 
Thermal vibrational factors Boverall=3.0(1.4),  maximum limit reached 

RBragg 3.43 
Weight percent 3.31% 
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Table S4. Refined parameters for the sample discharged vs. Na plotted in Figure 1C. The refined 
parameters are marked in bold. 

Structural information for PXRD ex-situ refinement 
Deep discharge vs sodium 
Technique Powder X-ray Diffraction 

Synchrotron facility MAX-IV, DanMAX 
Wavelength 0.3541 Å 

Agreement factor Rwp=6.08 
Na3Fe3(PO4)4 

Symmetry Monoclinic 
Space group C2/c 

Lattice Parameters a=19.5822(20) Å 
b=6.3841(6) Å 
c=10.5731(5) Å 
β=91.741(7)° 

Volume 1321.18(18) Å3 

Domain size 90(13) nm 
Thermal vibrational factors Boverall=1.49(13) 

RBragg 3.54 
Weight percent 97.39% 

Refined sodium occupancies 
Atom x y z occupancy Multiplicty 
Na1 0 0.3705 ¼  0.76(4) 4e 
Na2 0.08 0.1417 0.975 0.82(2) 8f 
Na3 ½ 0.3583 ¼ 0.19(4) 4e 
Na4 0.2 ¾ ½ 0.042(8) 8f 
Na5 0.3 ¾  ½ 0.042(8) 8f 

Fe2O3 (Hematite) 
Symmetry Trigonal 

Space group R-3c 
Lattice Parameters a=5.023(2) Å 

c=13.726(9) Å 
Volume 299.96(30) Å3 

Domain size 46(25) nm 
Thermal vibrational factors Boverall=2.4(11) 

RBragg 2.69 
Weight percent 2.61% 
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Figure S2. First cycle of NFP vs Na/Na+. 
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Figure S3. Agreement factors from the sequential refinements of NFP vs Na/Na+ (black) and NFP vs 
Li/Li+ (red). RBragg shown in open circles and Rwp shown in solid circles. 
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Figure S4. Selected examples of refinements (Scan 1 and full discharge scan) from the sequential 
refinements of NFP vs Na/Na+ on the left side, and NFP vs Li/Li+ on the right. The collected data is 
shown in red circles, the calculated in black line, and the residual in blue line. The Na3Fe3(PO4)4 
phase is depicted in black scatter, whereas the sodium metal and graphite peaks are shown in blue 
and red scatter, respectively. 
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Figure S5. Plot of the occupancies refined  for Lix-NFP (topmost) and Nax-NFP (bottommost). The 
Na1 are shown in black spheres, Na2 in red spheres, Li3 in light blue spheres, Li4/Li5 in green 
spheres, Na3 in blue, and Na4/Na5 in orange spheres 
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Figure S6.  A) Showing the GC profile for NFP vs Na/Na+ with respect to the amount of Na inserted. 
B) The cell volume evolution of Nax-NFP in red sphere and Lix-NFP in black spheres are shown. C) 
showing the GC profile for NFP vs Li/Li+ with respect to the amount of Li inserted. The x in 
AxNa3Fe3(PO4)4 assumes no energy loss as all the energy conversion results in reduction or 
oxidation and (de)intercalation. 
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Abstract 
Rutile β-MnO2 has shown promising aspect as positive electrode material due to the 

possibility for multiple reduction of the Mn(IV) to Mn(II). However, the structural 

characterization of the significant disorder upon the initial discharge and the bulk 

structure as the material reaches full discharge has been relatively poorly described. In 

this work, we show via operando powder X-ray diffraction that the rutile β-MnO2 

completely disorders upon intercalation of 0.5 Li and the rutile framework is never 

recovered upon charge. We furthermore show that upon deep discharge (intercalation 

of two Li) the MnO6-octahedra rearranges into a spinel-like structure only 

interconnected by edge-sharing. 

