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Abstract

:

The development of electrode materials for metal-ion batteries is a complex and resource-demanding process. The optimization of this development process requires a combination of theoretical and experimental methods. The former is used to predict the properties of materials and the latter to confirm them. Thus, it is very important to understand how the results of the modeling and experiment are related. In this study, we compare the results of determining the activation energies of lithium ion diffusion in cobalt(II)-lithium vanadate(V), which we obtained by calculations from first principles within the framework of density functional theory (DFT), with the experimental results, which we achieved by applying electrochemical methods such as cyclic voltammetry and galvanostatic and potentiostatic pulses. Based on the experimental and theoretical data obtained for LiCoVO4, we hypothesize that the limitation of the practically realizable capacity of the material at about 1/3 of the theoretical one is due to its structural limitations that lead to the impossibility of involving all lithium ions in the current-forming process. This reason is fixed by the simulation results, but is not detected by the experimental results.
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1. Introduction


The tasks of developing the concept of sustainable energy are stated in the first lines of the national strategies of most progressive countries. This concept involves the construction of efficient energy accumulation and storage systems. Lithium-ion batteries are the foundation for such systems. This is primarily due to the fact that they combine energy intensity and energy efficiency [1]. Such a high demand for lithium-ion batteries constantly requires that they are provided with higher energy density, which primarily depends on the cathode materials, since they mostly determine the energy intensity of the battery [2], and also make up a significant part of its cost, mass, and volume [3].



The development of new electrode materials and improvement of existing ones is a very important and urgent task. It requires that the researcher combine various theoretical methods to predict the material properties and experimental methods to confirm them. To optimize the process of material development, it is important to know how the results of theoretical modeling are comparable with the results of the experiment, in order to understand on a qualitative and quantitative level the limits of applicability and objectivity of information obtained by a particular method. This article discusses the features revealed during the joint analysis of experimental data and the results of theoretical modeling for a cathode material based on cobalt(II)-lithium vanadate(V) LiCoVO4.



LiCoVO4 is an attractive cathode material due to its theoretical specific capacity of 148 mA·h·g−1 and its charge/discharge operating potential of 4.2 V relative to Li+/Li. The full realization of the theoretical possibilities corresponds to a specific energy of 622 W·h·kg−1. This value is more than or comparable to commercially available cathode materials such as LiCoO2 (518 W·h·kg−1), LiMn2O4 (400 W·h·kg−1), LiFePO4 (495 W·h·kg−1), LiCo1/3Ni1/3Mn1/3O2 (576 W·h·kg−1), and LiNi0.5Mn1.5O4 (610 W·h·kg−1) [4,5]. LiCoVO4 has the potential to provide an alternative to the electrode materials currently in use, as well as complementing a set of materials to choose from for specific applications and conditions.



LiCoVO4 has an inverted spinel structure (space group   F d  3 ¯  m  ) where lithium ions of a regular sample make up octahedral positions (16d), and cobalt and vanadium ions statistically divide and arrange both octahedral (16d) and tetrahedral (8a) positions. The corresponding formula is        V  0.7     5 +     Co   0.3     2 +       8 a         Li   0.5     1 +    V  0.15     5 +   C  o  0.35     2 +       16 d     (  O  4     2 −   )   32 e     [6,7,8]. This is the presence of various atomistic schemes for filling the structure.



Previously [9], we obtained material based on LiCoVO4 and analyzed it using X-ray phase and morphological analysis. The unit cell parameter was 8.2774 ± 0.0004 Å, which is in good agreement with the works [6,7,10]. The particle size of the obtained material was less than 10 μm. In accordance with the data of galvanostatic cycling, the maximum specific discharge capacity was 44 mA·h·g−1, regardless of the synthesis mode, and the charging capacity also did not exceed the theoretical value. According to the cyclic voltammetry, the diffusion coefficients of lithium ions were moderate for solid ionic conductors; Dcat = 3.7·10−13 cm2·s−1 (for the reduced form, LiCoVO4) and Dan = 2.8·10−12 cm2·s−1 (for oxidized forms, Li1−xCoVO4).



The reasons for such a low specific capacity are not obvious, since the obtained samples are phase-pure, have micrometer sizes and relatively high diffusion coefficients, and compounds with a similar structure exhibit electrochemical activity [11].



