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Neutron diffraction is a powerful technique to localize and quantify lithium in battery electrode materials. However, obtaining high-quality operando neutron diffraction data is challenging because it requires achieving good electrochemical performance while cycling a large amount of active material to ensure optimal signal-to-noise ratio. We have developed a cylindrical cell specifically suited for operando neutron diffraction studies, and used it to investigate the structural changes in the Ni-rich LiNi0.6Co0.2Mn0.2O2 cathode material during cycling between 2.5 and 4.3 V vs. Li+/Li. The cell demonstrates reliable electrochemical performance, even after long-term cycling, and the important crystal structure parameters of the active material, including Li occupancy, could be successfully refined with the Rietveld method using neutron diffraction data collected in operando after appropriate background subtraction.
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INTRODUCTION

With their high energy density and high power, lithium-ion batteries are nowadays the leading technology used in portable devices and have started to enter the market for electric vehicles with success (Tarascon and Armand, 2010; Croguennec and Palacin, 2015). In particular, LiNi1-x-yCoxMnyO2, referred to as NCM (or NMC) in the literature, is one of the most promising cathode materials used to enhance battery performance (Robert et al., 2014). NCM combines the advantages of the three transition metals: nickel contributes to the high reversible specific charge, cobalt improves the rate capability, and manganese enhances the structural and thermal stability, particularly at high degrees of delithiation. The electrochemical properties are strongly influenced by the chemical composition of the NCM material (Noh et al., 2013). LiNi1/3Co1/3Mn1/3O2 (NCM111) and LiNi0.5Co0.2Mn0.3O2 (NCM523) have already been implemented in commercial batteries, and research is moving toward Ni-rich and Li-rich materials, which provide high specific charge but still suffer from low cycling stability (Liu et al., 2015; Rozier and Tarascon, 2015; Manthiram et al., 2017; Schipper et al., 2017). To develop these technologies further, we must understand the reaction mechanisms in the cell both at the anode and cathode. In situ/operando powder diffraction is a powerful tool for the identification and to some extent, for quantification of the crystallographic changes occurring in the battery materials during operation; these changes are often the origin of the losses in electrochemical performance (Sharma et al., 2015; Peterson et al., 2017). Neutron powder diffraction, in particular, presents several advantages for the study of Li-ion batteries. First, neutron scattering lengths are not correlated to the atomic numbers of the elements. Compared to X-ray powder diffraction, neutron powder diffraction is, thus, more sensitive to light elements in presence of heavier elements, such as transition metals, and enables the localization and quantification of lithium ions in the structure. Moreover, it also facilitates the differentiation of elements with similar atomic numbers, such as the transition metals (for example, Ni, Mn, Co, and Fe) that usually make up the cathode materials. Finally, neutrons have high penetration depth, which enables the study of the crystallographic changes in the bulk structure of the sample. Unfortunately, a large amount of active material must be exposed to the neutron beam to obtain a sufficiently intense diffraction pattern in a reasonable measurement time. The increase in the amount of active material in an electrochemical cell is often detrimental to its electrochemical performance. Moreover, in in situ/operando measurements, every cell component is exposed to the neutron beam and contributes to the diffraction pattern. In particular, both the separator and the electrolyte usually contain hydrogen, which generates a high background because of its high incoherent scattering cross section, hindering thorough data analysis. The challenge in cell design for operando neutron diffraction is, thus, to obtain high-quality diffraction pattern to enable structural refinements while achieving electrochemical performance similar to that in coin-cell configuration. Commercial 18650-type batteries present excellent electrochemical performance, but the poor signal-to-noise ratio in the diffraction pattern, mainly because of the contributions from the hydrogenated electrolyte and separators, limits the structural information retrievable from Rietveld refinements. Moreover, it narrows the range of study to commercialized batteries, such as LiFePO4 (Rodriguez et al., 2010; Sharma et al., 2010, 2017), LiCoO2 (Dolotko et al., 2012; Senyshyn et al., 2014), and LiNi1/3Mn1/3Co1/3O2 (Alam et al., 2014; Dolotko et al., 2014; Pang et al., 2015; Taminato et al., 2016).

A reasonable alternative, and thus an approach pursued by many, is to design custom-made cells for operando neutron diffraction experiments that mimic the electrochemistry obtained with commercial batteries while allowing advanced materials' investigation. Since the pioneering reports of a custom-made cell for in situ neutron diffraction (Bergstöm et al., 1998; Berg, 2001), several cell designs have been developed to meet the requirements of the neutron diffraction experiments. They can be divided into three categories: coin-type cells, cylindrical roll-over cells, and pouch-type cells.

In coin-type cells, a large amount of loose active material powder is encased in a compartment, which is the only part exposed to the neutron beam. In the first designs, polyetheretherketone (PEEK) polymer (Rosciano et al., 2008; Colin et al., 2010) and aluminum/titanium (Godbole et al., 2013) were used to manufacture the compartment, but these prevented conclusive refinements during cell operation because of high background and strong overlap of the diffraction peaks of the compartment with those of the electroactive materials. Structural information was obtained from diffraction patterns collected in situ at a constant voltage for several hours. High-quality structural refinements based on the diffraction patterns acquired operando during battery operation were achieved with a similar cell using a Ti–Zr alloy, which is transparent to neutrons (Bianchini et al., 2013, 2015). However, the large amount of loose powder was detrimental to the electrochemical performance and resulted in significant polarization, limiting the study to the first few cycles at low rate.

