Basic electrochemical performance of pure LiMnPO4: a comparison with selected conventional insertion materials
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Abstract:
We compare the basic electrochemical performance of a LiMnPO4 battery material with the performance of its much more researched olivine counterpart - LiFePO4. To get a wider picture, we also included another well understood material, LiCoO2. Based on chronopotentiometric (galvanostatic) experiments, we discuss the materials performance in terms of cell energy efficiency and electrode polarization. We propose and justify the use of the “inflection point criterion” for determination of total overpotential (total). We further demonstrate that the general current-overpotential characteristics can be represented by introducing the total resistance of the cell - Rtotal. We find consistently that whereas in LCO the general current-overpotential characteristics is more or less linear, there is significant deviation from linearity in LiFePO4 and even bigger in LiMnPO4. The phenomenon is discussed in terms of state-of-the art knowledge about phase transformation phenomena in these materials. 
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1. Introduction:

Soon after their invention, significant differences in the electrochemical performance of different members of the phospho-olivine polyanionic family LiMPO4 (M = Fe, Mn, Co, Ni) were observed. For example, it was assumed that the iron analogue, LiFePO4 (LFP), was exhibiting good enough electrochemical performance to be considered as potentially interesting material for low-power battery applications.1 By contrast, from the manganese analogue, LiMnPO4 (LMP), basically no lithium could be extracted, neither electrochemically nor chemically.1 Similar dichotomy persisted for many years, with LMP being able to deliver only a fraction of the reversible theoretical capacity - at low C-rates and with a big potential difference between the charge and discharge curves.2–4 After demonstration of much improved performance when used in mixtures with LFP,5,6 the interest in this material has grown considerably. In parallel to that, improvements of the performance of pure LMP have also been occasionally reported. For instance, in 2002 Sony published a reversible capacity of 140 mAh/g for LMP at room temperature (CC-CV cycling protocol with potential window 2.0-4.5 V),7 but this achievement could then not be reproduced for many years.
An obvious approach to improving the rate performance of insertion materials seems to be decreasing the particle size.8 Drezen et al.9 were the first to demonstrate the beneficial effect of particle size minimization on the electrochemistry of LMP. In particular, they used a polyol synthesis approach to prepare nanoparticles of LMP material with a platelet morphology. Particles having a thickness of about 30 nm were subsequently carbon coated in a ballmilling step. A version of this procedure yielded spherical LMP particles with a quite uniform particle size of 25-30 nm coated with relatively thick (~15 nm) carbon layer delivering 145 mAhg-1 at C/20 and giving a stable reversible capacity of 140 mAhg-1 for C/10 C-rate (both at 30 °C using a CC-CV cycling protocol).10,11 Oh et al.12 reported a synthesis of carbon–LiMnPO4 nanocomposite by ultrasonic spray pyrolysis followed by ballmilling with carbon. In the case of a LiMnPO4-C material having a native carbon content of ~27 wt.% and 7.5 wt.% of additional carbon black they obtained a reversible capacity of 158 mAhg−1 at C/20 (at 25 °C using a CC-CV cycling protocol). Choi et al.13 synthesized LiMnPO4 nanoplates via a solid-state reaction in molten hydrocarbon. After ball milling with 20 wt. % of conductive carbon, the LMP-based cathode material demonstrated high and stable specific capacity - exceeding 150 mAh/g in initial C/25 cycles and retained 145 mAh/g after pro-longed cycling (CC protocol in voltage range 2.0-4.5 V). Later on, Kang et al.14 reported that small amounts of Fe and Mg dopants significantly improved the electrochemical power performance of LiMnPO4. Rangappa et al.15 prepared monodisperse nanoparticles of LiMnPO4 by performing synthesis under supercritical fluid conditions and reported the electrochemical performance of subsequently carbon coated 20 nm sized LMP to be 156 mAh/g (at C/100 and the lower cut off voltage 2 V). 
More recently,16 we introduced a two-step synthesis method which yielded LMP with a primary particle size around 20-50 nm. In order to keep individual particles sufficiently separated but still in electronic contact we embedded them into pyrolytic carbon, an approach known from many other studies on various insertion materials.17–27 Our material delivers an initial reversible capacity of ~160 mAhg-1 at a C-rate of C/20 at 55 °C using a CC cycling protocol and ~155 mAhg-1 for C/20 C-rate at 25 °C using a CC-CV cycling protocol.
Despite the great advances described above, the practical performance of LMP still lags significantly behind that of LFP. In order to understand the critical differences between the two materials, we have performed several systematic sets of experiments on both materials and also on some other well understood insertion materials, such as LiCoO2. The most important similarities and differences are shown and discussed in some detail. Quite surprisingly we find that, in fact, the properties of LMP are not essentially different from those of LFP, only the relaxation of charge within the lattice of LixMnPO4 is significantly slower. This, however, implies that if very small particles of LMP (according to our estimation on the order of 10 nm) could be efficiently wired both ionically and electronically, there should be no obstacles for this material to reach its theoretical limitation of capacity, 171 mAh/g, and a high C-rate capability. 