The theoretical specific capacity of a material is expressed in accordance with Faraday’s laws:


Q = 26,800·n/M,



(1)




where Q (mA·h·g−1)—the specific capacity; 26,800 (mA·h·mol−1)—Faraday’s constant; n—number of electrons per unit of substance with molar mass M (g·mol−1). The number of electrons for the case of insertion or extraction of singly charged ions (for example, lithium ions) also corresponds to the number of such ions involved in the electrode reaction with the substance. For lithium-ion cathode materials, the first process is lithium ion extraction during charging. Thus, the incomplete extraction of lithium ions from the structure of the material which are potentially capable of participating in the intercalation process is the only factor that limits the level of the specific charge-discharge capacity of LiCoVO4. The fact that the material has structural resolutions for the electrode process, a high electrochemical potential, and a high theoretical capacitance is undoubtedly a necessary condition for the manifestation of electrochemical activity. However, this condition is far from being sufficient for the possible implementation of activity with a high energy density, since the electrochemical properties are affected by phase purity, morphology, and particle size distribution, as well as factors that are not directly related to the material, but also affect its functional behavior: the composition of the electrode composite, the method of manufacturing and forming the electrode, the electrolyte system, and others. Therefore, in a theoretical calculation, we exclusively consider the cathode material and model only its functional properties with the assumption that other factors are idealized.



In this study, we compare the results of theoretical and experimental methods for determining the activation energies of diffusion of lithium ions in cobalt(II)-lithium vanadate(V). We obtained theoretical values from first-principle calculations within the framework of density functional theory (DFT), and experimental values using cyclic voltammetry, and galvanostatic and potentiostatic pulse methods.




2. Materials and Methods


2.1. Computational Details


We used the experimental data of single-crystal X-ray diffraction for cobalt(II)-lithium vanadate(V) (a = 8.2760 Å, b = 8.2760 Å, c = 8.2760 Å, V = 566.84 Å3, space group   F d  3 ¯  m  ) from the work [6] as initial structural data. The structure of this material is disordered, and to take into account the stochastic arrangement of atoms, all possible atomistic schemes were generated using the Supercell program [12]. A cubic cell containing 8 formula units was used as an input structure for Supercell. In total, 52,364 nonequivalent configurations were generated according to the stoichiometry of Li8Co8V8O32.



The calculations were carried out in the framework of the density functional theory (DFT) using the generalized gradient approximation (GGA) method with the PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional [13], implemented in VASP (Vienna Ab initio Simulation package). All calculations were performed for cells of 56 atoms. After preliminary convergence tests, the Brillouin zone was represented using a set of 4 × 4 × 4 k-points according to the Monkhorst–Pack scheme [14], and the cutoff energy in all calculations was set to 600 eV. In structural optimization, convergence thresholds of 10−6 eV and 10−5 eV·Å−1 were used for the values of the total (free) energy and interatomic forces, respectively. These parameters made it possible to adequately optimize the structures with reasonable computational and time costs, and a further increase in the accuracy of calculations leads to only minor changes.



We estimated the activation energy of diffusion of lithium ions in the cobalt(II)-lithium vanadate(V) structure using the NEB (Nudged Elastic Bands) method [15]. In the NEB calculations, the spring constant was set to −5.0 eV·Å−2, and the convergence thresholds for the total energy and ion forces were 10−3 eV and 10−2 eV·Å−1, respectively. The search for possible diffusion paths was carried out using the PATHFINDER code [16]. Interpolation of 8 intermediate images between known initial and final states was carried out using VTST scripts [17]. NEB calculations were carried out for a cell with a fixed volume and with parameters corresponding to the optimized values. The results obtained were visualized using the VESTA program [18].




2.2. Experimental Section


2.2.1. Material Synthesis Procedure


We obtained the active material (LiCoVO4) by solid phase reaction. The starting materials were lithium carbonate Li2CO3 (purity class chemically “pure”, Zavod redkih metallov, Novosibirsk, Russia), vanadium(V) oxide V2O5 (purity class “pure for analysis”, Himreaktivsnab, Ufa, Russia), and cobalt acetate Co(CH3COO)2·4H2O (purity class “pure”, Himreaktivsnab, Ufa, Russia). Homogenization of the stoichiometric mixture of starting materials was carried out by mechanical treatment at room temperature in an AGO-2 planetary mill-activator (Novits, Novosibirsk, Russia) at a carrier rotation frequency of 560 rpm for 20 min. Mechanical treatment was carried out in acetone medium. After processing, we annealed the prepared dry mixture in air at a temperature of 700 °C for 12 h. The heating rate was 10 °C·min−1.



The phase composition of the final product was controlled by X-ray phase analysis. The diffraction patterns were recorded at a speed of 2°·min−1, with a step of 0.01° using CuKα radiation on an Empyrean diffractometer (Malvern Panalytical, Almelo, The Netherlands). The supplementary file contains the X-ray diffraction pattern of the material and main results of its analysis by the Rietveld technique (Figure S1, List S1).