To improve the electrochemical performance, Sharma et al. introduced a roll-over design mimicking the cylindrical 18650-type cell, in which the positive electrode, separators, and lithium foil used as the negative electrode are rolled together, put inside a vanadium tube, and sealed with wax (Sharma et al., 2011). The quality of the diffraction patterns compared to those collected using commercial batteries was significantly improved by the use of deuterated electrolytes and vanadium casing, which produces almost no coherent diffraction of neutrons. The structural evolution of several cathode (LiFePO4) and anode (MoS2, Li4Ti5O12) materials was then investigated using this approach, but only the unit cell parameters and phase fraction could be refined using the Rietveld method on the neutron diffraction patterns (Du et al., 2011; Sharma et al., 2011, 2012; Brant et al., 2014). This design was later adapted by closing a cylindrical cell (quartz or aluminum casing) with Swagelok-type metallic current collectors (Roberts et al., 2013; Brant et al., 2016). High cycling rates could successfully be achieved, but structural refinements required long measurement times. Unit cell parameters and atomic coordinates for LiFePO4 and Li0.18Sr0.66Ti0.5Nb0.5O3 were then refined for the diffraction patterns collected in situ at a constant voltage at specific states of charge. A modified 18650-type battery, adapted with a screw to add the deuterated electrolyte, was later proposed. This design improvement allowed, for the first time, the study of LiNi0.5Mn1.5O4 vs. graphite after long-term cycling. This cell showed reliable electrochemical performance at high rates, up to 1C, using a highly loaded cathode (4 g of materials). Rietveld refinement on the diffraction patterns obtained in the charge and discharge states was possible (Boulet-Roblin et al., 2016, 2017). Owing to this design, Boulet-Roblin et al. successfully determined the amount of Li consumed by surface reactions after 100 cycles by performing Rietveld refinement.

The pouch-cell is the latest design developed for operando neutron diffraction experiments (Liu et al., 2013; Pang and Peterson, 2015) and is increasingly in use thanks to its “easy” construction and flexibility regarding the choice of components (separators and electrodes). As in their commercial equivalents, the cathode, anode, and separators are stacked and wrapped in a propylene-coated aluminum pouch, which is heat-sealed after the addition of the electrolyte. Although they provide relatively good electrochemical performance with higher cycling rates, the polymer-coating of the aluminum pouch generates significant background in the diffraction pattern. The quality of refinements is also affected by the anisotropic absorption of the diffracted beam caused by the non-radial geometry of the cell. To minimize such effects, an annular sample can be simulated by probing a stack with equal width and thickness, or the whole setup can be rotated or oscillated in a sufficiently large range of angles normal to the scattering plane, thus averaging out the effects of anisotropy (Pang and Peterson, 2015). Using the first method, the refinement of the cell parameters, lithium content, and oxygen positional parameters with Rietveld method could be carried out for Li1+xMn2O4 (Sharma et al., 2013), Li4Ti5O12 (Pang et al., 2014b), LiNi0.5Mn1.5O4 (Pang et al., 2014c), and Li(Ni1/3Mn1/3Fe1/3)O2 (Pang et al., 2014a).

Based on these previous studies, we opted for a home-made cylindrical cell with optimized design to ensure long-term cycling with reliable electrochemistry and low absorption from the undesirable components located in the beam path (such as the electrolyte, separator, and casing). As a proof of concept, we used operando neutron diffraction to investigate Lix(Ni0.6Co0.2Mn0.2)O2 as a cathode material cycled vs. lithium metal (Li+/Li). We follow the evolution of the refined unit cell, as well as of the internal crystal structure parameters, including the atomic coordinates and site occupation for the charge carrier (lithium), during the first charge–discharge cycle of the battery. Additionally, we demonstrate that the cell can achieve long-term cycling stability, and post-mortem scanning electron microscopy (SEM) analysis was carried out on the cathode material, the lithium metal anode, and the separator to reveal a possible cell failure mechanism.

MATERIALS AND METHODS

Ex Situ and Operando Neutron Diffraction Experiments

All neutron diffraction experiments were carried out at the HRPT high-resolution powder diffractometer at the SINQ spallation source (PSI) using the high intensity mode with a wavelength of 1.494 Å obtained from the (533) reflection of a Ge vertically focusing monochromator (Fischer et al., 2000) and determined using Si powder standard sample (NIST standard reference material 640d). The instrument is featuring a position-sensitive detector covering a scattering angles range of 160°, and a total solid angle of ~0.1 sr. Rietveld refinements were carried out using the Fullprof suite (Rodríguez-Carvajal, 1993).

For the ex situ neutron diffraction experiments, pristine Li(Ni0.6Co0.2Mn0.2)O2 powder (NCM622, MTI) (>1 g), separator foils, and liquid electrolytes (2 mL) were measured inside vanadium cylindrical containers (Ø 6 mm) sealed with indium wire. Separator foils, polyvinylidene fluoride (PVDF) film (Goodfellow), PVDF Inmmobilion-P membrane (Merck), polyethylene (Goodfellow), Celgard 2400 (Celgard), and Celgard 2500 (Celgard) were dried prior to the measurement at 60°C to remove the water adsorbed at the surface. The standard electrolyte was LP30 (1 M LiPF6 in ethylene carbonate (EC) : dimethyl carbonate (DMC) 50 : 50 wt.%), and the deuterated electrolyte had the following composition: 1 M in LiPF6 in d-EC:d-DMC (30 : 70 wt.%).

