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So-called  ‘memory  effects’ are  well  known  to users  of nickel-cadmium and 
nickel-metal-hydride batteries. If these batteries are recharged repeatedly after being only partially 
discharged, they gradually lose usable capacity due to a reduced working voltage. Lithium-ion batteries, in 
contrast, are considered to have no memory effect. Here we report a clear memory effect of LiFePO4 – one 
of the materials used for the positive electrode in Li-ion batteries – that appears already after only one cycle 
of partial charge and discharge. We characterize this memory effect of LiFePO4 and explain its connection 
to the so-called particle-by-particle charge/discharge model. Not least with a view to practical use of Li-ion 
batteries in automobiles, this tiny memory effect is important for a majority of battery uses, as the slight 
voltage change it causes can lead to substantial mistakes in estimating the state of charge of the batteries.
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Memory Effect in a Lithium-ion Battery

1. Introduction

Lithium-ion batteries (LIBs) are the state-of-the-art
power sources for mobile phones, laptops, and electronic 
devices. Furthermore, LIBs have now emerged as the 
most  promising  power  source  for  electric  vehicles, 
hybrid vehicles, and plug-in hybrid vehicles. Relative 
to  alternative systems such as  nickel-cadmium 
(Ni–Cd) or nickel-metal-hydride (Ni–MH) batteries, 
LIBs offer several advantages, including smaller size 
and lower weight. Moreover, LIBs are considered 
to have no memory effect.(1-3) Whereas the term 
memory effect may be known mainly to specialists, 
its consequences are familiar to many, in the form 
of reduced available service time of a shaver or a 
mobile power tool. In Ni–Cd and Ni–MH batteries, 
the memory effect is manifested in a reduced working 
voltage, which is observed in the discharge curves 
when the batteries undergo repeated shallow-depth 
discharge for a large number of cycles(3-7) – the 
discharge voltage seems to memorize the depth of 
discharge of the previous cycling. This memory effect 
leads to a reduction in practical cell capacity at a fixed 
cut-off voltage and/or to a wrong estimate of the state 

of charge (SOC) of the cell. This is problematic in 
particular for batteries used in automobiles.(8,9) 

The belief that LIBs have no memory effect prevails 
since they have been commercialized in the early of 
1990s.(1-3) (In this paper, we reserve the term ‘memory 
effect’ for abnormal changes in working voltage – 
as in the examples above – which does not include 
hysteresis behaviour during charge and discharge.) 
One paper(10) reported, in 1991, memory-effect-like 
behaviour of electrolytic manganese dioxide (EMD) 
for Li-metal batteries, but not for Li-ion batteries. To 
our knowledge, there has been no dedicated study 
that tried to confirm the absence of a memory effect 
in LIBs. In preparation for the commercialization of 
electric, hybrid, and plug-in hybrid vehicles, revisiting 
the question whether LIBs exhibit memory effects or 
not is therefore called for.

In the following, we focus on the occurrence of 
memory effects of LiFePO4

(11,12) and Li4Ti5O12.(13,14)

There are two reasons for choosing these particular 
materials. First, LiFePO4 and Li4Ti5O12 are rather safe 
and inexpensive materials for LIBs, compared to other
candidates, such as LiCoO2 and Li(Ni, Co, Al)O2.(12,15-17)

These characteristics are essential for the use in 
automobiles. Second, the charge/discharge voltage 
curves of these materials are very flat, as they undergo a 
two-phase reaction.(11,14) Therefore, a small anomalous 
voltage change should account for a large mis-estimate 
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cycle of full charge and discharge (Fig. 1(d), red line). 
After a further cycle of full charge and discharge, the 
small bump completely disappeared (Fig. 1(d), black 
line). We define the partial charge/discharge cycle as a 
memory-writing cycle, and the subsequent full cycle 
as a memory-releasing cycle. To our knowledge, this 
is the first report of a memory effect in materials for 
Li-ion batteries. 

The SOC where the small bump appears clearly 
depends  on  the  depth  of  charge  and  discharge 
of  the  previous  cycle,  as  shown  in  Fig.  2.  Each 
memory-writing cycle included a rest time of one 
hour between charge and discharge in the open-circuit 
state. The rest time between the memory-writing cycle 
and the memory-releasing cycle was 10 minutes. The 
charge-voltage curves in the memory-releasing cycles 
seem to recall the depth of the previous cycle, even 
after full discharge. Although the memory effect is 
rather small, the slight voltage change will still lead 

of the SOC. Consequently, even small memory effects 
would lead, if they remain unidentified, to considerable 
practical problems for LIBs based on LiFePO4 or 
Li4Ti5O12.