1. Introduction 
Manganese oxides has been studied as electrode materials since the intercalation 

of Li-ions into crystalline frameworks was established.[1, 2] The great attraction for 

manganese-based electrode materials is the low-cost, low environmental impact, and 

multiple active redox states of manganese. However, the challenge is to overcome the 

severe capacity decay upon cycling, especially for the extensively studied spinel 

LiMn2O4.[3-6] Besides the spinel structure, the manganese oxides has a rich 

polymorphism with several structures comprising one dimensional ion diffusion 

pathways, all with individual mineral names, tunnel sizes, and Greek letter names.[7] 

All of the polymorphs can be obtained by simple hydrothermal reaction by varying 

precursor concentration, pH, temperature, and inactive alkali or alkaline earth cations, 

such as potassium, sodium and barium.[8-11] 

One of the MnO2 polymorphs that is naturally abundant is pyrolusite (β-MnO2) 

with 1x1 tunnel network that can accommodate ions (The 1x1 tunnel-network refers 

to the vacant space’s size between the MnO6-octahedra. Hence 1x1 has the dimension 

of 1x1 length of an MnO6-octahedra).[12] The material is isostructural to the TiO2 rutile 

structure which previously has been studied for Li-ion insertion (we therefore also 

refer to the pyrolusite β-MnO2 as rutile β-MnO2 in this paper).[13, 14] β-MnO2 was first 
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investigated for Li-ion insertion via n-butyl lithium by Murphy et al.[15] and some years 

later by David et al.[16],  speculating that lithiation of the tetragonal pyrolusite/rutile β-

MnO2 lattice transforms into the spinel LiMn2O4, as collected powder patterns of 

deeply lithiated Li1+xMn2O4 (x>1) looks similar to lithiated β-MnO2.[1] Despite the 

early uncovering of the rutile β-MnO2 as a Li-ion acceptor, the better performing 

intergrowth-polymorph (γ-MnO2) has been subject for more extensive research as 

positive electrode material for Li-ion batteries, as this material possesses meta-stable 

2x1 channels that are also found in ramsdellite (R-MnO2).[6, 17] Some studies has even 

showed that the rutile 1x1 channels in hollandite (α-MnO2), intergrowth (γ-MnO2), 

and the phase pure pyrolusite (β-MnO2) are unfunctional as Li-ion positive electrode 

material.[18, 19] Furthermore, it has been shown via density function theory calculations 

that the pyrolusite is the most insulating manganese oxide polymorph.[20]  

However, a bunch of research groups have shown that the materials hold 

promising properties as electrode material, as the surface might exhibit good metallic 

conductivity.[21-23] Additionally, morphology tuning[9, 24-26], carbon-coverage,[27]  

meso-porosity, [28, 29] and nanosizing[24, 30] can possibly reintroduce rutile β-MnO2 as 

positive electrode materials. In addition, Su et al.[31, 32] have shown that when the 

β-MnO2 crystallites are grown along the (11-2)-direction as nanorods, exposing short 

diffusion channel, the material can even host sodium ions reversibly.  

Very surprisingly with the extensive research that has been done for rutile 

β-MnO2 and the uncovering of the material disorder during the first discharge, the 

structural characterization of the bulk structure is very limited. Especially beyond 

intercalation of one Li, as the material is rarely discharged deeper.[11, 28, 30] He et al. 

has gone far to characterize the structure upon intercalation of one Li, showing that the 

rutile structure transforms into an orthorhombic lithiated LiMnO2. However, like many 

others work, characterization of the highly lithiated β-MnO2 was not investigated.[33] 

In this work, we have synthesized phase-pure β-MnO2 via a one-pot 

hydrothermal treatment of a Mn(III)-precursor in an acidic environment. We have 

studied the synthesis at two different temperatures that both have yielded β-MnO2, 
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with very different crystallinity. Indicating that the product is highly depending on the 

reaction temperature. It crystallizes as nanorods with widths less than 250 nm in the 

tetragonal lattice (P42/mnm, #136). During the initial discharge, we find that this 

differs completely form the following discharges as seen by Hashem et al.[34] 

voltammograms attributed to structural evolution without characterization of this. We 

have studied the deeply discharged material with pair distribution function analysis 

where we uncover the local bulk structure and furthermore showed that the rutile 

β-MnO2 framework is never recovered upon charging. 

2. Experimental 
2.1 Preparation of 𝛃𝛃-MnO2. 1.00 g of Mn3(CH3COO)3 were suspended in 

48.5 mL of deionized water in a Teflon™ cup. After 5 minutes of stirring, 1.5 mL of 

37% HCl was added, and the mixture was stirred for additionally 5 minutes. The 

mixture was sealed in the Teflon™ cup and enclosed in a stainless-steel autoclave and 

placed in an oven and heated to 140 ℃ or 150 ℃, produding 2 samples. Samples are 

therefore name MnO2-140 (heated to 140 ℃ for 24 hours) and MnO2-150 (heated to 

150 ℃ for 24 hours). The material was cooled in the oven and washed 3 times with 

100 mL of deionized water and dried at 70 ℃ for >24 hours. 

