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Abstract 

 

In-situ techniques proved to be exceptionally useful tools to understand electrode materials 

for Li-ion batteries. In-situ neutron diffraction (ND) knew a slow development, due to the 

intrinsic difficulties it held. We have designed a new electrochemical cell, manufactured with 

a completely neutron-transparent (Ti,Zr) alloy.  Such a cell is able to combine, for the first time, 

good electrochemical properties and the ability to collect neutron diffraction patterns 

operando, with good statistics and no other Bragg peaks than those of the electrode material 

of interest. This allows detailed structural determinations of electrode materials by Rietveld 

refinement during operation. First case studies hereby reported are the olivine LiFePO4 and 

the overstoichiometric spinel Li1.1Mn1.9O4, investigated at the D20 diffractometer of ILL 

(Grenoble), and compared to pure powder patterns obtained from the high-resolution D2B 

diffractometer. These studies demonstrate the feasibility and reliability of such experiments 

and open the field to a wide range of investigations on battery electrode materials. 

 

Keywords: Neutron diffraction, in-situ, operando, Rietveld refinement, lithium batteries, D20 

diffractometer, LiFePO4, LiMn2O4. 
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Introduction 

 

In the last decade the quest to improve Li-ion and Na-ion batteries followed a great number 

of different paths (1). Not only new materials were looked for and designed, but also analysis 

techniques were developed and improved considerably to allow scientists to unravel the 

electrochemical cycling mechanisms. In-situ techniques, in particular, proved to be 

exceptionally useful tools to understand such behaviors which are dynamical in nature and 

whose comprehension is limited if they are only looked at through a series of snapshots, such 

as those we can get from ex-situ studies. X-ray diffraction, in particular, has been the leading 

technique thanks to the possibility to exploit laboratory diffractometers (2-5), as well as more 

powerful synchrotrons (6-8). Many studies have been published and their importance is 

noteworthy. On the other hand, the in-situ principle has been applied to other techniques, 

such as Raman spectroscopy (9), XANES (7, 10, 11), NMR (12, 13) Mössbauer (14-17) etc.  

 

Until 15 years ago, the Neutron diffraction (ND) technique was not considered for in-situ 

(during electrochemical cycling reactions) studies on lithium batteries, because of the intrinsic 

difficulties it held. However, the advantages of ND compared to XRD are not to be neglected. 

Indeed electrode materials often have a stoichiometry involving light elements such as lithium 

and oxygen, almost transparent to X-Rays (18). Moreover, many of these materials include 

more than one transition metal element (Mn, Co, Ni, …) and it is of great difficulty to 

distinguish them using X-Rays because of their similar scattering powers, while neutrons’ 

scattering length does not vary continuously through the periodic table (and it can be 

negative) (19). Hence, a much higher contrast between such elements may be attained using 

ND and such advantages have been the engine to push for the development of in-situ ND. On 

the other hand, some drawbacks are evident: first of all, a neutron source is less easy to have 

at hand. Secondly, Li-batteries include many problematic components such as hydrogen-rich 

electrolytes that create a strong continuous background, natural lithium that absorbs 

neutrons and many other parts giving rise to very intense Bragg peaks such as  

aluminum/copper current collectors, steel protective cases etc. For these reasons in-situ ND 

took much more time to be developed and neutron diffraction facilities, worldwide, that can 

provide the necessary flux and resolution for such kind of investigations are still rare.  



3 
 

 

The fabrication of custom-made electrochemical cells was a mandatory requirement and first 

interesting attempts were reported around 2000 by different groups (20-24). The challenge 

that such cells had to face consisted in combining a good electrochemistry with good statistics 

for neutron diffraction, knowing that the two requirements often conflict, e.g. a big amount 

of powder for the positive electrode is required for ND, while this is usually problematic for 

an homogeneous electrochemistry. At that time, the results did not match expectations and 

improved cell designs were reported by the group of P. Novak at PSI (Switzerland) (25, 26).  

More recently it became clear that even commercially available lithium batteries could be 

studied with in-situ ND (27-31) giving interesting information on their overall behavior and 

showing that their patterns are not worse than those of the early custom made-cells. Finally, 

very recently, two improved cells were designed by the groups of Novak (PSI Switzerland) and 

Gustaffson (Univ. Uppsala, Sweden) in such a way to combine most of the required aspects 

for in-situ ND (32, 33) : adequate geometry for diffraction and reliable electrochemistry.  

 

However, up to now and to the best of our knowledge, all the reported in-situ ND data still 

suffered from poor reliability of the attempted Rietveld refinements, due to the presence of 

high background (due to the electrolyte) and many additional diffraction peaks besides those 

of the studied electrode material, arising from the cell itself (current collectors, casing, 

graphite, …). In such cases, we think that it is almost impossible to perform a good quality 

multi-phase pattern refinement.  