2. Experimental
2.1 Active materials
LiCoO2-based cells were prepared using a commercial LiCoO2 (“cathode powder SC 20”, Merck) with an average particle size of 2–3 m. LiFePO4-C active material was synthesized according to a citrate precursor method described in detail elsewhere.28 Brieﬂy, Fe(III) citrate (Aldrich) was dissolved in water at 60 °C. Separately, an equimolar aqueous solution of LiH2PO4 was prepared from H3PO4 (Merck) and Li3PO4 (Aldrich). The solutions were mixed together and after 1 h of stirring a rotary evaporator was used for the removal of water (at 60 °C under reduced pressure). After thorough drying and subsequent grinding with a mortar and pestle, the obtained greenish xerogel was ﬁred in argon atmosphere for 10 h at 700 °C. The heating rate was 10 °C/min. This method gives porous LiFePO4 particles of typical sizes between 5 and 20 m. All particle surfaces (outer and inner) were essentially covered with a 1–2 nm thick carbon ﬁlm. The total content of native amorphous carbon was ~ 3 wt %. The LiMnPO4-C (LMP) active material was synthesized according to the two-step synthesis described in detail elsewhere.16 In the first step, a homogeneous mixture of reactants without lithium was prepared in a round bottom flask by stirring stoichiometric quantities of manganese acetate (Fluka), citric acid (Sigma-Aldrich), and phosphoric acid (Merck) (the molar ratio of Mn:P:citric acid was 1:1.1:1.5). The pre-dissolved Mn and P precursors and solution of citric acid (each prepared as separate water solution) were mixed together at RT in a flask. The latter was then transferred to a vacuum rotary evaporator with a bath temperature of 60 °C. In the first step of drying the pressure was carefully decreased to 60 mbar whereby most of the water was removed forming a viscous sol that was subjected to a sudden pressure decrease to 10 mbar whereby the sol simultaneously expanded to form a voluminous foamy-like sol that was finally dried at 5 mbar for 2 h. The dried sol was thermally treated at 700 °C for 1 h in an argon atmosphere. In the second step, the composite from the first step was mixed with a 20 % excess of LiOH (Aldrich, the molar ratio Li:Mn = 1.2:1), using planetary ball milling (Retch) for 30 min at 300 rpm. The final LiMnPO4-C material was obtained with additional thermal treatment at 700 °C in argon for 12 h.