2.2 Electrochemical characterization. For battery testing, free-standing 

cathode pellets were prepared by mixing conductive carbon (Graphite C-Nergy 

SFG6L, 99.5%, Imerys Graphite and Carbon. Acetylene Black VXC72, Cabot 

Corporation in 1:1 wt%), PVDF binder (Kynar®, HSC900, MTI Corporation) and 

active material (β-MnO2) in ratio 3:1:6. The powders were suspended in 1 mL acetone 

and shaken on a Vortex for 1 minute and spread onto a glass plate for drying.[35, 36] 

6-10 mg of the material was placed in a Specac® mini-pellet press (7 mm) and pressed 

at 30 kN for 1 minute. The free-standing pellets were dried for >4 hours and imported 

to an argon filled glovebox. The Swagelok® cell were prepared as described 

previously by us[36], utilizing 1 M LiPF6 in EC/DMC (Solvionic, 99.9 %) as electrolyte 

and Li-metal disc as anode. The galvanostatic charge-discharge data was obtained by 



5 
 

cycling between 1.0-4.5 V starting by discharging. The cyclic voltammetry was cycled 

in the potential range 1.0-4.0 V with a sweep rate of 0.05 mV/s. Additionally, five 

pellet were cycled to different state of charge (SOC), 1.5 V, 1.0 V, 0.5 V, full lithiation 

(LixMnO2, x=2), and 1 cycle (pristine
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯⎯⎯�1.0 V 

𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑑𝑑𝑎𝑎𝑎𝑎
�⎯⎯⎯⎯⎯� 4.0 V), named SOC-1, 

SOC-2, SOC-3, SOC-4, and SOC-5, respectively. The pellets were cycled in 

Swagelok®-type cells, identical to the other batteries. 

2.3 Ex-situ powder X-ray diffraction. The synthesized samples were sealed in 

Kapton® polyimide capillaries and mounted at beamline P02.1 at PETRA-III, DESY, 

Hamburg. The samples were exposed to the X-ray beam for 30 seconds, λ=0.20734 Å, 

and recorded on a 2D Varex XRD 4343CT (150×150 µm2 pixel size, 2880×2880 pixel 

area) detector, with a CsI scintillator. The data was reduced, using the DAWN 

DIAMOND software developed by Basham et al.[37, 38] The Rietveld refinements was 

done in the academic Topas 6 software version.[39]  

To describe the background, an empty capillary was measured and scaled to the 

data. Also, a 6th order Chebyshev polynomial was refined to describe any additional 

background effects. The instrumental profile parameters have been obtained by 

collecting a diffraction pattern of  a CeO2 674b-NIST standard and refined this. The 

profile parameters obtained from this refinement was then fixed for the refinements of 

the synthesized samples. For the synthesized samples the lattice parameters, scale 

factors, atomic positions, overall thermal vibration factors, crystallite sizes, and a 4th 

order spherical harmonic was refined. For the refinements, the Rutile/Pyrolusite 

β-MnO2 input file was obtained from W. H. Baur.[40] 

Additionally, the five SOC-(1-5) samples were ground and sealed in 0.5 mm 

quartz capillaries and mounted at MAX-IV on the DanMAX beamline (λ=0.3541 Å) 

and exposed to the beam for 10 seconds. The data was processed identical to the other 

ex-situ samples. For these samples, no Rietveld refinements was made. 

2.4 Ex-situ pair distribution function analysis. The detector was moved closer 

to the samples and the SOC-(1-5) were again exposed to the beam at MAX-IV in Lund 

at the DanMAX to obtain the total scattering data. The data was processed in DAWN 
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DIAMOND software[37, 38] and reduced in PDFgetX3.[41] Here an empty quartz 

capillary was measured and was scaled to fit the data. The Qmax was set to 18.5 Å-1 and 

the Qmin= 0.8 Å-1. Furthermore, the rpoly value was set to 0.9 Å. The obtained PDF of 

the SOC-4 was refined in the academic Topas 6 software from r=1-10 Å with 

Qdamp(Topas 6)= 0.0625. The phase used to described the data, was obtained from 

Nakayama and Nogami[42] also described by Rodrigéz-Carvajal et al.[43] The structure 

was attained from searching the https:\\pdfitc.org structure-mining database.[44, 45] 

Also, a graphite phase was used in the fit (ICSD#31170), as graphite is added in the 

cathode pellet preparation. For the samples we refined the scale factor, lattice 

parameters, overall vibrational factor of Mn an O, and the delta1-parameter. 