2.2.2. Making a Working Electrode and Electrochemical Measurements


To prepare the cathode, we thoroughly mixed the sample (LiCoVO4) with an electrically conductive additive (carbon black) and a binder (polyvinylidene fluoride, PVDF, in the form of a 3.00 wt.% solution in N-methylpyrrolidone) in the LiCoVO4: carbon black: PVDF mass ratio of 80.0:10.0:10.0. The resulting suspension was uniformly applied to aluminum plates 0.4 mm thick. After spreading, the electrodes were rolled to a thickness of 0.25 mm and dried in air for 12 h at a temperature of 100 °C. The loading level of the active material was 3.0–4.0 mg·cm−2. The results of galvanostatic cycling of the electrodes [9] are presented in the supplementary file in Figure S2.



We carried out the electrochemical measurements of the obtained samples by the methods of cyclic voltammetry (CV), and galvanostatic and potentiostatic pulses in sealed glass three-electrode cells. A composite based on LiCoVO4 was used as a working electrode, and metal lithium was used as an auxiliary and reference electrode. All electrochemical measurements were carried out at a variable temperature (5.00–35.00 °C) in an electrolyte consisting of a 0.67 M solution of lithium chlorate(VII) LiClO4 in a mixture of propylene carbonate and dimethoxyethane (with a volume ratio of 7:3). The temperature control of the cell was carried out using a thermostat (PolyScience, Niles, IL, USA) with an accuracy of ±0.01 °C.



We performed the CV measurements on an Elins P-20X8 (Elins, Chernogolovka, Russia) multichannel potentiostat; the potential sweep rate from cycle to cycle increased from 0.05 to 1 mV·s−1 in the potential range from 3 to 4.5 V. Investigations by pulse methods were carried out on an Elins P-45X potentiostat (Elins, Chernogolovka, Russia). In the galvanostatic mode, the magnitude of the pulsed current applied to the electrode was 500 μA, and its duration was 40 ms. In the potentiostatic mode, the value of the potential pulse was 40 mV relative to the equilibrium value, and the pulse duration was 200 ms. Before the upcoming measurement, the system relaxed at the required temperature for at least 5 h. An important feature was that short pulses did not lead to a significant change in the stoichiometry of the electrode material.






3. Results


3.1. Theoretical Study


Cobalt(II)-lithium vanadate(V) has 52,364 nonequivalent structures. Optimization of such a quantity would require large computational costs, and thus a sample of 200 structures was randomly selected for a reasonable use of resources.



The energy values for the sample have a distribution close to normal (Figure 1; mean −403.813 eV, standard deviation 0.843 eV). The distribution center corresponding to the probability density maximum is the most representative estimate of the average energy of the LiCoVO4 structure. Therefore, when assessing the energy barriers to migration, the structure closest to the center of this distribution was used, as well as the nearest structures to the right and left of the center for a more detailed consideration of changes in activation barriers (Table 1) in various configurations. It should also be noted that structures containing a cluster of four lithium atoms (inset in Figure 1) are predominantly located to the right of the center of the normal distribution and, accordingly, have a higher energy. Apparently, clustering is an energetically unfavorable process.



The NEB method was used to estimate the migration energies of possible lithium ion diffusion paths. Since the structure of this material is disordered, it contains many non-equivalent paths; therefore, for reasonable use of computational resources, only those with a length not exceeding 6 Å were considered. The migration energies were determined as the energy difference between the local minimum and the saddle point corresponding to the highest energy value along the lithium ion migration path (Figure 2, Table 2).



All possible paths required for the migration of lithium ions along the main crystallographic axes are presented in Figure 3. The migration distances and barriers for all three structures are summarized in Table 2. We found that the structures have activation barriers comparable to each other in the range from 0.20 to 3.05 eV. Based on the data on migration energies for potential and already well-established cathode materials [19,20,21,22], it can be assumed that if the path has an energy of more than 0.8 eV, then this transition is unlikely and this direction is not considered possible for diffusion.



All structures are characterized by a certain uniformity, which manifests itself in two-dimensional diffusion of lithium ions along the b axis in the [010] direction, the a axis in the [100] direction in the case of the first structure, and c axis in the [001] direction in the cases of the second and third, in an arcuate bend of the shape paths, as well as the presence of one extended path connecting clusters of lithium ions located on opposite sides of the unit cell (path marked in gray for structure 1, black for structure 2, and yellow for 3).



NEB calculations show that paths 11 of structure 1, 9 of structure 2, and 7 of structure 3 have the highest activation barriers, which are 3.05 eV, 2.84 eV, and 2.90 eV with the corresponding lengths of 5.465 Å, 5.248 Å, and 5.355 Å. There is a direct correlation between the migration distance and the barrier. At the same time, it should be noted that in structure 1, the nearest atom to lithium at the saddle point is the vanadium atom located at a distance of 2.31 Å, whereas in structures 2 and 3, the cobalt atoms are at distances of 2.29 Å and 2.07 Å, respectively. At the saddle point, the lithium ion crosses either a triangle (structure 1) or a tetragon (structures 2 and 3) formed by oxygen anions lying approximately in the same plane (Figure 2). The corresponding average Li-O distances at the saddle point are 1.88 Å, 2.13 Å, and 2.08 Å for structures 1, 2, and 3, respectively. The trend is that saddle points located in triangular windows suggest systematically lower migration barriers than those in tetragons. Apparently, the values of the migration energies in the aggregate are determined by the local atomic environment, the Coulomb interaction, interatomic distances, and the length of the path.