 

In this paper we present a custom-made cell for in-situ and operando neutron diffraction that 

was developed with specific requirements:  

 being able to cycle electrochemically for tens of cycles at C/5 for loadings of electrode 

materials comprised between 10 mg and ~ 200 mg, 

 being easy to use, wash and re-use for potential users in large scale facilities, 

 providing a good quality neutron powder diffraction pattern in 30 min or less with no 

contributions besides those of the electrode material under study.  

The successful development of such cell is presented here and especially illustrated with the 

operando investigation of Li+ extraction from the positive electrode material LiFePO4 in a 

Lithium battery. 



4 
 

 

Experimental 

 

For the electrochemistry within the designed insitu cell, the chosen active material was mixed 

with an appropriate amount of Carbon Super P (10% for Li1.1Mn1.9O4 and 12% for LiFePO4) and 

the electrode mixture was ground in a mortar. No binder was used so as to avoid the coherent 

and incoherent scattering it would generate. Batteries were assembled with glass fiber 

separators and either the commercial LP30 electrolyte (SelectiLyteTM, Merck company, 1M 

LiPF6 in EC:DMC (1:1) (wt%)) or a home-made deuterated electrolyte (1M LiPF6 (Sigma Aldrich) 

in d-Ethylene Carbonate : d-Dimethyl Carbonate 1:4 wt% (Armar Chemicals)). Lithium metal 

was used as anode. Details about each electrochemical cycling are given in the result and 

discussion section.   

 

Regarding neutron diffraction, pure pristine powders (> 1 g) of Li1.1Mn1.9O4 and LiFePO4 were 

measured for 4 hours each inside vanadium cylindrical containers on the high-resolution D2B 

diffractometer at Institut Laue-Langevin (ILL, Grenoble). The wavelength was refined to be 

1.594 Å thanks to a NAC standard.  

 

In-situ and operando measurements were performed on the D20 high-flux diffractometer at 

ILL at a wavelength refined as 1.547 Å thanks to a Silicon standard. During galvanostatic 

charge, neutron diffraction patterns were recorded. Measurement time varied and is 

discussed in detail later on. Neutron diffraction patterns were analyzed thanks to the Rietveld 

method using the FULLPROF suite. 

 

Results and discussion 

 

1) Design of an efficient Ti/Zr-based electrochemical cell 

 

The designed electrochemical cell for in-situ or operando neutron diffraction is schematized 

in figure 1. 
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The heart of the cell is the powder container, highlighted in blue, which hosts the powder 

electrode material (negative or positive electrode). Peculiar care was taken in choosing an 

alloy and manufacturing a cell that would not be oxidized / reduced electrochemically while 

being transparent to the neutron beam. A Ti-Zr alloy (~Ti2.08Zr), well known from the neutron 

diffraction community in Grenoble as a so-called “null matrix material”, was chosen (34). 

Titanium and Zirconium have indeed scattering lengths opposite in sign and in a ~1:2 ratio  (bTi 

= -3.37 10-12 cm and bZr = 7.16 10-12 cm) and their alloy, prepared with the corresponding 

necessary stoichiometric amounts of the two elements, has zero overall scattering intensity, 

thus being a perfect container material for ND. Furthermore, it is a good current conductor 

and it does not get easily oxidized, making the cell resistant mechanically and chemically. The 

volume of the corresponding cylindrical container is approximately 9 cm3 (h*π.R2 ≈ 3*π*12). 

When placed in this container, 200 mg of the powder electrode to be investigated occupy 

~1mm in height, to be exposed to the neutron beam.  

 

All the other elements of the battery are subsequently assembled and stacked. First a glass-

fiber separator is inserted and soaked in the electrolyte; the negative part of the cell is then 

built, comprising Li metal as the counter electrode, a 1 mm thick Ti2.08Zr disk acting as the 

negative current collector, a spring to create pressure on the powder and a plunger to close 

the cell. A mylar film covers the internal part of the in-situ cell and together with a plastic 

gasket assures the electrical insulation between the positive and the negative electrode and 

makes the cell air-tight. Finally, a screw is used to close the cell and maintain the pressure on 

the powder. Once closed, the cell can be mounted (vertically) in the diffractometer as 

illustrated in figure 1 thanks to a plastic screw entering the top of the plunger, and aligned 

with slits so that the beam irradiates only the bottom part of the cell where the electrode 

powder is located. 