2.5 Scanning electron microscopy. The two as-synthesized samples were 

investigated in a FEI Quanta 200 scanning electron microscope (SEM). The SEM was 

equipped with a tungsten filament electron gun. The electron beam energy was set to 

20 keV for both images recorded, where a secondary electron detector with full 

positive bias was used. 

2.6 Operando powder X-ray diffraction. The cathode pellet and battery stack 

were prepared identical to the batteries assembled in Electrochemical 

characterization. The battery stack was enclosed in the AMPIX battery test cell, 

which consist of two stainless-steel electrode parts, equipped with glassy carbon 

SIGRADUR® 7x0.5 mm windows permeable to X-rays.[46] The batteries were 

mounted at beamline PETRA-III, beamline P02.1, DESY, Hamburg,[47, 48] in a 

homemade 8-cell holder. The 8-cell holder was attached to a kinematic lab from 

Thorlabs™ and the cells were exposed to the beam (λ=0.20734 Å) every ~6 minutes 

for 30 seconds. The batteries were attached to a BioLogic™ battery cycler and 

charge-discharged with a C/10 rate, assuming one Li can be intercalated per formular 

unit. The potential range was set to 1.0-4.0 V. The diffraction data was recorded using 

a 2D Varex XRD 4343CT (150×150 µm2 pixel size, 2880×2880 pixel area) detector, 

with a CsI scintillator. The collected data was processed using the DAWN 

DIAMND[37, 38] software and Rietveld refined in the academic version of Topas 6.[39]  
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2.7 Sequential refinement of operando powder X-ray diffraction. The 

sequential refinement has been done utilizing the structural information obtained from 

the crystal structure published by W. H. Baur.[40] To describe the background, we 

added three artificial peaks at position 3.27°, 5.73°, and 9.83° 2θ (Q=1.73, 3.92, 

5.19 Å). These artificial peaks were refined for Scan# 1, the diffraction pattern 

collected before the discharge of the cell was initiated and fixed for the sequential 

refinement. To describe other background contributions, a 6th order Chebyshev 

polynomial was refined. The refinement was carried out from Scan# 1-43 where the 

lattice parameters, scale factor, overall thermal vibrational factor, crystallite size, and 

a 4th order spherical harmonic was refined. It has not been possible to refine Scan# 

44-135. 

2.8. Structure drawings. Structure drawings was done in Diamond Crystal and 

Molecular Structure Visualization.[49, 50] 

3. Results and discussion 
3.1 Material characterization. Hydrothermal treatment of manganese(III) 

acetate in an acid solution at 140 ℃ and 150 ℃ for 24 hours yields phase pure 

rutile/pyrolusite β-MnO2 as shown from Rietveld refinement of the collected X-ray 

powder patterns, Figure 1A and 1B, respectively. The material crystallizes in the 

tetragonal lattice with space group P42/mnm, with significant difference in 

crystallinity, as we find the scale factor to be an order of magnitude greater for 

MnO2-150, Table S1 and S2. As β-MnO2 is a naturally occurring mineral, the material 

can be bought commercially[16], although many researchers have shown that this 

material is fairly easy to obtain via heating of manganese precursors to ~400 ℃[28, 51, 52] 

or through a hydrothermal reaction.[27, 53, 54]  

In this work we have investigated how the material’s charge-discharge profile 

looks during the initial cycles. To do this we have used cyclic voltammetry, for which 

previous work has shown cycling β-MnO2 exhibits a single reaction (one anodic and 

one cathodic peak) in a limited voltage range 2.0-4.5 V.[11, 30] However, from our CVs 
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we uncover that an irreversible reaction is taking place during the first discharge, as 

we find the cathodic peak located at a lower potential compared to the following 

cycles, Figure 1C and 1D. After the first discharge, it is possible to extract some 

lithium from the structure, which subsequently is reversibly cycled in the following 

cycle. This is in good agreement with what is observed from the galvanostatic charge-

discharge curve, Figure 1E and 1H. The initial irreversible reaction is also observed 

by other research groups, who find a similar behavior of the first discharge, followed 

by reversible cycling.[34, 55] From the  galvanostatic cycling  data, we find a stable  