Pathway 11 (structure 1) ensures the bonding of lithium ions inside the unit cell along the direction of the parameter b, and path 9 (structure 2) and path 7 (structure 3) ensure the bonding of lithium ions between unit cells along the c direction. However, since these pathways are characterized by high energy barriers, this allows us to conclude that the LiCoVO4 crystallite built by translation of the considered unit cell may not have through channels. As a result, lithium ions, which are far from each other in terms of the volume of the crystallite, are not connected with each other by migration trajectories with a non-zero probability. Accordingly, the volume of crystallite from which extraction is possible is limited. This limitation is due not only to the slow diffusion of lithium ions, but also to the complete “break” of possible diffusion paths. This is consistent with the fact that in practice there is a significant capacity limitation (no more than 30% of the theoretical limit) and sensitivity to synthesis condition.



Figure 4 shows the energy profiles of paths 1–6 for structure 3. The asymmetric shape of the energy profiles indicates thermodynamic differences in the forward and reverse transitions of lithium ions. In addition, it is highly probable that, during delithiation, the phase with a low lithium content will have lower values of activation energy [22,23,24].



The results of our analysis allow us to draw a partial conclusion that all three structures do not have through migration channels and groups of lithium ions that are located in close proximity to each other have short diffusion paths with low energy barriers, and groups of lithium ions that are located over long distances have high-energy paths. Apparently, this pattern will be typical for all other variants of structures.



A set of values of the activation energy of diffusion of lithium ions also allows us to predict the capacity limit of the electrode material. In Figure 5, we present a histogram, a probability density curve, and distribution function curve. The mode (the most probable value) of the activation energy is in the range from 0.3 to 0.4 eV, the median (it is possible to meet the activation energy below and above this value with the same probability of 50%) is 0.47 eV, and the mean is 0.70 eV. The distribution function corresponds to the proportion of paths for which the activation energy is lower than the corresponding value. We believe that this also corresponds to the proportion of lithium ions that can be extracted along these paths, that is, the value of n in Equation (1), and is proportional to the theoretical specific capacity Q if the experimental mode provides a certain level of energy.



We can make some predictions basing on this distribution. For example, if we conduct an experiment so that the level of excess energy supplied is 0.47 eV (median distribution), then we should expect a maximum of 50% of 148 mA·h·g−1. We can expect 80% of 148 mA·h·g−1 if the input energy level is 0.70 eV (the average for the distribution). The realization of 1/3 of 148 mA·h·g−1 corresponds to a minimum level of excess energy of 0.38 eV.




3.2. Experimental Study


3.2.1. Cyclic Voltammetry


Cyclic voltammetry (CV) is a useful electrochemical tool for characterizing electrode reactions [25]. Figure 6 shows a typical LiCoVO4 cyclic current–voltage curve taken at 25 °C. In the first scan, there is one broad oxidation peak at 4.4 V, which corresponds to the oxidation of cobalt Co2+ → Co3+ + e−, and one broad reduction peak at 3.7 V, corresponding to the reverse transition Co3+ + e− → Co2+. A small relative shift in the potentials of the anode and cathode peaks is observed in the voltammograms at other temperatures, which can be seen from the change in the value of ΔE in Figure S3 in the Supplementary File. In addition, at any temperature, we observe the closeness of the capacities of the anode and cathode half-cycles at low potential sweep rates, which indicates a good reversibility of deintercalation of Li+ ions from LiCoVO4.



The heights of the oxidation and reduction peaks, as well as the distance between the peaks of opposite processes on the potential scale, decrease with decreasing potential scan rate. This suggests that among the possible diffusion and kinetic deceleration of the electrode process under study, it is difficult to single out the limiting stage unambiguously: the lithium ion diffusion stage and the discharge-ionization stage affect the rate of the entire process to a comparable extent.



For the material under consideration, there is a close-to-linear dependence of the current density of the cathode and anode peaks on the square root of the potential scan rate (inserts in Figure 6). To interpret this dependence, we use the Randles-Shevchik model [25]:


   i p  = 0.4463     v ·    n 3   F 3    R T   · D     1 / 2    c 0  ,  



(2)




where ip (A·cm−2)—peak current density; v (V·s−1)—polarization rate; n—number of electrons involved in the process; F = 96,485.34 (C·mol−1)—Faraday constant; R = 8.314 (J·K−1·mol−1)—universal gas constant; T (K)—absolute temperature; D (cm2·s−1)—diffusion coefficient; c0 (mol·cm−3)—initial concentration of electroactive particles.