2. Memory Effect of LiFePO4

To our surprise, we found a clear memory effect in the 
charge curve of LiFePO4. Moreover, the phenomenon 
is seen already after a single cycle of shallow-depth 
charge and discharge. Figure 1 shows a typical 
example of the memory effect of LiFePO4 at a SOC 
of 50% at about C/2 rate. (A rate of C/n corresponds 
to a full charge or discharge in n h.) A normal charge/
discharge curve of LiFePO4 between 2.4 and 4.4 V is 
shown in Fig. 1(a). The procedure for checking whether 
the memory effect occurs is shown in Fig. 1(c). After 
the first partial cycle, a small bump suddenly appeared 
at a SOC of 50% in the charge curve of the subsequent 

Fig. 1	 Demonstration of a memory effect in LiFePO4 at a SOC of 50%. (a) Normal charge and discharge curve 
between 2.4 and 4.4 V vs. Li/Li+. (b) Enlarged view of Fig. 1(a) between 3.45 and 3.50 V. (c) A sequence 
of three cycles. First cycle (blue line): charge up to a SOC of 50% and full discharge until 2.4 V; second 
(red line) and third cycle (black line): full charge and discharge between 2.4 and 4.4 V. (d) Enlarged view 
of Fig. 1(c) between 3.45 and 3.50 V. The charge/discharge current rate is C/2. The red arrow in Fig. 1(d) 
shows a typical memory effect at SOC 50%.
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effect was found even at higher rates of 1C and 4C. The 
height of the memory bumps seems to increase with 
higher rates, suggesting that the memory effect seem to 
act as a resistance. In the case of discharge processes, 
the memory effect of LiFePO4 was much smaller, but it 
still existed, as shown in Figs. 3(a) and (b). To provide 
further evidence of the memory effect, we confirmed 
it in a number of other setting: in three-electrode cells 
as shown in Supplementary Information S3; with very 
thin electrodes (less than 4% loading compared with 
the standard electrodes used in this study) as shown 
in Supplementary Information S4; and with different 
rates  of  memory-writing  and  memory-releasing
cycles as shown in Supplementary Information S5. 
In all of these configurations, the memory effect was 
detected. These results suggest that the effects of the 
cell-configuration, electrode-structure, and rate 
settings are not critical factors for the memory effect 
in LiFePO4. 

The memory effect seems to be more involved and 
far-reaching (with a view to practical uses of LIBs) 
than hysteretic effects during charging and discharge. 
It  is  known  that  some  active  materials  for  LIBs 
exhibit hysteresis even in very slow C rates.(23) The 
hysteresis can be regarded as a kind of memory of 
the most recent history. However the memory effect 
described here has dependencies beyond the most 
recent history. An example is shown in Supplementary 
Information S1, where the memory bump is growing 
in size with an increasing number of repetitions of 
the memory-writing cycle. Figure 2 shows another 
example to confirm the dependency on the history. The 
most recent histories just before the memory-releasing 

to a significantly inaccurate estimate of the SOC of 
the LIB, as the charge/discharge curve of LiFePO4 is 
very flat over a wide region. Of course, the voltage 
of an entire battery is determined by the difference 
between the electrochemical potentials of the positive 
and negative electrode. If the negative electrode 
has a sloped charge/discharge curve, that would be 
helpful to accurately estimate the SOCs. However, 
the most popular negative-electrode materials for 
LIBs, graphite and Li4Ti5O12, have wide flat regions in 
their charge/discharge curves.(13,14,18,19) These systems 
will suffer from the memory effect due to the flatness 
of its battery voltage. For the SOC estimations, the 
Coulomb-counting method (20) can be used, however 
the method is not suitable for LIBs in automobile 
uses.(21) LIBs always have some side reactions that 
lead to irreversible capacity, self-discharge, and 
degradation,(20,21) especially at elevated temperatures; 
also, the required accuracy of the SOCs is particularly 
high for automobile uses.(22)

The new memory effect has the following 
characteristics. First, the memory is not erased after full 
discharge with constant current up to 2.4 V; however, 
the memory is completely erased after full charge at 
the same current rate. Second, in contrast to Ni–Cd 
and Ni–MH batteries, in LiFePO4 the memory effect 
appears already after only one partial cycle. The effect 
of repeating the memory-writing cycle is shown in 
Supplementary Information S1. Increasing the number 
of repetitions of the memory-writing cycle to the same 
SOC made the memory effect more pronounced. The 
rate dependency of the memory-releasing cycle is 
shown in Supplementary Information S2. The memory 

Fig. 2	 The memory effect in LiFePO4 at several SOCs. (a) SOC 30%. (b) SOC 50%. (c) SOC 70%. Black, blue, and red lines 
correspond to normal cycle, memory-writing cycle, and memory-releasing cycle, respectively.
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effect should be in the different behaviours of LiFePO4 
and Li4Ti5O12. 