 

2) High quality electrochemistry obtained within the electrochemical cell 

designed for in-situ and operando neutron diffraction  

The electrochemical performances of the cell were tested with commercially available positive 

electrode materials: an olivine-type phase LiFePO4 (35) and an over-stoichiometric spinel-type 

phase Li1.1Mn1.9O4 (36). The first, 16 years after its discovery, has now reached commercial 
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exploitation and, although its basic crystal structure is well-known (37, 38), it keeps attracting 

much attention thanks to the versatility of its electrochemical properties depending for 

instance on temperature, particle size, carbon coating, etc. (10, 39-42). The second, a spinel-

type material “LiMn2O4”, has also been investigated for more than two decades as a positive 

electrode material for Li-ion batteries (36, 43-49) and its electrochemical properties are 

strongly dependent to the lithium content, as slightly over-stoichiometric “Li-rich” (Li1+δMn2-

δO4) or under-stoichiometric “cation-poor” (Li1-δ’Mn2-2δ’O4) samples would imply changes in 

the oxidation state of Mn and thus in the available capacity or cycling properties (43). 

 

Each LiFePO4 or Li1.1Mn1.9O4 powder was mixed with appropriate amounts of Carbon Super P 

to improve the electrical conductivity of the electrode and the batteries were prepared with 

either the commercial electrolyte LP30 or a home-made deuterated electrolyte (see 

experimental section). Previous studies had indeed shown that the background coming from 

the hydrogen-rich standard electrolyte is too high to obtain good-quality ND patterns (32). For 

this reason a deuterated electrolyte was prepared and tested, its composition chosen as a 

compromise between satisfactory properties and a minimization of its price. 

 

The upper panel of figure 2 illustrates the electrochemical data obtained within the in-situ 

electrochemical cell for i) 213 mg of Li1.1Mn1.9O4 cycled at C/16 (1.77 mA) and ii) 19 mg at C/4 

(0.63 mA). Only the first two cycles are depicted here but subsequent prolonged cycling with 

good coulombic efficiency under these conditions were achieved. In both cases, the observed 

polarization of the cell (ΔV ~ 175mV between charge and discharge) is quite satisfactory. The 

observed irreversible capacity loss and capacity decay at higher current is mostly due to the 

absence of binder within the electrode and to the electrolyte itself, not ideal for high rate 

applications. The derivative curves dV/dx display typical behaviors of over-stoichiometric 

spinel-type Li1+Mn2-O4 positive electrode materials, with two redox processes around 4 V vs. 

Li+/Li and the deintercalation of 0.6 Li+ during the first charge, which is in rather good 

agreement with the stoichiometry of the material (maximum theoretical capacity is expected 

to correspond to 0.70 Li+) and an average oxidation state of +3.63 for Mn. Similar highly 

reliable and reproducible electrochemical data were obtained from LiFePO4 electrodes, as 

depicted figure 2b. The voltage plateau observed around 3.45 V vs. Li+/Li reveals as expected 

a classical two-phase electrochemical reaction between Li1-δFePO4 and LiεFePO4 (50). These 
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data show, additionally, that the deuterated electrolyte we used possessed similar properties 

(although slightly lower kinetics) than a standard EC:DMC-based one (LP30) at cycling rates as 

high as C/10. Additionally, only small capacity loss was observed (at smaller regime) for higher 

electrode loadings (~ 105 mg).  

 

The electrochemical cell designed to obtain in-situ or operando neutron diffraction data was 

thus shown to deliver electrochemical performances comparable to those obtained in classical 

electrochemical cells, with an active mass that can be rather large (>200mg) and a cycling rate 

that can be rather fast (C/4). 

 

3) Rietveld quality data obtained for pristine materials within the 

electrochemical in-situ TiZr cell 

 

The next challenge was to prove that Rietveld refinement of neutron diffraction data obtained 

for powders placed within the electrochemical cell and in full battery configuration was 

possible and could lead to structural determinations similar to those performed from  high 

resolution neutron diffraction data obtained on powder alone. For each of the two materials, 

LiFePO4 and Li1.1Mn1.9O4, neutron diffraction patterns were collected under various 

configurations and illustrative examples are gathered in figure 3. 

  

 The neutron diffraction patterns displayed in the top part of figure 3 were recorded 

within 4 hours on the high-resolution diffractometer D2B (λ = 1.594 Å) of ILL for pure 

pristine Li1.1Mn1.9O4 and LiFePO4 powders. 

 The neutron diffraction patterns displayed in the bottom part of figure 3 were 

recorded on the high-flux diffractometer D20 (λ = 1.547 Å) of ILL for ≈ 200 mg of 

Li1.1Mn1.9O4 (30 minutes pattern) and LiFePO4 (one hour pattern) electrodes placed 

within the in-situ cell together with the deuterated electrolyte, the separator, the 

negative electrode, the current collector, i.e. in full-operational battery configuration. 