When interpreting anodic peaks, available lithium ions for extraction from the spinel phase should be assumed to be electroactive particles in the model under consideration. In addition, the available vacancies for lithium ions for lithium incorporation into them should be assumed to be electroactive particles when interpreting cathode peaks. The initial concentration of electroactive particles in the considered phase can be estimated by the formula:


   c 0  = n   L i   ·    ρ M  ,  



(3)




where n(Li) = 1—number of lithium atoms per LiCoVO4 formula unit; ρ = 4.234 (g·cm−3) is the density of the LiCoVO4 phase [1]; M = 180.81 (g·mol−1)—molar mass of LiCoVO4.



The values of the diffusion coefficients estimated in this way for the cathode and anode directions are summarized in Table 3. The values of Dcat. can be assumed to characterize the reduced form of the electrode material, and the values of Dan. characterize the oxidized one.



The dependence of diffusion coefficients on temperature in linearized coordinates is shown in Figure 7. The data obtained indicate a monotonous increase in diffusion coefficients with increasing temperature. Thus, we can conclude that temperature has a positive effect on the rate of the electrochemical lithiation/delithiation reaction in the considered temperature range.



The activation energies (Ea) for the diffusion coefficients (Dan. and Dcat.) were determined from the slopes of the graphs (Figure 7) in accordance with the S. Arrhenius model:


  D =  D 0  e x p   −    E a    R T     ,  



(4)




where D and D0 (m2·s−1) are the diffusion coefficient, and the limiting value of its extrapolation to T → ∞; Ea (J·mol−1) is diffusion activation energy; T (K) is temperature. The values of activation energy estimated using Equation (4) are given in Table 3.




3.2.2. Galvanostatic and Potentiostatic Impulses


Galvanostatic and potentiostatic intermittent titration (GITT and PITT, respectively) are useful electrochemical methods that provide the opportunity to obtain both kinetic and thermodynamic information about the investigated electrochemical system, including with a change in composition [26]. In this study, we limited ourselves to single pulses (without registering the dependence of the electrode reaction parameters on the degree of delithiation), since the problem was to determine the activation energy of lithium ion diffusion.



Figure 8 shows a typical chronopotentiogram; others can be found in Figure S3 in the Supplementary File. During the pulse time equal to 40 ms, it is assumed that the diffusing particles of lithium ions cannot reach the second boundary of the particle. Therefore, the solution of the equation of Fick’s second law for semi-infinite diffusion under chronopotentiometric conditions [26] was used, which has the following form:


  Δ E = Δ  E s  −   2    i s    n F         d E   d c        c 0    ·      t  π D     ,  



(5)




where   Δ E = E −  E 0    (V)— difference between the current potential E and the initial equilibrium value E0;         d E   d c        c 0     —derivative of the electrode potential with respect to the lithium concentration at the equilibrium point (c = c0); ΔEs =    i s     R F    (V)—conventionally instantaneous potential jump;    i s    (A·m−2)—current density;    R F    (Ohm·m2)—boundary resistance; D (m2·s−1)—lithium ion diffusion coefficient; t (s)—time; n—the number of electrons involved in the process; F = 96,485.34 (C·mol−1)—Faraday constant.



Under conditions of mixed kinetics (neither diffusion nor kinetic control significantly predominates), the characteristic parameter is important (  h =         d E   d c        c 0      n F D  R F     , m−1). With this characteristic of such a process sensor, we consider not only separately h or D, but also the parameter      h 2  D    , the existing dimension of the inverse time. This cumulative parameter with the dimension reciprocal of the dimension of time can be assumed to be proportional to the frequency of elementary acts of a complex electrode process at a specific electrode. It combines the effect of deceleration in the volume due to slow diffusion and the effect of boundary resistance.



From Equation (5) we see that the dynamics of the potential in the galvanostatic pulse mode is reflected by the dependence on time, linearized in the coordinates E vs.    t   . The coefficients A and B of the regression equation     Δ E = A − B  t      allow us to find the cumulative parameter      h 2  D     as      π 4  ·      B A     2     . Note that the convenience of the aggregate parameter is that its determination does not require separate determination of         d E   d c        c 0      and    R F   , as well as the value of the specific surface area of the electrode material, which significantly shortens the experiment.



An example of using Equation (5) is shown in Figure 8. Using a set of parameters, the experimental data were approximated by theoretical curves using the least squares method (LSM). The parameters determined as a result of the regression are summarized in Table 4.