2.2 Preparation of electrode composites and electrodes 
Cathode composites were prepared from the basic active materials (LiCoO2, LiFePO4-C, LiMnPO4-C) to which carbon black (CB, “Printex”) and binder (PTFE) were added to get a ﬁnal weight ratio of 8:1:1. A mixture consisting from active material, CB and 60%  PTFE (Aldrich) in 2-propanol was prepared. The mixture was homogenized by thoroughly mixing in a ball mill (30 min at 300 rpm). After evaporation of the 2-propanol a ductile kneadable composite mass was obtained. The electrodes were prepared by spreading the cathode composite mass onto an aluminum foil current collector that had been roughened using a sandpaper to improve clinging. Circular electrodes with a diameter of 14 mm (1.54 cm2) were cut out. The electrodes were pressed with a force of 5 tons for 1 min in a hydraulic press. The typical loading of active material in electrodes was 3–3.5 mg/cm2. Finally, the electrodes were dried for 12 h at 90 °C and stored in an Ar filled glovebox for at least 24 h before use.

2.3 Cell preparation and electrochemical measurements
The electrochemical characteristics were measured in vacuum-sealed cells (“pouch cells”). Two electrode cells were assembled: the tested working electrode (WE) and a metallic Li counter electrode (CE) (~3 cm2) were placed oppositely over a separator (“Whatman” glass microﬁber). The electrolyte used was 1 M LiPF6 in EC:DEC (1:1 by volume), all received from Aldrich. The galvanostatic measurements were performed using a “VMP3” (Bio-Logic) potentiostat/galvanostat running with EC-Lab® software. All the comparative measurements of LiCoO2, LiFePO4-C, LiMnPO4-C materials were conducted at 25 °C. 



3. Results and discussion

The structure and morphology of LMP prepared via the two-step synthesis developed in our laboratory were reported previously.16 Also, degradation processes appearing during various stages of cycling were recently thoroughly examined using a range of techniques.29 Briefly, all diffraction peaks correspond to the olivine type structure with a Pnma space group of the orthorhombic crystal system. The Rietveld refinement showed, however, that our LMP had a slightly smaller cell volume – the difference being in the range 0.1-0.6 % compared to the previously reported data if compared to LiMnPO4 samples obtained in earlier studies,10,12,13,30–32 or to our reference sample with bigger crystallites. This deviation still needs to be explained. The estimated particle size from peak broadening is (38  2) nm which matches well with the observation using SEM and TEM.16 LiMnPO4 particles are very well dispersed in carbon matrix (14 wt. % of C in LiMnPO4-C) formed during the first step of the synthesis. The small, well separated but electronically wired particles resulted in very good electrochemistry: a capacity up to 161.5 mAh/g or 94 % of the theoretical value (171 mAh/g).
Although high specific capacities have been obtained, several other important electrochemical features have remained poorly understood. Examples of such features are: low power density (rapid decay of capacity above 1C), unusually large voltage hysteresis (~ 200 mV) between charge and discharge curve already at relatively low rates (C/20) and asymmetry of charge-discharge curve. These issues are systematically addressed in the present paper.

3.1 Galvanostatic measurements: Voltage hysteresis and Energy efficiency ()
Fig. 1a shows measured galvanostatic charge-discharge curves for LMP at different C-rates in the range from C/20 up to 16C at 25 °C. The potential window was 2.7 – 4.5 V vs. Li using the conventional constant-current “CC” cycling protocol. A comparison to the well-known LFP (Fig. 1b) and LCO (Fig. 1c) electrodes tested under similar conditions shows one particular difference: in LFP and LCO the voltage hysteresis between charge and discharge at low rates is rather small (34 mV and 14 mV for LFP and LCO, respectively, at C/10) but then significantly increases when progressing to higher rates (for example approaching to 400 mV at 5C). By contrast, in LMP the voltage hysteresis is quite large (~ 200 mV) already at smallest cycling rate (C/20) but then surprisingly remains within tolerable range as the rate increases (eg. ca 550 mV at 4C). Note that all the cells had the same geometric surface area of the electrode (1.5 cm2), the same electrode composition (80 wt. % active material, 10 wt. % carbon black (“Printex”) and 10 wt. % of PTFE binder) and were prepared using the same procedure (1 min of pressing with force of 5 tons in a hydraulic press). The active mass loadings of the electrodes were comparable: 4.3 mg in the case of LiMnPO4, 5.2 mg in the case of LiFePO4, and 4.1 mg in the case of LiCoO2 based electrode.
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Figure 1. Comparison of a series of galvanostatic cycles measured on different cells at different current densities: a) LiMnPO4 (from C/20 up to 16C in the potential window 2.7 – 4.5 V vs. Li), b) LiFePO4 (from C/10 up to 30C in the potential window 2.7 – 4.1 V vs. Li) and c) LiCoO2 (from C/10 up to 5C in the potential window 3.0 – 4.25 V vs. Li). In all the cases the third cycle measured at certain C-rate is plotted; all the curves were measured at 25 °C and obtained using the conventional constant-current “CC” cycling protocol.