For the operando neutron diffraction experiments, the electrochemical cell NCM622 : SuperC65 : PVDF (80:10:10 in wt.%)|1 M LiPF6 in d-EC : d-DMC (50:50)|Li metal was assembled in the cylindrical cell configuration in an argon-filled glovebox. The lithium foil used as the counter electrode (3 × 13 cm) was calendered to 170 μm to ensure easy introduction of the stack into the cylindrical cell. For the positive electrode, a mixture of 80 wt.% of active material (NCM622, MTI), 10 wt.% of Super C65 (Imerys) as a conducting additive, and 10 wt.% polyvinylidene fluoride (PVDF, Arkema) as a binder was mixed in N-methyl-2-pyrrolidinone (NMP) solvent using a mechanical turbo stirrer and, then, cast with the doctor blade technique onto an aluminum foil, which was used as the current collector. The quantity of active material in the neutron beam was maximized by using double-side coated electrode. The cast slurry was first dried at 80°C under vacuum overnight to remove the NMP solvent. The electrode (3 × 14 cm) was calendered to a final thickness of 120 μm and achieved a loading of ca. 700 mg of active material. The electrode was finally dried overnight at 120°C under vacuum prior to its insertion in an argon-filled glovebox. Two Celgard 2500 foils (3 × 16 cm) were used as separators and dried overnight at 60°C to remove absorbed water before the cell assembly.

To collect neutron diffraction data during cell cycling, the cell was fixed vertically on a dedicated sample holder in the middle of the sample table, which enabled the center of the cylindrical cell to be matched to the optimal beam height. Horizontal and vertical beam reductions were used to avoid unwanted scattering, such as from the parts made of PEEK. The cell was connected directly to a VMP-300 potentiostat (Bio-Logic) and galvanostatically cycled using 8.5 mA/g as specific current (1 Li reaction in 20 h using a practical specific charge of 170 mAh/g) between 2.5 and 4.3 V vs. Li+/Li at room temperature. The cell voltage was held constant for 3 and 5 h at 4.3 V vs. Li+/Li and 2.5 V vs. Li+/Li, respectively. Neutron diffraction patterns were collected in operando mode, i.e., during cell operation, without any relaxation period. One scan was collected over a period of just less than 2 min, and 32 scans were merged into one pattern, corresponding to ca. 1 h of counting time, in order to obtain a good signal-to-noise ratio enabling reliable Rietveld refinement. This way, it is possible to control that no significant lattice or phase evolution during the resulting counting time. The applied cycling rate and merging procedure should be optimized for each new experiment. At both cut-off voltages, the scans were merged over the whole duration of the potentiostatic step (3 h for 4.3 V vs. Li+/Li and 5 h for 2.5 V vs. Li+/Li). Subtraction of the substantial background scattering is a rather critical step for successful data treatment and was performed prior to Rietveld analysis. By using normalization on the well isolated broad peaks at low scattering angles, the unwanted scattering from the Celgard could be effectively removed. These diffraction peaks, which do not appear for dry Celgard, are thought to originate from the adsorption of water molecules at the surface of the separator following their wetting with electrolyte. Normalization was done using diffraction data from non-dried Celgard in vanadium can with an air atmosphere. Additionally, the parasitic scattering from the deuterated electrolyte, which yields a few intense broad maxima originating from short-range correlations in the liquid, could be eliminated. Sequential refinements on all 46 diffraction patterns collected during cell operation were done using the Fullprof Suite (Rodríguez-Carvajal, 1993).

Electrochemical Tests

For the long-term cycling experiments, the same cylindrical cell configuration as for the neutron diffraction measurements was used, but with standard LP30 electrolyte instead of the deuterated electrolyte. Galvanostatic cycling was undertaken using a 8.5 mA/g specific current (C/20 rate using a practical specific charge of 170 mAh/g) between 2.5 and 4.3 V vs. Li+/Li with a 1 h potentiostatic step at both cut-off voltages.

The electrodes used in the cylindrical cell were also tested vs. lithium metal using the same cycling protocol in a standard type coin-type cell with the standard LP30 electrolyte and glass fiber separators.

Post-mortem Experiments

SEM measurements were performed with a Carl Zeiss Ultra 55 scanning electron microscope, using the secondary electron detector to emphasize the surface morphology. The images were taken at an acceleration voltage of 3 kV and a working distance of ca. 3 mm to ensure limited damage of the species formed upon cycling, particularly the polymeric species formed by electrolyte decomposition.

RESULTS AND DISCUSSION

Cylindrical Cell Design

The designed cylindrical cell for operando neutron diffraction experiment is presented in Figure 1.
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FIGURE 1. (A) Cylindrical cell design for operando neutron diffraction experiments. (B) Photograph of a dismantled cylindrical cell. (C) Photograph of an assembled cylindrical cell.



The design is inspired by the 18650 commercial cells and should reduce the number of unwanted components in the beam path or, if this is not possible, allow the use of materials with low neutron scattering and absorption. In this regard, aluminum has been chosen because of its relatively low cost, ease of machining, and its relatively low neutron absorption, even though coherent diffraction on the aluminum of the cell housing cannot be avoided.