Note that the diffractometer configuration chosen for the in-situ experiments was a 

compromise between the highest possible flux and the best resolution, leading to a 

wavelength refined as 1.547 Å. It should also be observed that the raw data were 
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recorded as 10 minutes scans. In figure 3 and in the following of this paper, we chose 

to sum them (3 by 3 for Li1.1Mn1.9O4 and 6 by 6 for LiFePO4) so as to obtain better 

statistics. For LiFePO4, however, 30 minutes scans were also a possible choice, since 

reliable refinements could be obtained on 30 minutes scans as well. A table with the 

refined parameters for 30 min and 1 hour patterns is reported in the supporting 

information (Table S1).  

 

All the diffraction patterns were refined by the Rietveld method (51), i.e. with the 

determination of the cell parameters, the atomic positions,  the occupancy factors and the 

isotropic atomic displacement parameters, thanks to the FullProf suite (52). The similar 

wavelengths are helpful for a straight comparison of peaks intensities of the collected ND 

patterns since they are approximately at the same angular position. The “in-situ” patterns 

show a large bump in the low-angle region (15-30 degrees) due to the scattering from the 

deuterated electrolyte (and not from the glass fiber separator) that was taken into account by 

a point by point background definition. However, it is remarkable to note that neutron 

diffraction allows obtaining high intensity diffraction peaks at high angles (> 100° in 2θ). As 

shown by the results given in figure 3 (good minimization of the difference between the 

observed and calculated data) and by the good reliability factors given in Tables 1 and 2, single 

phase data refinements of positive electrode materials can be achieved within a Lithium based 

electrochemical cell. The obtained structural parameters are listed in Tables 1-3 and match 

very well with those obtained from high resolution data.  

 

Li1.1Mn1.9O4 has a cubic spinel-type structure (space group Fd-3m), with a cell parameter 

(8.2187(1) Å) significantly smaller than that of stoichiometric LiMn2O4 (8.248 Å (43)). It is 

typical of Li-rich spinel compositions Li1+δMn2-δO4 with δ ~ 0.1 as tabulated in (43, 49). The 

refined crystal structure of the Li1.1Mn1.9O4 powder we used agrees remarkably well with this 

proposed stoichiometry as the Li/Mn distribution onto the octahedral site was refined to 

0.07(6)/1.92(6) (Table 1). This result, correlated with inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) led us to the global formula Li1.1Mn1.9O4 for the powder we 

investigated. The corresponding average oxidation state for Mn is therefore 3.63+, which 

indicates that, theoretically, only 0.7 Li+ can be extracted up to Li0.4Mn1.9O4. Li lies in 

tetrahedral (8a) sites with Li-O distances of 1.967(1) Å and Mn in octahedral (16d) sites with 
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Mn-O distance of 1.953(1) Å. As shown in Table 1, the structural parameters determined for 

Li1.1Mn1.9O4 from neutron diffraction data obtained in the in-situ lithium cell on the 

diffractometer D20 are in very good agreement with those obtained for the pure powder on 

the high resolution diffractometer D2B. 

 

LiFePO4 belongs to the olivine-type structural family, described in an orthorhombic unit cell 

(space group Pnma) with a = 10.3233(2) Å, b = 6.0044(1) Å and c = 4.6918(1) Å. The structure is 

built on layers of corner-sharing distorted FeO6 octahedra linked through PO4 tetrahedra and 

with tunnels along the b and c axes where Li+ ions occupy octahedral oxygen environments. 

As shown in Tables 2 and 3 the structural parameters determined for LiFePO4 considering the 

neutron diffraction data recorded within the in-situ electrochemical cell on the diffractometer 

D20 are in very good agreement with those obtained for the pure powder on the high 

resolution diffractometer D2B: the cell parameters, atomic positions, distances and 

distortions of the FeO6, PO4 and LiO6 polyhedra are indeed very similar for the two sets of 

data. 

 

We have thus proved that neutron diffraction data obtained in the electrochemical cell 

designed for in-situ or operando experiments are of sufficient quality to determine structures 

and thus to get more insight into structural changes occurring upon cycling. 

 

4) In-situ neutron diffraction 

 

Lithium batteries were prepared using LiFePO4 as follows: 200 mg of LiFePO4 + Csp (88:12 wt%) 

// deuterated electrolyte (1M LiPF6 in d-EC : d-DEC 1:4 wt%) // lithium metal. The cell was 

cycled at C/24 rate and then kept for 1 hour at the maximum potential of 4.1 V vs. Li+/Li; 

neutron diffraction patterns were recorded every 10 minutes during the charge and the 

floating. Figure 4 shows the operando neutron diffraction data, i.e. 1 hour patterns 

corresponding to the sum of 6 successive 10 minutes patterns, and the corresponding charge 

curve. Each 1 hour pattern corresponds to x = 1/24 = 0.042.   