The unexpectedly good behaviour of LMP at higher rates is even more clearly seen from Figs. 2 (a) – 2 (c) which show a comparison of selected galvanostatic cycles at similar current densities that are presented in terms of the mass-normalized current Im (in A per g of active material). The voltage hysteresis of LMP at low rates is distinctly larger than in the case of LFP and LCO. However, with increasing rate, especially above ca. 1C (Fig. 2c), the hysteresis of LMP becomes comparable to the hysteresis for LFP and LCO - which is rather unexpected. Without trying to find a deeper mechanistic reason, we here mainly comment this result in terms of energy efficiency of the various cells, . The latter can be defined as follows: 

 					(1), 



where  and  are the total energy changes in the cell during galvanostatic charge and discharge. The total energy that is transferred to/from an electrochemical cell is assumed to be equal to the change of the electrical energy of the cell, , and is obtained simply by integration: 

 				(2),
where indexes 1 and 2 correspond to the start and end of charge (or discharge) process, I is the constant current and V(t) the measured voltage of the cell during charge (or discharge) as a function of time, t. The obtained energy efficiencies () of the cells for sets of measured galvanostatic curves shown on Fig. 1 are shown on Fig. 2d where there are plotted versus normalized current, Im.
It is generally expected for battery systems that the energy efficiency be reduced when increasing the current density. The results of Fig. 2d are in line with this hypothesis, except in the case of LMP at the lowest tested rate (C/20) where unexpectedly low efficiency (85 %) was obtained. This deviation is due to the large coulombic irreversibility of the C/20 galvanostatic cycle (see Fig. 1a), that was measured as the third C/20 cycle in a sequence starting with the “pristine electrode” with the LiMnPO4-C material in the pristine state. As shown in our recent paper,29 LMP electrodes exhibit a strong irreversibility due to different types of parasitic side reactions that are taking place during charge at high potentials (especially in the initial cycles).11,33 In any case, we may conclude that at low current densities the energy efficiency, , of LMP is substantially smaller than in the other two active materials, LFP and LCO.
At C/5 rate the LMP based cell has the energy efficiency of 90 %, still being much smaller than that of the LCO (98 % at C/5) and LFP (97 % at C/10) based cells. With increasing current the efficiency of LCO gradually becomes distinctly higher compared to the efficiency of the other two olivine materials. However, there are also pronounced differences in the behaviour of LMP and LFP: quite surprisingly, the rate of efficiency decrease is smaller in the case of LMP, so increasing the current density sufficiently (e.g. above ~ 1.5 A/g),  of LMP becomes even higher than that of LPF. 

[image: ]Figure 2. Direct comparison of the shape of selected galvanostatic cycles measured on LiFePO4 (red line), LiCoO2 (blue line) and LiMnPO4 (green line) based electrodes at: a) low, b) medium, and c) higher current densities. The current densities shown are presented in terms of the normalized current, Im. In all the cases the third cycle at the same C-rate is plotted. d) Energy efficiencies () of the cells calculated using Equation (1) and plotted versus normalized current, Im.