Figure 1. A) Rietveld refinement of MnO2-140. B) Rietveld refinement of MnO2-150. Observed data is 
shown as red circles, the calculated data as black line and the residual in blue. In black ticks are the 
peak positions shown. C-D) Cyclic voltammogram of MnO2-140 and MnO2-150, respectively. Cycle 1 
is depicted in black, cycle 2 in red, and cycle 3 in blue. E-F) and G-H) The potential of the working 
electrode vs Li/Li+ plotted versus x in LixMnO2 and the capacity vs the galvanostatic cycle number for 
MnO2-140 and MnO2-150, respectively.  
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reversible capacity of MnO2-140 samples, whereas the MnO2-150 sample provides a 

higher capacity but with significant poorer capacity retention., Figure 1F and 1G. 

However, the capacities for manganese oxides are known to be highly dependent on 

the potential cutoff and the applied current densities, as accessibility of the low 

oxidation states of manganese also have shown to be suitable as an anode 

material.[56, 57] 

The tunnel-polymorphism of the manganese oxides is quite extensive, though 

mutual for the tunnel structures are that diffusion occurs in one-dimension. β-MnO2 

consist of 1x1 channels related to the size of the channels are the width of 1x1 MnO6-

octahedra. This complicates diffusion, as extended channels might experience very 

poor in diffusion.[18] However, this issue has clearly been suppressed in the work by 

Su et al.[31, 32] who demonstrated that  material tuning and thereby growth along the 

(11-2)-direction provides short diffusion tunnels, even capable of accommodating 

Na-ions. This proves that the morphology of rutile β-MnO2 has a significant role when 

hosting ions. From scanning electron microscopy, we were able to confirm that our 

crystallite takes a similar morphology, as needle-like crystallites were obtained as 

shown in Figure 2.  

MnO2-140 MnO2-150

A) B)

Figure 2. A) SEM image of MnO2-140. B) SEM image of MnO2-150. Tin the bottom right corner is 
shown the size bar of 1 µm. 
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Despite that the needle-like morphology might provide short diffusion paths, the 

material still follows the initial irreversible reaction, Figure 1C and 1D. Additionally, 

the magnitude of the hysteresis in the following cycles, seem to be quite significant 

when inspecting the most crystalline sample (MnO2-150). 

3.2 Characterization with Operando powder X-ray diffraction. To understand 

the irreversible reaction during the first discharge, we investigated both samples with 

operando PXRD to follow the structural behavior of the material during cycling. It has 

been suggested that the material upon insertion of the first Li start to disorder into an 

orthorhombic spinel-like phase.[33, 52, 58] The disordering mechanism was already 

suggested back in 1984 to occur via cation displacements from the hexagonal close-

packed (hcp) oxygen array into a cubic close-packed (ccp) oxygen array.[16] However, 

detailed analysis of powder patterns in various publication have not yielded a more 

precise description of the bulk structure, due to the high disorder, although the ccp 

oxygen array indeed might be formed.[11, 28, 30, 55, 59] 

From our operando PXRD experiments, Figure 3, we uncover that both materials 

disorder as Li is inserted during the initial discharge, where the rutile structure is lost 

after insertion of ~0.5 Li into MnO2, Figure 3A and 3B. This is seen as all reflection 

present in the beginning of the discharge vanishes. For the material synthesized at 140 

℃ (MnO2-140) the rutile structure seems to be completely lost, whereas for the MnO2-

150 some quite diffuse reflections remain all the way throughout the operando PXRD 

experiment. The rutile reflections are located at the same position throughout the 

whole discharge. This might be interpreted as if the rutile framework immediately 

undergoes an irreversible phase transition to a quite disordered phase upon Li-ion 

intercalation. Since the accommodation of ions are almost exclusively associated with 

a phase transition of volume expansion during discharge.[60, 61] 

Correlating the electrochemical data to the scattering data, Figure 3C and 3D, it 

is observed that around x=0.2 in LixMnO2 some diffuse reflections emerge, Figure 3A 

and 3B. These seem to move to higher Q upon charge and lower upon discharge, 
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indicating a reversible volume expansion/contraction is taking place, as the rutile 

lattice is destroyed.  