The stack, comprising separator/positive electrode/separator/negative electrode, was rolled around an inner hollow mandrel made of aluminum (Ø 6 mm) and inserted into the cylindrical aluminum outer casing (Ø 10 mm). The electrolyte (ca. 1 mL) was added on top of the rolled layers before the cell was sealed with a PEEK cap. One separator foil acts as insulator by shielding the roll from the cylindrical outer casing, and the second prevents short circuits by separating the two electrodes. The positive connector is the central part of the mandrel made of aluminum (in agreement with the casing to avoid an additional undesired phase in the beam), while the negative connector, located at the other end of the cylinder, is made of titanium. Both connectors are insulated from each other with PEEK.

All components were tuned to reduce the background in the diffraction pattern (Figure 2). The standard electrolyte LP30 with its high hydrogen content generates a large amount of incoherent scattering, producing a considerable background signal. As highlighted in Figure 2A, using deuterated electrolytes reduces the background by almost a factor of three and is therefore essential for significantly improving the signal-to-noise ratio in operando neutron diffraction experiments using home-made cell designs. The separators are the next source of significant background signal. Several separators were tested, as shown in Figure 2B. PVDF foils and PVDF membrane, as well as polyethylene, have been reported to be better alternatives to the state-of-art Celgard (Brant et al., 2014; Pang and Peterson, 2015). Although in the literature the intensities of the diffraction peaks are normalized per gram of material, we found it more suitable to normalize them according to the actual amounts (in mm2) inserted in the neutron diffraction cell. Using this approach, the Celgard foils were found to generate the least background on the neutron diffraction pattern, whereas PVDF foil and membrane produced similarly high backgrounds. Moreover, the PVDF foils and membrane are thicker than Celgard, which limits the number of coils around the mandrel and, thus, the quantity of active material in the beam. Thus, Celgard 2500 was selected as the separator foil for operando neutron diffraction experiments. Kapton tape, which is used as an adhesive to fix the positive electrode and separator foils to the mandrel and maintain the tightness of the electrodes in the roll, was also analyzed. Its background is rather low compared to that produced by the liquid electrolyte and Celgard foil, but the amount should still be kept to a minimum.
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FIGURE 2. (A) Neutron diffraction patterns of all components of the cylindrical cell (other than cathode and anode). (B) Neutron diffraction patterns of several dry polymeric foils as a possible separator. The intensities are normalized for two separator foils used in the cylindrical cell.



The acquisition of neutron diffraction patterns with high signal-to-noise ratio in a relatively short time for structural refinements is, thus, possible with this design.

Operando Neutron Diffraction Experiment

Structure of the Pristine Material

Initially, the crystal structure of the NCM622 pristine material was assessed by ex situ neutron powder diffraction. The result of the Rietveld refinement is presented in Figure 3 and the refined structural parameters are summarized in Table 1.
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FIGURE 3. Rietveld refinement profile obtained using the ex situ neutron diffraction pattern of the NCM622 pristine powder. The calculated profile (black) is superimposed on the experimental profile (red diamonds) and the difference curve is drawn in blue. The calculated Bragg positions of the diffraction peaks are indicated by green ticks.




Table 1. Crystallographic data obtained from the Rietveld refinement using the NCM622 pristine powder neutron diffraction data.
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As described in the literature for Li(NixCoyMnz)O2 compounds (Yabuuchi and Ohzuku, 2003), the pristine material has an α-NaFeO2-type layered structure (space group R-3m, N°166), in which the transition metals (TM) form with oxygen layers of edge-sharing TMO6 octahedra that are stacked along the c-axis (Figure 4). Lithium ions intercalate into the octahedral sites between these slabs. In addition, an exchange of lithium and nickel ions between the crystallographic sites 3a and 3b may occur because of the similar ionic radii of Li+ (0.76 Å) and Ni2+ (0.69 Å) ions (Shannon, 1976). This phenomenon, usually referred to as cation mixing in the literature, is particularly common for Ni-rich materials (xNi ≥ 0.5). According to the literature, this Li/Ni exchange depends on the cationic ratio in Li(NixCoyMnz)O2, as well as on the synthetic route, and strongly affects the cycling stability (Noh et al., 2013; Yu et al., 2014; Zhao et al., 2017). Based on reasonable assumptions, i.e., the stability of the Mn, Co, and O stoichiometry, neutron diffraction appears to be the most reliable experimental technique to investigate and quantify the cation mixing arising from the difference between the coherent scattering lengths of lithium (−1.90 fm) and nickel (10.3 fm) (Sears, 1992). In the pristine material, 3.5% of lithium ions have been estimated to be exchanged with nickel ions, which is in agreement with previous reports for this compound (Lee et al., 2007) and similar to the values reported for NCM materials with various cationic ratios (Yin et al., 2006; Noh et al., 2013; Yu et al., 2014; Zhao et al., 2017).
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FIGURE 4. Layered structure of the Li(Ni0.6Mn0.2Co0.2)O2 pristine material.



Data Treatment and Refinement Protocol

The structural evolution of NCM622 during the first cycle was investigated by operando neutron diffraction using the cylindrical cell.