Based on Fig. 2d one could come to a conclusion that in some aspects LiMnPO4 exhibits a better electrochemistry performance than LiFePO4. This however would be in contradiction with the known data for conductivity of the two materials at RT,3,34 as well as with the experimental data for the lithium diffusion coefficient in these two materials. Specifically, for LFP and LMP the experimentally determined diffusion coefficients for Li range from 10-13 to 10-16 cm2s-1 and 10-16 to 10-17 cm2s-1, respectively.22,35–38
A deeper analysis shows that plots such as that in Fig. 2d need to be interpreted with additional care taking into account various limitations of such an approach. For example, one finds that, at high rates, the energy efficiency obtained using Eq. (1) is strongly affected by the fact that at these conditions the active material cannot be fully charged and discharged.  In our specific case this means that the measured average voltage of the cell during charge is artificially reduced and the average voltage during discharge is artificially increased. Consequently, at high C-rates the calculated energy efficiencies using Eq. (1) are overestimated. Conversely, for the low and medium C-rates where still a substantial part of total capacity (e.g.  1/3 of theoretical capacity) is exploited the obtained values of  are meaningful. Thus in the case of the LMP at 4C, 8C and 16 C (Fig. 1a) and in the case of the LFP at 20C and 30C (Fig. 1b) the obtained values of  are larger than the real ones (those with the true physical meaning). More realistic values of  for high C-rates could be obtained by using a wider potential window which, however, would only be possible with a much improved electrolyte that would exhibit excellent ion transport properties together with possessing much wider potential stability window compared to the presently used carbonate-based electrolytes.

3.2 Current-Overpotential (I-) characteristics
In an attempt to gain a more realistic insight into inherent electrochemical performance at different rates we have made additional analyses of the hysteretic behavior of the three materials discussed above. As the hysteresis between the charge and discharge curve varies significantly with the state of charge/discharge (SOC/SOD) (see Figs. 2a-c), an obvious question arises: at which points in the charge and discharge curve should we read out the value of overpotential, ? One possibility would be to decide for a fixed value of SOC/SOD (e.g. reading the potential at fixed x in Li(1-x)MnPO4). We have found that choosing, for example x = 0.1, could be quite a good criterion in the case of LFP which exhibits very pronounced potential plateau. However, this criterion is less appropriate for the case of discharge of LCO and for the charge of LMP at lower rates (e.g. C/20) where we do not reach the plateau region yet. 
Fig. 3 shows a typical pair of galvanostatic curves of LFP measured at the same current (10C charge/10D discharge) and plotted as a function of time. We can easily observe 3 common regions: I) an initial steep increase/decrease in potential followed by a smooth transition into II) a plateau region with a distinctly “flat” voltage profile that expands into transition to III) a steeper “blocking-like” ending of the galvanostatic curve with progressively increasing/decreasing slope. In LFP all the 3 regions are well expressed both for charge and discharge (see Fig. 1b); in the cases of LMP and LCO region III is not observed in the charge curves due to the fact that either the upper cut-off voltage simply chops away that portion of the curve (as in the case of LMP, see Fig. 1a) or the 2-phase plateau region is further followed by an additional charge-storage mechanism(s) which is/are reflected as additional features complicating the potential profile (as the subsequent transition to a single phase storage and followed by a phase transformation from hexagonal to monoclinic symmetry in the case of LCO,39 see Fig. 1c). 
We can further notice, however, that both curves shown in Fig. 3 have an inflection point (marked with red dot) that is positioned inside region II. In a galvanostatic curve an inflection point has a physical meaning. Indirectly this is often recognized when authors choose to plot the first derivative of a galvanostatic curve as a function of potential. Generally, the first derivative, dE/dt, at a certain time t from the beginning of the charge/discharge corresponds to the reciprocal of the differential chemical capacitance, 1/Cchem, at time t. If so, one finds that in the case of galvanostatic curve the inflection point corresponds to the global maximum of differential chemical capacitance, Cchem. At this particular time, tinfl, the potential of cell, E, varies the least with time (or SOC, x). In this sense, this can be seen as a unique point in a discharge/charge curve so we decided to use it as a reference point for evaluation of voltage hysteresis of any material under consideration. 
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Figure 3. The inflection point criterion for determination of the value of the total overpotential (total) demonstrated on a typical pair of galvanostatic curves for LFP plotted as a function of time. The charge and discharge rates were the same (10C/10D). The charge/discharge total overpotentials (and ) were obtained using Eq. 3. Indicated are the three common regions of a LFP galvanostatic profile.