 

The electrochemical process can be clearly observed to be a two-phase reaction from the right 

beginning, with the disappearance of the initial LiFePO4 phase whereas the end member phase 
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FePO4 is forming continuously, in agreement with the obtained electrochemical curve, which 

is absolutely flat. The initial pattern (black) corresponds to that of figure 3 (bottom), i.e. a 1 

hour scan on the pristine material before cycling. The other end member (red) corresponds to 

FePO4, which appears as a single phase from neutron diffraction despite a global composition 

for the positive electrode of ~Li0.08FePO4 at the end of the charge. Its neutron diffraction 

pattern was recorded during 1 hour at a constant potential of 4.1 V vs. Li+/Li. Between these 

two end member patterns, the patterns highlighted correspond to global compositions close 

to ¾ LiFePO4: ¼ FePO4 (blue), ½ LiFePO4: ½ FePO4 (green) and ¼ LiFePO4: ¾ FePO4 (brown). 

Rietveld refinements were performed for all the (1-x) LiFePO4 . x FePO4 compositions with high 

quality fittings, as illustrated in figure 5 for these 3 selected compositions and for the two end 

members LiFePO4 and FePO4. Importantly, note that we closely checked, for the first series of 

diffraction patterns (recorded every 10’) recorded during charge, that the unit cell parameters 

of LiFePO4 remained absolutely constant and for the last diffraction patterns that the unit-cell 

parameters of FePO4 remained constant as well. Therefore, the overall reaction may really be 

regarded as a two phase reaction between LiFePO4 and FePO4, contrary to what observed by 

Yamada et al. (40) for nano-sized LiFePO4. 

 
For each of the two end members, 15 parameters have been refined: the scale factor, 3 cell 

parameters and 11 fractional atomic coordinates. Zero shift and wavelength had been 

previously refined thanks to an internal standard. Isotropic thermal displacement parameters 

were instead kept fixed to the values obtained for the pattern measured on D2B for LiFePO4. 

Besides, the absorption coefficient μR had to be considered due to the presence of lithium. It 

had thus its maximum value for LiFePO4 (about 0.43) and it was negligible for FePO4. In the 

case of the three intermediate two-phase compositions, the refined parameters were still 15 

for each phase, making a total of 30 for each pattern. The coefficient μR was then reduced 

according the weight percent of LiFePO4 remaining in the structure.  The main structural 

results coming from this analysis are reported in Table 3, where the good quality of the 

refinement can be seen from RBragg parameters, never exceeding 10.6%, and bond length 

distances in agreement for a given phase between the different compositions. Refined values 

are slightly inaccurate only when the crystalline weight of the considered phase is around 25% 

or less. Moreover, bond length distances for LiFePO4 and FePO4 can be compared to those 

reported in literature (53) showing a good agreement.   
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A sequential refinement of the operando diffraction patterns was also performed, involving 

all the recorded patterns. In this case the structural parameters were fixed and only scale 

factors were permitted to vary. This allowed determining weight fractions for LiFePO4 and 

FePO4, within the crystalline part of all the compositions studied. Indeed, as shown by the 

results given in figure 6, FePO4 is not detected at the very beginning of the charge, as happens 

to LiFePO4 at the end of the charge. Note that it does not mean that these minority phases 

are effectively not present, but their crystalline domains could be small and not extended 

enough to diffract efficiently. Then, the distribution between LiFePO4 and FePO4 does not 

follow exactly the theoretical line, although a linear variation is expected for a two-phase 

reaction. This is well explained by: i) a quantification that is in fact only semi-quantitative due 

to the absence of an internal standard with a known fraction (versus LiFePO4) in our positive 

electrode and thus to the impossibility to take into account the possible presence of non-

crystalline phases (54) and ii) the strong absorption of Li which is present in one phase, 

LiFePO4, and not in the other one, FePO4, affecting thus also slightly the ratio between the two 

weight fractions. Such a deviation from the theoretical behavior had also been observed 

before by Andersson and Thomas (38). Despite of that, the change in the weight fractions 

between LiFePO4 and FePO4 is still quite close to a linear behavior, as an additional proof for 

the quality of the analysis of these in-situ neutron diffraction data. 