In the pulsed potentiostatic method, we also use the model of semi-infinite diffusion [26]. The current flowing in this case was described by the equation:


   i s  =   Δ E    R F    exp    h 2  D t   erfc   h   D t      



(6)




(decoding of symbols—see Equation (5)).



The cumulative parameter h2D and the ratio ΔE·RF−1 were found by the least squares method (LSM) by sorting through various combinations of these parameters (Figure 9).



The functional dependence of the current at the moment of the potential jump on t1/2 is well described by the model curve, which confirms the statistical parameter R-square. The parameters of the model curve obtained as a result of the approximation of the experimental points are shown in Table 4.



The activation energies (Ea) for the kinetic cumulative parameter      h 2  D     as a result of impulse measurements were determined from the slopes of the graphs (Figure 10) in accordance with an equation similar to the S. Arrhenius model for the temperature dependence of the kinetic cumulative parameter:


   h 2  D =      h 2  D    0    e x p   −    E a    R T     ,  



(7)




where        h 2  D    0    (s−1)—limit value of h2D, extrapolation to T → ∞; Ea (J·mol−1) diffusion activation energy; T (K)—temperature.



The results of pulsed electrochemical measurements confirm that higher temperatures lead to an increase in diffusion coefficients. The activation energies estimated using Equation (7) are summarized in Table 4.



The activation energy values obtained by CV (Table 3) are more than twice as high as those obtained by pulse methods. Apparently, this is due to the fact that the activation energy obtained by the CV method is averaged over the entire time range of the cathode or anode electrode processes and reflects the energy corresponding to that part of lithium ions that limited the rate of the entire process. In the case of pulsed methods, the activation energy was determined for very short time intervals and corresponded to that fraction of lithium ions that had time to participate in the electrode process during this interval.



The difference in activation energies for the galvanostatic and potentiostatic methods also indicates the correspondence to only partial extraction of lithium. In accordance with M. Faraday law, the amount of extracted lithium is directly proportional to the accumulated charge. According to the modes of our experiment, the charge per galvanostatic pulse (500 μA 40 ms = 20 μC) did not change with the change in temperature that we used in our work. In this case, the charge per potentiostatic pulse is defined as the product of the average current and the duration and varies with temperature from 64 μC at 5 °C to 80 μC at 35 °C. In any case, a greater involvement of the material in the process corresponds to a greater activation energy.






4. Discussion and Conclusions


Experimental electrochemical methods made it possible to determine the parameters only for practically extractable (introduced) lithium ions. This is reflected in the range of lithium ion concentrations in the material over which one of the parameters of the electrode process, the diffusion activation energy, is averaged.



Involvement of the theoretical approach makes it possible firstly to concretize the distribution of diffusion activation energy over individual possible trajectories of lithium ion transfer in the structure of the material, and secondly to characterize the paths in the structure with a high energy barrier.



For example, the elastic band method makes it possible to consider a sample of all lithium ions and their transfer trajectories, regardless of their practical participation in the electrode process. The activation energy values obtained by pulsed electrochemical methods (0.23–0.37 eV) are consistent with those for low-energy pathways in accordance with the theoretical calculation. This is due to the short duration of measurements by these methods (hundredths and tenths of a second); only the most energetically available lithium ions have time to be involved in the process. The activation energy values obtained by cyclic voltammetry are close to the values, which is up to 0.8 eV for less probable paths achieved by the elastic tape method.



On the basis of the experimental and theoretical data obtained for LiCoVO4, a hypothesis can be put forward: the limitation of the practically realized capacity of the material at a level approximately one third of the theoretical one from the Faraday law is due to the fact that the involvement of additional lithium ions in the process is accompanied by a monotonous increase in the energy barrier, which, upon reaching a certain value, blocks further involvement. The increase in the energy barrier is due to the distribution of lithium ions in the structure of the material in such a way that in order to extract a large amount of lithium ions, it is necessary to use paths with high energy barriers that hinder diffusion.



It can be concluded that there are uncertainties in the development of electrode material if only experimental methods are used. We explain this by the different nature of the methods: averaging over the volume of material involved and time in the experiment compared with the analysis of individual ions and their transport trajectories in a theoretical study. A comprehensive analysis of the capabilities of the material, revealing limitations in that part that is not yet implemented in practice, requires the addition of experimental data with the results of theoretical calculations.