Figure 3. A-B) Contour plot of the MnO2-140 and MnO2-150 material, respectively.  The 
scattering data is plotted in Q-space from 1.9-2.7 and 3.7-4.9 Å-1 against the series of 
collected powder patterns, denoted as Scan# 1-135. C-D) Galvanostatic discharge-charge 
data of the two samples. E-F) the refined lattice parameters from Scan# 1-43 and G-H) the 
extracted domain size refined in the same region as the lattice parameters. 
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We refined the lattice parameters of the tetragonal cell, showing an extremely 

small change of the cell, Figure 3E and 3F, as suggested by the qualitative inspection 

of the reflections position throughout the initial discharge. Furthermore, we find that 

the crystalline domain size decreases drastically during Li-insertion as a consequence 

of the disordering, Figure 3G and 3H. This confirms that the long-range order rutile 

structure is lost upon the initial intercalation of Li.  

3.3 Spinel-like structure-formation at deep discharge. The loss of the rutile 

framework upon intercalation of Li might be explained by the Jahn-Teller distorted 

Mn3+O6-octahedra constantly increasing, as this has been speculated to disrupt the 

rutile framework. [16] Upon  discharge beyond 0.5 Li (toward 1.0 Li) the induced Li+ 

to Mn3+ repulsion, might occur similar to the isostructural TiO2-rutile framework 

which has been suggested to undergo a topotactic transformation from a rutile 

comprising hcp oxygen sublattice into a ccp arrangements of the oxygens of which the 

layered α-NaFeO2 structure is formed.[14] If the rutile framework was not to undergo a 

phase transformation the fully lithiated material would take the NiAs structure with 

Mn occupying half the octahedral-sites and Li the rest. However, this structure has to 

our knowledge not been reported for a first row transmission metal-oxide and only and 

a stoichiometric metal-oxide with hcp anions framework has only been observed for 

very few metal-oxides[62]. The NiAs structure is highly unlikely to be favored, due to 

the repulsion of Li+ to Mn3+ and Jahn-Teller distortion. Evidently the rutile β-MnO2 

does not stabilize in NiAs-structure nor the α-NaFeO2 structure. If this was the case, 

this would suggest a rock-salt-like structure and impose that lithiation intercalation 

beyond one Li is impossible.[14] The deeper lithiated β-MnO2 has been subject for 

speculation of transforming into the cubic or tetragonal spinel-like structure.[1, 16, 55] 

However, the exact identification of the structural rearrangement, and characterization 

of the bulk structure is missing from the literature. 

To identify the structural rearrangement that happens upon Li-ion intercalation, 

we discharged five samples to different states of charge and measured the powder 

pattern of these. However, the reflections present in the powder patterns are very broad 
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and the most intense reflection originate from graphite, an additive in the electrode 

composite, Figure S1. As traditional PXRD is not possible to analyze with Rietveld 

refinement due to the disorder of the structure, we studied the five discharged samples 

with pair distribution function analysis by collecting the X-ray total scattering data. 

The PDFs of the deepest discharged sample SOC-4 (x=2 in LixMnO2) was uploaded 

to structure-mining software available at https:\\pdfitc.org.[44, 45], which provided two 

suitable structures, both spinel-type structures from Nakayama et al.[42] and Jain et 

al.[63] The interatomic distances of the rutile and spinel-like structures were plotted 

Figure 4.  Scattering and electrochemical data shown for the discharged sample for intercalation of 
two Li-ions into MnO2. Red circles illustrate the point where data has been collected for the samples. 
The initial material has been Rietveld refined with the rutile structure, accompanied with the structure 
of the rutile framework viewed along the c-axis. The red circle shown at the end of charge has been 
analyzed with PXRD and PDF showing accompanied with  a spinel type (space group: Fddd) 
structure which describes the very local environment. 
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from 1-6 Å to qualitatively inspect the PDFs of the five SOC-samples vs. the pristine 

structure and the structure that might be developed upon lithiation, Figure S2.  

The best scoring structure obtained from the structure-mining was used for a 

Rietveld refinement showed in Figure 4.[42] The refinement provide a low residual 

(Rwp=6.05 % and RBragg=1 %), however we obtain domain sizes of ~5 nm, which 

suggest that the order only exists for two unit cells, as the size of the orthorhombic 

spinel-like structure is 24.4 Å × 25.2 Å × 8.1 Å. Additionally, when the domain size 

is within a few nanometers, the background contribution becomes much more 

significant, hence complementary information is needed to confirm the refinement. 