 

Conclusions 

 

We have hereby presented an electrochemical cell for in-situ and operando neutron 

diffraction, thanks in particular to the choice of a neutron-transparent material such as the 

Ti/Zr alloy. For two representative electrode materials, namely Li1.1Mn1.9O4 and LiFePO4, 

electrochemical curves with different peculiarities are shown. Subsequently, in-situ ND 

measurements were conducted in charge on the D20 diffractometer of ILL Grenoble. For the 

first time a single-phase Rietveld refinement could be successfully performed on in-situ and 

operando patterns, leading to reliable structure parameters. For these reasons, such a cell can 

be an extremely useful tool to study new materials of interest for Li-ion and Na-ion batteries, 
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where the understanding of phase transition mechanisms is essential for further 

improvements and development.  
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Figure 1: Description of the electrochemical cell designed for in-situ or operando neutron diffraction.  
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Figure 2: Electrochemical cycles obtained within the in-situ electrochemical cell with two sorts of positive  

electrode materials: a) the Spinel-type phase Li1.1Mn1.9O2 b) the Olivine-type phase LiFePO4. Several tests were 

performed depending on the active mass, the cycling rate and the electrolyte used (LP30 or a deuterated one).  
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Figure 3:  Observed (red dots), calculated (black line) and difference (blue line) plots obtained for the Rietveld 

refinement of neutron diffraction data recorded: (top) on the diffractometer D2B for the pure powders and 

(bottom) on the diffractometer D20 for the electrodes within the in-situ lithium cell.  
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Figure 4: 2D View of collected in-situ ND patterns for the global electrochemical reaction LiFePO4  FePO4 

(left) and corresponding galvanostatic cycling data (right). Three different angular ranges are given to highlight 

the changes in the ND patterns. The ND patterns given in color refer to global compositions for LixFePO4 close 

to 1 (black), 0.75 (blue), 0.5 (green), 0.25 (brown) and 0 (red). 
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Figure 5: Observed (red dots), calculated (black line) and difference (blue line) plots obtained for the Rietveld 

refinement of neutron diffraction data recorded within the in-situ lithium cell during Li+ extraction from 
LiFePO4. Five compositions are given as examples: (a) pristine LiFePO4, (b) ¾ LiFePO4: ¼ FePO4,  

(c) ½ LiFePO4:  ½ FePO4, (d) ¼ LiFePO4: ¾ FePO4 and (e) FePO4. 
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Figure 6: Weight fractions for LiFePO4 and FePO4, within the crystalline part of each composition, determined 

from neutron diffraction data recorded operando during Li+ deintercalation from LiFePO4.  



21 
 

Table 1: Structural parameters and selected bond lengths obtained after Rietveld refinement of Neutron 
diffraction data from phase pure Li1.1Mn1.9O4 recorded in the in-situ lithium cell on the diffractometer D20 
(blue). Comparison with those obtained for the same powder recorded as pure on the diffractometer D2B 

(black). The same parameters were refined in the 2 cases, except for Biso that could not be refined for the in-
situ cell because of the small angular domain (less than 120°). 

 
 

Li1.10Mn1.90O4  

S.G. : Fd-3m; Z = 8 

 

a = b = c = 8.2170(6) Å; 

a = b = c = 8.2187(1) Å; 

 

V = 555.80(8) Å3; V/Z = 69.47 Å3              

V =  555.15(1) Å3; V/Z = 69.39 Å3  

 

D20: Rwp = 19.0%;  

RBragg = 5.25%  χ2 =1.41 

 

D2B: Rwp = 13.09%;  

RBragg = 4.79%  χ2 = 3.42 

 

Atomic parameters 

Atoms 
Wyckoff 

position 

Atomic position 

Occ Biso 

x/a y/b z/c 

Li 8a 0.375 0.375 0.375 1 1.3 

Li(2) 16d 0 0 0 
0.1(2) 

0.07(6) 
0.65 

Mn 16d 0 0 0 
1.9(2) 

1.92(6) 
0.65 

O 32e 
0.2366(5) 

0.2368(1) 

0.2366(5) 

0.2368(1) 

0.2366(5) 

0.2368(1) 
1 1.07 

Interatomic distances (Å) 

Mn-O = 1.950(4) 

Mn-O = 1.953(1) 

Li-O = 1.970(4) 

Li-O = 1.967(1) 
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Table 2: Structural parameters obtained after Rietveld refinement of Neutron diffraction data from phase pure 
LiFePO4 recorded in the in-situ lithium cell on the diffractometer D20 (blue). Comparison with those obtained 

for the same powder recorded as pure on the diffractometer D2B (black). The same parameters were refined in 
the 2 cases, except for Biso that could not be refined for the in-situ cell because of the small angular domain 

(less than 120°). 
 