We assume that the identified limitations, both in terms of experimental and theoretical data, will make it possible to improve the behavior of the LiCoVO4 electrode material by controlling its structural parameters. At the same time, the applied approach of joint interpretation of experimental and theoretical data is recommended in the development of various electrode materials.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pr11051427/s1. Figure S1: X-ray powder diffraction pattern of a LiCoVO4 sample and illustration of the analysis result by the Rietveld technique. List S1: Main results of XRD analysis by the Rietveld technique. Figure S2: The curves of galvanostatic charge and discharge of the electrode based on LiCoVO4, and the change in electrode capacitance and Coulomb efficiency during cycling at temperature of 30 °C. The data from [9]. Figure S3: Cyclic voltammograms of LiCoVO4 taken at temperatures of 10, 25, 30 and 40 °C in the potential range from 3.0 to 4.5 V. The polarization rate increased from 0.05 to 1 mV·s−1. Inserts show the dependence of the peak current density on the potential sweep rate in linearized coordinates. Figure S4: Fitting a linear regression of the potential transient to the square root of time during the current pulse; blue markers—experimental data; red markers are the results of simulation based on Equation (5). The magnitude of the pulsed current is 500 μA. The duration of the pulse and relaxation is 40 ms. Temperature range is from 5 to 25 °C in steps of 5 °C. Figure S5: Current transients during potentiostatic impulse. Blue markers—experimental data; red markers are the results of simulation based on Equation (6). The value of the potential pulse is 40 mV. The pulse duration is 200 ms. Temperature range is from 5 to 35 °C in steps of 5 °C.
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Figure 1. Histogram and probability density curve of the normal distribution of absolute energy for a sample of 200 randomly selected structures. The rhombuses mark the structures chosen for estimating the energy barriers to migration. Blue markers indicate structures with a cluster of four lithium atoms. 






Figure 1. Histogram and probability density curve of the normal distribution of absolute energy for a sample of 200 randomly selected structures. The rhombuses mark the structures chosen for estimating the energy barriers to migration. Blue markers indicate structures with a cluster of four lithium atoms.



[image: Processes 11 01427 g001]







[image: Processes 11 01427 g002 550] 





Figure 2. Migration path 11 of structure 1 and path 7 of structure 3 (the path number is deciphered in Table 2). Green spheres are lithium atoms, red ones are vanadium, blue ones are cobalt. The black dotted lines connect the lithium atom at the saddle point to the nearest neighboring oxygen atoms, forming a distorted plane in the shape of a triangle or hexagon, perpendicular to the local trajectory. 
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Figure 3. Possible paths of migration of lithium ions for the selected structures. Lithium atoms are depicted as green spheres, cobalt atoms are in blue spheres, and vanadium atoms in red octahedrons and tetrahedra. Migration paths are color-coded according to Table 2. 
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Figure 4. Energy profiles of some selected transitions of lithium ions in structure 3. Arrows indicate the values of energy barriers to migration. 
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Figure 5. The distribution of the number of lithium ion diffusion paths by activation energy and the correspondence of the distribution to the number of ions that will take part in the process and the maximum specific capacity. 
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Figure 6. Cyclic voltammograms of LiCoVO4 taken at a temperature of 25 °C in the potential range from 3.0 to 4.5 V. The polarization rate increased from 0.05 to 1 mV·s−1. The inset is the dependence of the peak current density on the potential sweep rate in linearized coordinates. Other data can be found in Figure S3 in the Supplementary File. 
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Figure 7. Arrhenius dependence of the diffusion coefficient on temperature in linearized coordinates according to the results of cyclic voltammetry. 
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Figure 8. Fitting a linear regression of the potential transient to the square root of time during the current pulse. Blue markers—experimental data; red markers are the results of simulation based on Equation (5). The magnitude of the pulsed current is 500 μA. The duration of the pulse and relaxation is 40 ms. Temperature range is from 5 to 25 °C in steps of 5 °C. Data for 25 °C are shown. Other data can be found in Figure S4 in the Supplementary File. 
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Figure 9. Current transients during potentiostatic impulse. Blue markers—experimental data; red markers are the results of simulation based on Equation (6). The value of the potential pulse is 40 mV. The pulse duration is 200 ms. Temperature range is from 5 to 35 °C in steps of 5 °C. Data for 25 °C are shown. Other data can be found in Figure S5 in the Supplementary File. 
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Figure 10. Arrhenius dependence of the kinetic cumulative parameter h2D on temperature in linearized coordinates according to the results of cyclic voltammetry. 
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Table 1. Parameters of unit cells and energies of structures (Figure 1) selected for estimation by the NEB method of the values of energy barriers of possible pathways of lithium ion migration.
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	No
	ID
	a (Å)
	b (Å)
	c (Å)
	α (°)
	Β (°)
	Γ (°)
	V (Å3)
	E (eV)





	1
	[image: Processes 11 01427 i001]
	8.2161
	8.1431
	8.1202
	89.974
	89.131
	89.920
	543.218
	−403.737



	2
	[image: Processes 11 01427 i002]
	8.1552
	8.2049
	8.1404
	90.249
	89.615
	89.777
	544.672
	−403.816



	3
	[image: Processes 11 01427 i003]
	8.1088
	8.1437
	8.2027
	90.584
	90.154
	89.652
	541.626
	−403.881
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Table 2. Some estimated parameters of possible lithium ion diffusion paths in the structures under consideration.
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No.