A neutron diffraction pattern measured for 1 h at ca. 3.7 V vs. Li+/Li during charging is presented as an example in Figure 5A. The achieved signal-to-noise ratio is sufficient to allow the diffraction peaks of the layered material to stand out and enables to follow the evolution of the Bragg reflections during lithiation/delithiation. However, the high background generated by the separators and deuterated electrolyte prevented the conclusive refinement of the structural parameters based on the raw data. Both these contributions, which were previously singled out (Figure 2A), were mathematically subtracted from the background of every neutron diffraction pattern. Rietveld refinements could then be successfully carried out. To illustrate the quality of this background subtraction procedure, a corrected pattern collected at ca. 3.7 V vs. Li+/Li during charge is compared to the raw diffraction pattern in Figure 5A and the Rietveld refinement profile based on this data is presented in Figure 5B.
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FIGURE 5. (A) Comparison of a neutron diffraction pattern as collected during the operando experiments (ca. 3.7 V vs. Li+/Li during charge) (black) and after subtraction of the background contributions of the Celgard and deuterated electrolyte (red). (B) Rietveld refinement profile based on this background-subtracted diffraction pattern.



Three phases were needed to index all Bragg reflections in the background-corrected patterns: NCM622, aluminum (space group Fm-3m, a ≈ 4.052 Å), and lithium metal (space group Im-3m, a ≈ 3.512 Å). Special care is required for the treatment of the contribution of aluminum from the cell casing because many of the diffraction peaks arising from aluminum overlap with those of NCM622. Thus, data acquisition was carried out on the empty cell (Figure 2) and the diffraction pattern from this machined piece shows severe preferred orientation effects that are challenging to handle quantitatively given the limited number of diffraction peaks in the pattern with the wavelength λ = 1.494 Å. To take into account the contribution of the strongly textured Al casing without compromising the precision of the refinement of the main phase of interest, the profile matching mode with constant relative intensities, as implemented in the Fullprof program (Rodríguez-Carvajal, 1993), was used. With this method, the relative peak intensities were calculated during the refinement based on the powder diffraction pattern of the empty Al-casing using the profile matching mode. They were then fixed from the Rietveld refinement using the operando neutron diffraction data and only the scale factor was varied for the aluminum phase. This approach showed limitations in two regions of the patterns (2θ ≈ 63° and 2θ ≈ 129°), where peaks arising from the Al casing coincided with those of both Li metal and NCM622 material. These two regions were, thus, excluded from the sequential refinements. Note that profile matching refinement alone is not a suitable method for treating the empty cell contribution because the peak overlap with the peaks of the NCM622 material is significant throughout the whole diffraction pattern. For the NCM622 layered material, the structural model of the pristine material (Table 1) was used and the following parameters were refined: cell parameters (a,c), two profile peak broadening parameters to account for the microstructure variations of the NCM material, and structural parameters (lithium content in the interslab space (site 3b) and the oxygen z-coordinate). The quantity of Li/Ni exchange and atomic displacement parameters Biso were fixed to the reasonable refined values from the high-quality neutron diffraction data of the pristine powder. Values for instrumental parameters, cell and profile parameters for aluminum and lithium, and Gaussian profile parameters for NCM622 were determined during the simultaneous refinement of NCM622 structure at 4.3 V vs. Li+/Li (measured for 3 h) and at 2.5 V vs. Li+/Li (measured for 5 h) using the Rietveld method. For this combined refinement, every parameter was refined except for the atomic displacement parameters (Biso) and the extent of Li/Ni exchange, which were fixed to the values of the pristine material.

Evolution of the Crystal Structure Upon Cycling

A contour plot of the operando neutron diffraction data is presented alongside the electrochemical profile in Figure 6A. Significant crystallographic changes are indicated by the shifting of the NCM622 diffraction lines in the 5–165° 2θ range. Enlargements between 17–19° and 55.5–69° in 2θ are shown in Figure 6B, following, respectively, the evolution of the (003) and (110) reflections. In layered oxides with an α-NaFeO2 structure, the positions of the (00l) lines are linked to the c-axis, i.e. the distance between the transition metal (TM) layers, also known as the interslab distance (dinterslab = c/3). The position of the (110) reflection is correlated to the value of the a-axis parameter and corresponds to the distance between the transition metals (dTM−TM) (Figure 4).
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FIGURE 6. (A) Contour plot representation of the operando neutron diffraction data alongside the electrochemical curve obtained during the cycling of the cylindrical cell with NCM622 as the active material. (B) Enlargements of the contour plot highlight the evolution of (003) and (110) reflections of the active material.



In addition, the evolution of the unit cell and atomic parameters refined using the Rietveld method during the sequential refinement of operando neutron diffraction data is represented in Figure 7. The R-Bragg factor attests to the reliability of the refinement for each pattern.
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FIGURE 7. Evolution of the structural parameters of NCM622 determined from the sequential refinement using neutron diffraction data collected during the operando experiments. (A) Unit cell parameters and volume. The errors on these values are smaller than the symbol sizes. (B) Lithium content and the interatomic distance between oxygen and transition metal atoms (dTM−O). Solid lines in these panels are guides to eye. The reliability factor, R-Bragg, is indicated for each refinement. The standard deviations of the refined parameters for the refinements done on the background-subtracted data have been corrected to account for the artificial underestimation of the errors, see text for details.



The gradual shifting of the diffraction lines reveals a solid solution process during the delithiation and lithiation of the active material and is consistent with the evolution of the refined structural parameters (Figure 7).