LiFePO4  

S.G. : Pnma; Z = 4 

 

a = 10.320(1) Å; b = 6.004(1) Å; c = 4.6907(7) Å;  

a = 10.3233(2) Å; b = 6.0044(1) Å; c = 4.6918(1) Å; 

 

V = 290.68(7) Å3; V/Z = 72.67 Å3              

V = 290.83(1) Å3; V/Z = 72.71 Å3  

D20: Rwp = 16.7%;  

RBragg = 6.51%  χ2 =1.60 

 

D2B: Rwp = 11.0%;  

RBragg = 3.98%  χ2 = 2.54 

 

Atomic parameters 

Atoms 
Wyckoff 

position 

Atomic position 

Occ Biso 

x/a y/b z/c 

Li 4a 0 0 0 1 1.6(4) 

Fe 4c 
0.282(1) 

0.2816(4) 
0.25 

0.974(4) 

0.9749(8) 
1 0.63(5) 

P 4c 
0.094(2) 

0.0952(6) 
0.25 

0.414(4) 

0.418(1) 
1 0.43(9) 

O(1) 4c 
0.097(2) 

0.0966(7) 
0.25 

0.748(5) 

0.743(1) 
1 0.8(1) 

O(2) 4c 
0.457(2) 

0.4566(6) 
0.25 

0.204(5) 

0.206(1) 
1 0.7(1) 

O(3) 8d 
0.167(2) 

0.1655(4) 

0.045(2) 

0.0469(6) 

0.285(3) 

0.2836(8) 
1 0.66(6) 
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Table 3: Selected bond lengths (Å) in the structures of LiFePO4 and FePO4 at different key compositions of the 
phase diagram xLiFePO4 . (1-x)FePO4 obtained from ND data recorded operando in the in-situ lithium cell on the 

diffractometer D20. Expected and refined fractions of each phase are reported in red. Polyhedral distortion is 

calculated as ∆=
1

𝑁
∑ (

𝑑𝑖−〈𝑑〉

〈𝑑〉
)2𝑁

𝑖=1 . 

 

100% LiFePO4  

a = 10.320(1) Å; b = 6.004(1) Å; c = 4.6907(7) Å;  V = 290.68(7) 

Å3 

Rwp = 16.7% RBragg = 6.51%  χ2 =1.60 

0% FePO4  

---                                                            

Interatomic distances (Å) / Distortion Interatomic distances (Å) / Distortion 

Fe-O1=2.19(3) 

Fe-O2 = 2.10(3) 

Fe-O3(x2) = 

2.05(2)  

Fe-O3(x2) = 

2.25(2) 

Δ = 16.1E-04 

P-O1 = 1.57(3) 

P-O2= 1.52(3) 

P-O3(x2) = 1.56(2) 

Δ = 1.3E-04 

Li-O1(x2) = 

2.16(2) 

Li-O2(x2) = 

2.09(2) 

Li-O3(x2) = 

2.20(2) 

Δ = 4.2E-04 

- - - 

75% LiFePO4 (79(3)%) 

a = 10.316(1) Å; b = 6.003(1) Å; c = 4.6922(7) Å;  V = 290.58(8) 

Å3 

Rwp = 19.1% RBragg = 4.8%  χ2 = 1.4 

25% FePO4 (21(2)%) 

a = 9.823(6) Å; b = 5.796(3) Å; c = 4.781(3)Å;  V = 272.2(3) Å3 

Rwp = 19.1% RBragg = 9.28%  χ2 = 1.4 

Interatomic distances (Å) / Distortion Interatomic distances (Å) / Distortion 

Fe-O1 = 2.18(4) 

Fe-O2 = 2.09(4) 

Fe-O3(x2) = 

2.08(2) 

Fe-O3(x2) = 

2.21(3) 

Δ = 7.3E-04 

P-O1 = 1.56(4) 

P-O2 = 1.54(5) 

P-O3(x2) = 1.55(3) 

Δ = 0.2E-04 

Li-O1(x2) = 

2.16(2) 

Li-O2(x2) = 

2.11(2) 

Li-O3(x2) = 

2.20(2) 

Δ = 2.8E-04 

Fe-O1 = 2.0(1) 

Fe-O2 = 2.0(1) 

Fe-O3(x2) = 1.8(1) 

Fe-O3(x2) = 2.3(1) 

Δ = 134.2E-04 

P-O1 = 1.7(2) 

P-O2 = 1.3(2) 

P-O3(x2) = 1.7(1) 

Δ = 155.1E-04 

-  

50% LiFePO4 (50(3)%) 

a = 10.313(3) Å; b = 6.004(2) Å; c = 4.692(1) Å;  V = 290.5(1) Å3 

Rwp = 21.4% RBragg = 7.78%  χ2 = 1.58 

50% FePO4 (50(3)%) 

a = 9.821(2) Å; b = 5.793(1) Å; c = 4.777(1) Å;  V = 271.8(1) Å3 

Rwp = 21.4% RBragg = 7.59%  χ2 = 1.58 

Interatomic distances (Å) / Distortion Interatomic distances (Å) / Distortion 

Fe-O1 = 2.13(9) 

Fe-O2 = 2.16(6) 

Fe-O3(x2) = 

2.05(4) 

Fe-O3(x2) = 

2.22(5) 

Δ = 9.7E-04 

P-O1 = 1.60(9) 

P-O2 = 1.51(4) 

P-O3(x2) = 1.56(5) 