We further define the total overpotential of the cell, , as the difference between the measured voltage of the cell at the inflection point, , and the global equilibrium potential, : 
                                                                   		(3),
    
where for  we took the mean value of potential in a plateau region of a galvanostatic cycle measured at very low current densities. Specifically, for LFP and LMP we took the values of 3.427 V and 4.105 V, respectively, obtained from corresponding C/1000 measurements (see also below).40 For LCO the selected value was 3.909 V obtained from C/200 galvanostatic measurements. In all three cases the measurements were conducted at 25 °C. In Fig. 3 the total overpotentials for the charge and discharge are denoted with “+” and “-” ( and), respectively. It is worth noting that the proposed inflection point criterion for reading out the value of overpotential can be employed generally for different Li battery types including the one exhibiting the so called “solid solution” behaviour etc. The results of the analysis of the galvanostatic curves of the compared materials (LMP, LFP, LCO – Fig. 1) using the inflection point criterion are shown on Fig. 4. On the real axis the total overpotential () is given in the positive (charge) and negative (discharge) direction. On the ordinate axis the normalized current (in A per g) is displayed. 
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Figure 4. Current-Overpotential (Im-total) characteristics of the compared LMP (green), LFP (red) and LCO (blue) obtained using the inflection point criterion together with Eq. 3. Data in panel (b) are merely a magnification of data in panel (a) for low current values. The data were extracted from the 3 sets of galvanostatic curves shown in Fig. 1.

Fig. 4 reveals that all 3 materials compared in this study exhibit quite symmetric Im- characteristics of increasing current with increased overpotential. We find that for all the measured current densities the overpotential () increases in the order: LCO  LFP  LMP. Further we can clearly see that LMP differs from the other two materials in having a much larger hysteresis at the lowest C-rate (close to 200 mV at C/20). A closer inspection of the results shows that the curves for LFP and LMP are bent forming a “U-shape”. In other words – LFP and LMP based cells show a non-linear current-overpotential dependency.  Performing further analyses (see below) in which we quantify the resistances of the measured cells, we show that such bending is an inherent property of LFP and LMP (and probably many other insertion materials).

3.3 Total resistance of the cell, Rtotal, and the “activation” phenomenon
We define the total resistance of the cell, , as follows:

                                              ;                                             (4)
where  is the measured value of current in galvanostatic experiment. Normalized total resistance of the cell, , is obtained simply by multiplying  with the mass of the active material in the electrode () and has the unit of g. 
The total resistances corresponding to the current-overpotential characteristics shown in Fig. 4 are presented in Fig. 5. For the cases of LMP- and LFP-based cells we can observe a very pronounced phenomenon: the total resistance of the cell decreases very much with the increasing current density (or, equivalently, C-rate). In the case of LFP-based electrode we briefly commented on this feature some time ago and termed it an “activation” phenomenon.41 Later on, Lestriez et al.42 performed a more systematic analysis of the measured galvanostatic curves of LFP electrodes and confirmed the existence of the phenomenon. They have also observed a similar non-linear characteristic for the case of nano-sized Si-based negative electrode.43
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Figure 5. Total resistance of cell, Rtotal, for LMP- (green), LFP- (red) and LCO- (blue) based cells obtained using Eq. 4. The overpotential values were extracted using the inflection point criteria (see also data shown in Fig. 4). In order to compare different electrodes the resistances were mass-normalized Rtotalmact, where mact is the mass of active material. The obtained values of Rtotalmact for charge and discharge are denoted with (+) and (–), respectively.