The shifting of the (110) diffraction line toward higher angles is continuous until the cut-off potential, 4.3 V vs. Li+/Li. This highlights the reduction in the a-axis and, thus, of the in-plane TM-TM distance, from 2.8680(2) to 2.8154(3) Å. This 1.8% shrinkage is the result of the oxidation of the Ni2+/Ni3+ ions to Ni4+, which has a smaller ionic radius. At the same time, the bond between transition metal and oxygen becomes more covalent, as suggested by the decrease of the interatomic distance between the transition metals and oxygen (dTM−O) from 1.964(4) to 1.880(5) Å.

Meanwhile, the shifting of the (003) diffraction line is less straightforward to understand. It first shifts toward lower 2θ angles indicating an increase in the c cell parameter and, thus, of the interslab distance, starting with c = 14.2208(11) Å (dinterslab ~ 4.740 Å) at 3.7 V vs. Li+/Li. The latter results from increasing electrostatic repulsion forces between the oxygenated layers when lithium ions are removed from the interslab space (Van der Ven et al., 1998). However, the highest value for the c cell parameter [c = 14.502(3) Å, dinterslab ~ 4.836 Å] was reached at xLi = 0.40(11) at ca. 4.0 V vs. Li+/Li. Pursuing delithiation, the (003) diffraction line, as well as all other peaks with the l index dominating in their (hkl) Miller indices, shifts slightly back to higher 2θ angles, and the c cell parameter decreases, reaching 14.383(2) Å (dinterslab ~ 4.794 Å) for xLi ≈ 0.10(10) at 4.3 V vs. Li+/Li. This behavior has been reported for layered LixNiO2 (Li et al., 1993), LixCoO2 (Ohzuku and Ueda, 1994; Amatucci et al., 1996), and Lix(Ni,Co,Mn)O2 materials (Alam et al., 2014; Ishidzu et al., 2016; Kondrakov et al., 2017b) and its origin is still under debate. A theoretical investigation of the LiCoO2 phase diagram (Van der Ven et al., 1998) suggested that a strong overlap of the 2p orbitals of oxygen and the partially filled eg orbitals of the transition metal would lead to charge transfer, resulting in the depletion of the oxygen charge. The decrease in electrostatic repulsions between oxygenated layers would then lead to the collapse of the interlayer space. This model was experimentally and theoretically confirmed for LixNi0.8Co0.1Mn0.1O2 (Kondrakov et al., 2017a). According to in situ X-ray powder diffraction experiments (Yoon et al., 2006; Ghanty et al., 2015), it could also be linked to the formation of a second hexagonal phase at high voltage, as it has been shown for LiNiO2 (Li et al., 1993). This second phase is isostructural with the pristine material but has a shorter a-axis, longer c-axis, and significantly lower lithium content. This mechanism would induce a splitting or broadening of the diffraction peaks, which is not observed in our experiment. The hypothesis of variations in the coulombic repulsion between oxygenated layers with lithium content is, thus, favorable in our case.

The evolution of the a and c cell parameters results in a continuous shrinkage of the unit cell volume upon delithiation, from 101.299(11) Å3 at 3.7 V vs. Li+/Li to 98.73(2) Å3 at 4.3 V vs. Li+/Li. This volume variation (2.5%) is in agreement with the literature values (Kondrakov et al., 2017a). It has been shown to vary linearly with the nickel content in NCM materials and result in the degradation of the Ni-rich cathode material (Noh et al., 2013; Ishidzu et al., 2016; Kim et al., 2016; Kondrakov et al., 2017b).

Operando neutron diffraction was performed consecutively during the discharge of the cell, i.e., lithiation of the NCM622 material, and shows that the structural changes previously described for delithiation are reversible. Indeed, the intercalation of lithium between the layers first leads to an increase in the c cell parameter, which then continuously decreases until 2.5 V vs. Li+/Li because of the screening effect of the lithium ions on the electrostatic repulsion forces between the oxygenated layers. As expected the a cell parameter increases because of the increase of TM-TM distance induced by the larger ionic radii of nickel ions in a reduced state; in addition, the interatomic distance, dTM−O, increases. Moreover, the structure of NCM622 at 2.5 V vs. Li+/Li after the first cycle is very close to the structure of the material at 3.7 V vs. Li+/Li at the beginning of cycling.