Δ = 4.2E-04 

Li-O1(x2) = 

2.15(4) 

Li-O2(x2) = 

2.08(4) 

Li-O3(x2) = 

2.22(4) 

Δ = 6.8E-04 

Fe-O1 = 1.94(5) 

Fe-O2 = 1.89(6) 

Fe-O3(x2) = 

1.93(4) 

Fe-O3(x2) = 

2.22(5) 

Δ = 50.2E-04 

P-O1 = 1.59(9) 

P-O2 = 1.48(9) 

P-O3(x2) = 1.61(5) 

Δ = 11.1E-04 

-  

25% LiFePO4 (18(2)%) 

a = 10.338(7) Å; b = 6.007(4) Å; c = 4.690(3) Å;  V = 291.3(3) Å3 

Rwp = 19.0% RBragg = 10.6%  χ2 = 1.49 

75% FePO4 (82(3)%) 

a = 9.820(1) Å; b = 5.7891(8) Å; c = 4.7786(7) Å;  V = 271.65(7) 

Å3 

Rwp = 19.0% RBragg = 5.89%  χ2 = 1.49 

Interatomic distances (Å) / Distortion Interatomic distances (Å) / Distortion 
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Fe-O1 = 2.2(1) 

Fe-O2 = 2.2(2) 

Fe-O3(x2) = 

1.92(9) 

Fe-O3(x2) = 2.5(1) 

Δ = 104.8E-04 

P-O1 = 1.6(2) 

P-O2 = 1.2(2) 

P-O3(x2) = 1.6(1) 

Δ = 193.4E-04 

Li-O1(x2) = 2.2(1) 

Li-O2(x2) = 2.1(1) 

Li-O3(x2) = 

2.28(9) 

Δ = 17.3E-04 

Fe-O1 = 1.91(3) 

Fe-O2 = 1.97(3) 

Fe-O3(x2) = 

2.01(2) 

Fe-O3(x2) = 

2.16(3) 

Δ = 21.9E-04 

P-O1 = 1.54(4) 

P-O2 = 1.45(4) 

P-O3(x2) = 1.58(3) 

Δ = 11.6E-04 

-  

0% LiFePO4  

---                                                                                                              

100% FePO4  

a = 9.820(1) Å; b = 5.7892(6) Å; c = 4.7790(6) Å;  V = 271.69(5) 

Å3 

Rwp = 16.7% RBragg = 5.30%  χ2 = 1.79 

Interatomic distances (Å) / Distortion Interatomic distances (Å) / Distortion 

- - - 

Fe-O1 = 1.92(2) 

Fe-O2 = 1.93(2) 

Fe-O3(x2) = 

2.02(2) 

Fe-O3(x2) = 

2.15(2) 

Δ = 20.0E-04 

P-O1 = 1.53(3) 

P-O2 = 1.51(3) 

P-O3(x2) = 1.58(2) 

Δ = 3.7E-04 

-  
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Table S1: Structural parameters obtained after Rietveld refinement of Neutron diffraction data from phase 
pure LiFePO4 recorded in the in-situ lithium cell on the diffractometer D20 for one hour (blue) and for 30 

minutes (black). The same parameters were refined in the 2 cases, except for Biso that could not be refined for 
the in-situ cell because of the small angular domain (less than 120°). 

 

LiFePO4  

S.G. : Pnma; Z = 4 

 

a = 10.320(1) Å; b = 6.004(1) Å; c = 4.6907(7) Å;  

a = 10.320(2) Å; b = 6.004(1) Å; c = 4.6900(7) Å; 

 

V = 290.68(7) Å3; V/Z = 72.67 Å3              

V = 290.61(8) Å3; V/Z = 72.65 Å3  

D20_1h: Rwp = 16.7%;  

RBragg = 6.51%  χ2 =1.60 

 

D20_30min: Rwp = 21.6%;  

RBragg = 7.15%  χ2 = 1.39 

 

Atomic parameters 

Atoms 
Wyckoff 

position 

Atomic position 

Occ Biso 

x/a y/b z/c 

Li 4a 0 0 0 1 1.6 

Fe 4c 
0.282(1) 

0.282(2) 
0.25 

0.974(4) 

0.973(5) 
1 0.63 

P 4c 
0.094(2) 

0.094(3) 
0.25 

0.414(4) 

0.412(6) 
1 0.43 

O(1) 4c 
0.097(2) 

0.098(3) 
0.25 

0.748(5) 

0.749(7) 
1 0.8 

O(2) 4c 
0.457(2) 

0.457(3) 
0.25 

0.204(5) 

0.206(7) 
1 0.7 

O(3) 8d 
0.167(2) 

0.168(2) 

0.045(2) 

0.045(3) 

0.285(3) 

0.287(4) 
1 0.66 

 

 

 