However, Fig. 5 also reveals that, in contrast to LMP and LFP, the resistance of the LCO-based electrode is relatively independent of the current density; in other words, the current-overpotential curve (see Fig. 4) is close to linear. One could say that, in a first approximation, the LCO-based cell is linear by nature and follows more or less the Ohm’s law; when measured galvanostatically, a 10 fold increase of current (C-rate) will thus result in a 10-fold increase of overpotential (or voltage hysteresis). In the case of LFP and LMP, however, there is a major deviation from Ohm’s law: a 10 fold increase in current (C-rate) will result in much less than 10-fold overpotential increase. It seems that this electrode “activation” at higher rates is even more expressed for LMP. 
The origin of electrode “activation” is still poorly understood. It might be correlated to the variable rate of the internal charge redistribution during charge/discharge at different rates,44,45 but other options cannot be excluded. For example, it has been shown theoretically and confirmed experimentally that at very low currents active particles tend to phase-transform in a particle-by-particle fashion.40,44,46–48 This means that a very small fraction of active material is in fact “active” at any given time during charge/discharge A more general simulation of porous insertion electrodes has suggested that the fraction of such “active” particles in the electrode scales with the current (charge/discharge rate).49 Similarly it has been shown that imposing higher overpotentials during high current rate experiments induces more particles to undergo phase transformations at similar times during charge/discharge.50,51 On the experimental level, extensive experimental observation of LiFePO4 based electrodes using synchrotron Scanning Transmission X-Ray Microscopy (STXM) has confirmed that the fraction of the phase-transforming particles depends on C-rate.45 It has been suggested that the electrode accommodates the higher current by increasing the active particle population.45 Finally, in-situ XRD studies with high temporal resolution during high-rate galvanostatic cycling have revealed the formation of a nonequilibrium solid solution phase(s), LixFePO4 (0 < x < 1), where the distribution of solid solution compositions span the entire composition range between two thermodynamic phases, LiFePO4 and FePO4.52,53 Thus, at high global current densities (e.g. 5C and higher) the fraction of the LFP electrode that reacts simultaneously via nonequilibrium solid solution increases with the increasing C-rate.52,53 
In terms of the present results it is important to conclude that any of the mechanisms independently proposed in the above reports could be responsible for the observed current-voltage non-linearity (“activation” phenomenon). Namely, if we assume that the fraction of active particles indeed increases with C-rate (overpotential) then the results of Fig. 5 can be explained straightforwardly. Even more, in this case the curves shown in Figure 5 could directly serve for estimation of the fraction of “active” particles at any given current (overpotential). Finally, if it is true that the current-voltage characteristic is non-linear due to increasing fraction of active particles, then certainly this is a new, previously unreported origin of current-voltage non-linearity in electrochemistry. 

4. Conclusion

Although the electrochemical behaviour of LMP is relatively poor at low current densities (C-rates), it becomes surprisingly good at higher rates, at least in some aspects. For example, at current rates above ca. 1.5 A/g the energy efficiency of LMP becomes even higher than that of LFP and gradually approaches to that of LCO. We showed that this may be strongly correlated to the nature of overvoltage-current characteristic. Whereas in LCO this relationship is more or less linear, it deviates from linearity in both olivines. This non-linearity can be seen as an increasing activation of active material with increasing current rates. In LMP the activation is particularly strong which explains its good efficiency and the slowly increasing polarization at higher rates. One reason for the activation phenomenon in certain insertion materials could be the increase of fraction of particles that is actually undergoing phase transformation at given moment. If so, this is a different kind of non-linearity than typically observed in electrochemical systems (the non-linearity related to the well known Butler-Volmer equation). This hypothesis, however, still needs an experimental verification.
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