To complete the study, the voltage was held constant for 3 and 5 h at cut-off potentials of 4.3 and 2.5 V vs. Li+/Li, respectively. The corresponding Rietveld refinement profiles are presented Figure 8. The refined structural parameters are summarized in Table 2 and compared to the structural parameters obtained from the Rietveld refinements on neutron diffraction data collected in operando and for the pristine powder. The results of refinements from the datasets collected in the cell, at constant voltage (CV), and in operando (O), were in fact obtained on the background-corrected data: the contributions from the Celgard separator and from the deuterated electrolyte were subtracted prior to the refinements. This subtraction procedure inevitably led to substantially higher variances of the background-subtracted data. This, in turn, has led to the smaller weights of the point-by-point calculated squared differences between the “experimental” and the calculated intensities, entering the calculation of χ2, and thus, to unrealistically low values of the χ2 values. In this respect, these unusually low χ2 values are a consequence of the higher intensity variances than these would be expected for the directly measured intensities of the same magnitudes. The exact absolute χ2 values in Table 2 are therefore irrelevant characteristics of the refinement quality, and should be considered as relative refinement quality indicators only. On the other hand, special care needs to be taken of the errors of the refined parameters, when statistics of the data used for the refinements is modified during data reduction, as it is the case with our operando data. Rietveld refinement code of Fullprof uses the value of the reduced chi-squared [image: image], where n-p is the number of degrees of freedom of the refinement problem (Rodríguez-Carvajal, 1993), to additionally correct the standard deviations of the refined parameters, in a way that the estimated standard deviations are multiplied by the [image: image]. This is why, in the refinements of our operando data characterized by the unusually low χ2 values because of the background subtraction done in advance, the directly output standard deviations of the refined parameters would all be underestimated by a factor [image: image], [image: image] and [image: image] being the chi-squared values for “our” refinement on the background-subtracted data, and for the “hypothetical” refinement with exactly the same model on the data with original, unperturbed counting statistics. In order to evaluate this underestimation factor for the standard deviations of the refined parameters from our operando data, and to correspondingly correct for it, we consider the exact formulation for calculation of the χ2 values used in Fullprof: [image: image], with the point-by-point calculated weights of the profile points' contributions [image: image]. It is thus logical to estimate the artificial reduction factor for errors of refined parameter as [image: image], with [image: image] and [image: image] being the point-by-point variances of “our”, background-corrected, and of the “original”, measured data. We have calculated these underestimation factors, and these amount for the 46 patterns we were refining between [image: image] and [image: image]. Thus, the strongest underestimation of the errors of the refined parameters as provided directly by the refinement program is most probably by a factor of 1.2. In order to stay on the safe side, we have decided to “back-correct” these output errors for the refinements done on the background-corrected data (operando) by multiplying them all by a more conservative value of 1.3.


[image: image]

FIGURE 8. Rietveld refinements profiles obtained using neutron diffraction data collected at constant voltage. (A) At 4.3 V for 3 h and (B) at 2.5 V for 5 h. Both refinements feature two excluded regions, as discussed in the text.




Table 2. Refined crystal structure parameters obtained from the Rietveld refinement using the background-corrected neutron diffraction data collected at constant voltage (CV), in operando (O), and for the pristine powder (values taken from Table 1).
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Refinement of the structure using the neutron diffraction data collected for 3 h at 4.3 V vs. Li+/Li confirms that the delithiation of the layered phase is almost complete at 4.3 V vs. Li+/Li with the Li content estimated to be 0.09(10) at the 3b site, in good agreement with the value deduced from electrochemical measurements (x ≈ 0.08). After the discharge of the cell to 2.5 V vs. Li+/Li, NCM622 is again fully lithiated according to the refinement on the neutron diffraction data collected at a constant voltage. Moreover, the structural parameters of the material NCM622 at this voltage are similar to those of the pristine material, which attests to the reversibility of the delithiation process.

Notably, the values for unit cell parameters and atomic parameters obtained from the refinement on neutron diffraction data acquired in operando mode and at a constant voltage at both cut-off voltages are very similar. The difference lies in the reliability of the refinement, as shown by the R-Bragg and R-f factors, which are, as expected, better for refinements using neutron data collected for longer periods at a constant voltage. This suggests, nevertheless, that longer acquisitions (>1 h) are not essential for the monitoring of the crystallographic changes upon lithiation and delithiation with this cylindrical cell design, given adequate data treatment. Moreover, the reasonable evolution of the structural parameters upon cycling (Figure 7) and the similar values obtained for operando and ex situ (pristine) measurements attest to the validity of the Rietveld refinement using operando neutron diffraction data. However, quantitative results concerning the atomic parameters and, in particular, the exact Li occupation should be considered with care because several parameters were fixed during the Rietveld refinement, including the atomic displacement parameters (Biso) and the Li/Ni mixing ratio, which can evolve during delithiation and lithiation. For precise structural determination, operando experiments should, as far as possible, be complemented with ex situ neutron diffraction at different states of charge.

Electrochemical Performance

An added value of the designed cell is that it can deliver reliable electrochemical performance upon long-term cycling. The electrochemical performance obtained in the cylindrical cell was compared to the reference values deduced from the cycling under identical conditions of the same material in a standard coin-type cell (Figure 9).


[image: image]

FIGURE 9. (A) Normalized galvanostatic curves and (B) evolution of the specific charge and coulombic efficiency from the cycling of NCM622 in the cylindrical cell and in standard-type coin cell (reference) for 65 cycles. For clarity, only the linear fit of the reference set of data is represented.



The normalized galvanostatic curves obtained in the cylindrical cell are presented in Figure 9A and compared to the 1st and 2nd normalized galvanostatic curves from the cycling of NCM622 in a standard coin-type cell. The similar shape of the galvanostatic curves from both designs confirms that the same electrochemical behavior occurs. Starting from the 20th cycle, small polarization effects appear at the end of the lithiation from 0.9 to 1.0 in normalized specific charge. There are several sources of this phenomenon, such as irregular current density distribution on the electrode surface or the formation of a thick surface layer on the cathode/separator, which increases the apparent internal resistance of the cell and reduces the diffusion. It could also be linked to the degradation of the NCM622 cathode, as previously reported (Liu et al., 2015; Choi and Aurbach, 2016).