	
Structure 1

	
Structure 2

	
Structure 3




	
ID

	
Path Length (Å)

	
Ea (eV)

	
ID

	
Path Length (Å)

	
Ea (eV)

	
ID

	
Path Length (Å)

	
Ea (eV)






	
1

	
[image: Processes 11 01427 i004]

	
2.609

	
0.35

	
[image: Processes 11 01427 i018]

	
2.795

	
0.27

	
[image: Processes 11 01427 i029]

	
2.680

	
0.25




	
2

	
[image: Processes 11 01427 i005]

	
3.141

	
0.65

	
[image: Processes 11 01427 i019]

	
2.762

	
0.39

	
[image: Processes 11 01427 i030]

	
2.829

	
0.28




	
3

	
[image: Processes 11 01427 i006]

	
2.795

	
0.37

	
[image: Processes 11 01427 i020]

	
2.903

	
0.36

	
[image: Processes 11 01427 i031]

	
2.811

	
0.40




	
4

	
[image: Processes 11 01427 i007]

	
2.447

	
0.20

	
[image: Processes 11 01427 i021]

	
3.050

	
0.51

	
[image: Processes 11 01427 i032]

	
2.840

	
0.39




	
5

	
[image: Processes 11 01427 i008]

	
2.962

	
0.77

	
[image: Processes 11 01427 i022]

	
2.750

	
0.46

	
[image: Processes 11 01427 i033]

	
3.055

	
0.48




	
6

	
[image: Processes 11 01427 i009]

	
2.984

	
0.34

	
[image: Processes 11 01427 i023]

	
3.051

	
0.47

	
[image: Processes 11 01427 i034]

	
2.959

	
0.69




	
7

	
[image: Processes 11 01427 i010]

	
2.942

	
0.62

	
[image: Processes 11 01427 i024]

	
2.969

	
0.26

	
[image: Processes 11 01427 i035]

	
5.355

	
2.90




	
8

	
[image: Processes 11 01427 i011]

	
3.348

	
0.51

	
[image: Processes 11 01427 i025]

	
3.046

	
0.43

	
[image: Processes 11 01427 i036]

	
5.251

	
2.42




	
9

	
[image: Processes 11 01427 i012]

	
3.043

	
0.62

	
[image: Processes 11 01427 i026]

	
5.248

	
2.84

	
[image: Processes 11 01427 i037]

	
2.719

	
0.32




	
10

	
[image: Processes 11 01427 i013]

	
3.080

	
0.59

	
[image: Processes 11 01427 i027]

	
2.884

	
0.50

	
[image: Processes 11 01427 i038]

	
2.825

	
0.24




	
11

	
[image: Processes 11 01427 i014]

	
5.465

	
3.05

	
[image: Processes 11 01427 i028]

	
2.851

	
0.34

	
[image: Processes 11 01427 i039]

	
2.785

	
0.47




	
12

	
[image: Processes 11 01427 i015]

	
3.006

	
0.50

	

	

	

	

	

	




	
13

	
[image: Processes 11 01427 i016]

	
3.053

	
0.48

	

	

	

	

	

	




	
14

	
[image: Processes 11 01427 i017]

	
2.994

	
0.61
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Table 3. Summary of the results of cyclic voltammetry. The values of diffusion coefficients at different temperatures for the anodic and cathodic processes and the corresponding activation energies.
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Temperature (°C)

	
Dan.·1013 (m2·s−1)

	
Dcat.·1013 (m2·s−1)

	
Ean. (eV 1)

	
Ecat., (eV 1)






	
10

	
9.43

	
0.629

	
0.51 ± 0.34

	
0.78 ± 0.38




	
25

	
17.5

	
2.13




	
30

	
26.7

	
3.76




	
40

	
77.6

	
15.4








1 The conversion to eV has been undertaken for comparison with the results of a theoretical study. The value of 1 eV corresponds to 96,485 J·mol−1.
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Table 4. A summary of the results of measurements by galvanostatic (GI) or potentiostatic (PI) impulses at different temperatures.
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Temperature (°C)

	
GI

	
PI




	
h2D (s−1)

	
Ea (eV)

	
h2D

	
ΔE·RF−1 (A·m−2)

	
Ea (eV)






	
5

	
24.25

	
0.25 ± 0.06

	
3.15

	
0.0017

	
0.37 ± 0.07




	
10

	
27.43

	
4.48

	
0.0019




	
15

	
30.31

	
6.85

	
0.0021




	
20

	
36.74

	
7.45

	
0.0023




	
25

	
41.05

	
9.96

	
0.0025




	
30

	
54.29

	
11.98

	
0.0027




	
35

	
69.53

	
14.85

	
0.0030
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