Therefore, the PDF of SOC-4, was real-space Rietveld refined with the same structure 

as for the powder pattern. From the real-space refinement, Figure 4, we have been able 

to match the bulk local structure (r=1-10 Å) to match the orthorhombic spinel-like 

structure used for the Rietveld refinement of the ex situ PXRD data of SOC-4 sample. 

We emphasize that the material only takes the spinel-like structure with the very local 

bulk environment, as refining the full PDF with the same parameters provide an 

extremely poor structural description, Figure S3. This also signifies that any structural 

conclusions based sole on PXRD of deeply discharged β-MnO2 is impossible to do. 

However, we have here clearly shown, that intercalation into rutile/pyrolusite 

β-MnO2, rearranges rutile structure and the corner-sharing framework constructing the 

1x1 tunnels is completely lost and unrecoverable. At the very local length scale 

(1-10 Å), the material takes an orthorhombic spinel-like structure, where the 

MnO6-octahedra exclusively are connected via edge-sharing.  

4. Summary 
To summaries, we have synthesized phase pure rutile β-MnO2 via hydrothermal 

reaction of manganese(III) acetate in an acidic solution at 140℃ and 150℃. We have 

uncovered that the material has an irreversible initial discharge, followed by a 

reversible cycling profile uncovered by cyclic voltammetry. Via operando PXRD we 

have been able to confirm that the rutile structure disorders during the first discharge 
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and never recovered as the material is charged. We have furthermore showed that upon 

deep discharge the rutile framework is rearranged to a spinel-like structure, which only 

consists of edge-sharing MnO6-octahedra. 
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Table S1.  Structural information for MnO2-140, Figure 1A. The refined parameters are shown in 
bold. 

Sample MnO2-140 
Synchrotron facility PETRA-III, beamline P02.1, DESY, 

Hamburg 
Wavelength 0.20734 Å 

Overall weighted residual  Rwp=2.69 
Zero-offset -0.00022° 
Symmetry Tetragonal 

Space group P42/mnm 
Lattice parameters a=4.3400(1) Å 

c=2.8728(1) Å 
Overall thermal vibrational factor 0.634(59) Å2 

Particle size 72(6) nm 
RBragg 1.24 

Volume 55.617(4) Å3 
Scale factor 6.04*10-5(79) 

Atomic coordinates 
 x y z 

Mn1 0 0 0 
O1 0.30329(86) 0.30329(86) 0 
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Table S2.  Structural information for MnO2-150, Figure 1B. The refined parameters are shown in 
bold. 

Sample MnO2-150 
Synchrotron facility PETRA-III, beamline P02.1, DESY, 

Hamburg 
Wavelength 0.20734 Å 

Overall weighted residual  Rwp=6.60 
Zero-offset -0.00078(19)° 
Symmetry Tetragonal 

Space group P42/mnm 
Lattice parameters a=4.3400(1) Å 

c=2.8728(1) Å 
Overall thermal vibrational factor 0.558(37) Å2 

Particle size 92(4) nm 
RBragg 1.85 

Volume 55.606(4) Å3 
Scale factor 5.03*10-4(4) 

Atomic coordinates 
 x y z 

Mn1 0 0 0 
O1 0.30481(50) 0.30481(50) 0 
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Figure S1. Lefthand side, shows discharge profiles of SOC-1-4 and the discharge-charge for the 
SOC-5. On the right hand side is shown the collected PXRD for alle five SOC-samples. SOC-1 in 
black, SOC-2 in red, SOC-3 in blue, SOC-4 in orange, and SOC-5 in green. 
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Figure S2. A) PDFs of SOC-(1-5), showed in black, red, blue, orange, and green. B-D) The 
interatomic distance from 1-6 Å of rutile, orthorhombic spinel-like LiMn2O4, and distorted spinel-like 
LiMn2O4. The bond distances are shown in red for Mn-O bonds and Mn-Mn in blue cylinders. 
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Figure S3. Real-space Rietveld refinement of sample SOC-4 shown in r-range r=1-50 Å. The 
collected data is shown in blue open circles, the calculated in red line and residual in dark green. 
Here the same lattice parameters are used as for the refinement in Figure 4. However, the spherical 
dampening has been refined. 
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