The evolution of the specific charge and the coulombic efficiency is presented in Figure 9B. A high cycling stability was achieved in the standard cell, having a specific charge of ca. 180 mAh/g after the first cycle (195 mAh/g) and a stable coulombic efficiency close to 98–99%. The specific charge values obtained from cycling in the cylindrical cell during the delithiation process are very close to the reference values, approximately 175 mAh/g for the first 30 cycles. Lower specific charge values were obtained during the lithiation, from 140 mAh/g at the first cycle to 127 mAh/g at the 30th cycle. This results in a coulombic efficiency fluctuating around 80%. After 30 cycles, the specific charge values during delithiation dropped, whereas they remained relatively constant during lithiation, resulting in an increase in the coulombic efficiency. These fluctuations are thought to originate from the assembly of the cylindrical cell. First, the inner pressure inside the cell, as well as the quality of electrical contacts with the current collectors, depends on the tightness of the roll, which can be difficult to control because the rolling is manual. Secondly, the inhomogeneous wettability of the electrodes and separators, along with the irregular inner pressure between the electrodes, could cause an irregular current density distribution over the electrode surface, as mentioned previously. In light of these observations, further optimization of the design would increase the tightness between the electrodes during the hand-rolling. The homogeneity of the wettability of the separators and electrodes could possibly be improved by adding electrolyte during rolling or by using pre-wetted separators, even though it would increase the risk of short-circuits during the assembly of the cell. Also, higher charge on delithiation could be a signature of enhanced electrolyte decomposition or, more generally, of parasitic oxidative processes.

Post-mortem Analysis

Post-mortem analysis using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) was performed after long-term cycling (65 cycles) on the cathode, anode and Celgard. Samples were taken from different areas of the electrodes (edges or center) to check possible inhomogeneous reactions and/or gradients. As shown in Figures 10A,B, there were no significant microscale changes in the shape and morphology of the electrode after long-term cycling, which is in agreement with the small volume change estimated from the Rietveld refinement. However, a polymeric-like film, attributed to the solid permeable interphase (i.e., electrolyte decomposition products; Edström et al., 2004), was detected at the surface of the unwashed electrode and, especially, at the grain boundaries (Figure 10C). It can be noted that this layer is more pronounced for samples taken from the edge of the electrode (Figure 10E). This inhomogeneity supports the hypothesis discussed above of an irregular current density distribution and parasitic oxidation reactions, which could explain the fluctuating coulombic efficiency and the appearance of polarization effects in the galvanostatic curves after 20 cycles (Figure 9). Additionally, the surface of the aged NCM622 primary particles appears rougher with a small amount of chipping at the edges (Figures 10D–F), which could be attributed to surface degradation associated with the transition metal dissolution. This hypothesis is supported by the detection at the surface of the lithium metal anode of manganese, as well as, to a lesser extent, nickel and cobalt (Figure 11). Transition metal dissolution is detrimental to the electrochemical performance (Choi and Manthiram, 2006; Zheng et al., 2012) because it enhances the development of the solid electrolyte interphase (SEI) at the surface of the negative electrode (here, Li metal), resulting in an increased resistance that hinders the lithium diffusion. The same effect can be generated by the clogging of the separators pores caused by side-products of the electrolyte decomposition (Sharabi et al., 2012). It can indeed be seen in Figure 12 that a polymer-like film, as well as small agglomerates, covers the surface of the Celgard separator after cycling. A higher resistance arising from the electrolyte decomposition coupled to the transition metal dissolution and clogging of the separator pores could explain the overall decrease of the specific charge in delithiation that is observed during the cycling in the cylindrical cell (Figure 9). However, it is important to note that such effects explain the deviation of the observed electrochemical data in the cell designed for neutron diffraction but do not diminish the quality of the structural refinement.


[image: image]

FIGURE 10. Scanning electron microscopy images of (A) pristine material and (B) a sample taken from the center of the electrode after 65 cycles, (C) unwashed electrode and (D) washed electrode with DMC, and a sample taken from the edge of the electrode, (E) unwashed and (F) washed with DMC.




[image: image]

FIGURE 11. (A) SEM image of cycled lithium anode (center) from the cylindrical cell and (B) EDX spectrum of the surface of the lithium anode after 65 cycles.




[image: image]

FIGURE 12. SEM image of the cycled Celgard separators (facing the cathode) of the cylindrical neutron powder diffraction Li-ion cell after 65 cycles: (A) unwashed foil and (B) foil washed with DMC.



CONCLUSION

The design of the cylindrical cell developed for operando neutron diffraction has been validated by monitoring the changes in the crystal structure parameters of Lix(Ni0.6Mn0.2Co0.2)O2, which were found to be in good agreement with the literature values. A good signal-to-noise ratio in the diffraction patterns was achieved, enhanced by appropriate background subtraction; thus, the refinement of the unit cell, as well as atomic parameters (with reasonable constraints), was successfully carried out on the neutron diffraction data acquired in operando mode. However, the reliability of the Rietveld refinement based solely on the operando data may not always be sufficient to extract precise quantitative results because of the limited statistics and assumptions used for the constraints. It is, therefore, recommended to complement the operando measurements with in situ experiments (keeping the cell at a certain voltage for the acquisition of better statistics, as presented in this study) or by ex situ experiments on extracted materials at key points of the galvanostatic curve. Electrochemical tests proved that this cylindrical cell is suitable for the investigation of the structural changes in the active material after long-term cycling. Post-mortem analysis contributed to our understanding of ways to improve the cell assembly. However, some further design optimization is required to guarantee uniform and strong contact between the electrodes and separator and the wetting of the separator with electrolyte.
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