To examine the electrochemical differences 
between LiFePO4 and Li4Ti5O12, we conducted 
galvanostatic intermittent titration technique (GITT) 
measurements(24) for both materials. As a reference, 
constant current (CC) measurements were conducted 
using the same cells, at the same C/2 current rate. 
Figure 4 shows the result of the GITT measurements, 
superimposed with the result of CC measurements. 
The flat open-circuit voltage (OCV), as shown by 
red lines in Fig. 4, is expected, as the two-phase 
reaction happens in the flat region. A notable feature 
is the difference of the polarizations between the CC 
measurement and the closed-circuit voltage (CCV) in 
the GITT measurement, as marked X in Fig. 4(a). As 
the same C/2 current rate was applied in both the CC 
and the GITT measurements, the polarization should 
be identical, especially in the case of active materials 
with two-phase reaction. In fact, the first step of CCV 
in GITT (black line) was essentially identical to the CC 
measurement (blue line), as shown in Figs. 4(a) and 

cycles were identical in the conditions of Fig. 2(a) to 
(c); however, the subsequent memory-releasing cycles 
showed clear dependencies beyond the most recent 
history.

To gain mechanistic insight into the memory 
effect of LiFePO4, it is helpful to compare it with the 
behaviour of Li4Ti5O12, as both materials undergo a 
two-phase reaction.(11,14) Figures 3(c) and (d) show the 
charge/discharge curve of Li4Ti5O12 cells for the same 
procedure that was used in the experiments shown in 
Figs. 3(a) and (b). In contrast to LiFePO4, Li4Ti5O12 
showed no detectable memory effect. This result is 
important from two perspectives. First, the observed 
behaviour of Li4Ti5O12 cells supports the notion that 
the memory effect seen in LiFePO4 cells is not due 
to any of the other components – Li-metal counter 
electrode, conductive carbon, binder, electrolyte, 
and so on – because the component materials in the 
Li4Ti5O12 cells were identical to those in the LiFePO4 
cells. Second, the two-phase reaction itself is not a 
sufficient condition for the memory effect. Therefore, 
the key to understanding the mechanism of the memory 

Fig. 3	 Charge and discharge curve of LiFePO4 and Li4Ti5O12 under ‘memory-effect conditions’ at SOCs of 30% and 50%.
		  (a) (b) Charge (a) and discharge (b) process of LiFePO4.(c) (d) Charge (c) and discharge (d) process of Li4Ti5O12.



http://www.tytlabs.com/review/

61

© Toyota Central R&D Labs., Inc. 2014

R&D Review of Toyota CRDL, Vol.45 No.3 (2014) 57-67

found, marked Y in Fig. 4(a). Also in the discharge 
process of LiFePO4 and in the charge/discharge 
process of Li4Ti5O12, slight initial overshoots were 
found. This effect should be due to kinetics effect, as 
none of the OCV curves shows such a bump. This type 
of overshoot at the beginning of charge curves can be 
seen as well in other published data on LiFePO4.

(25-29) 
These two features, marked in Fig. 4(a) as X and Y, 
are the keys to understanding the mechanism of the 
observed memory effect.

3. Model of the Memory Effect of LiFePO4

To explain the X feature seen in the GITT 
measurements (Fig. 4(a)), we checked a wide range of 

(b). However, the two polarizations showed significant 
differences, starting from the second charge/discharge 
cycle. On the other hand, the two polarizations – the 
CCV in GITT measurements and the voltage curves 
in CC measurements – were identical in the case of 
Li4Ti5O12, as shown in Figs. 4(c) and (d). This suggests 
a difference in the electrochemical behaviour of 
Li4Ti5O12 and LiFePO4. In brief, Li4Ti5O12 exhibited 
normal behaviour, whereas LiFePO4 showed an 
anomalous polarization increase after relaxation in the 
GITT measurements. 

A further notable observation relates to the beginning 
of the charge and discharge curves of the two active 
materials in both GITT and CC measurements. In 
the LiFePO4 charge process, a distinct overshoot was 

Fig. 4	 GITT and constant current measurements of LiFePO4 and Li4Ti5O12 between 2.4 and 4.4 V vs. Li/Li+ 
for LiFePO4 and 1.0 and 2.1 V for Li4Ti5O12, respectively. Black and blue lines correspond to GITT and 
CC measurements, respectively. The GITT measurements consist of a series of current pulses applied at 
C/2, each followed by a 2-h relaxation period. The red dashed line shows the OCV curve, constructed by 
connecting the voltage points after each relaxation period. The current rate of the CC measurement was 
also C/2. (a) (b) Charge (a) and discharge (b) process of LiFePO4. (c) (d) Charge (c) and discharge (d) 
process of Li4Ti5O12.
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Next we consider the behaviour seen  in the 
GITT measurements in the light of the  sequential 
particle-by-particle charging process. If the current 
is interrupted at a SOC of 30%, roughly 70% of the 
LixFePO4 particles will still be in the Li-rich phase, 
and thus at point B of the chemical-potential curve 
(Fig. 5(c)). However, the system at point B is in an 
unstable state, and even if only a few particles will 
undergo spinodal decomposition, almost all other 
particles will go toward point A by exchanging 
lithium among each other and with particles in 
the Li-poor phase during relaxation (Fig. 5(c)). 
Figure 5(d) shows the state after relaxation. The 
particles  are divided into two groups – roughly 70% 
Li-rich phase particles, and 30% Li-poor phase 
particles (Fig. 5(c)). 

Now we can turn to the polarization difference 
seen between the CC measurement and the GITT 
measurements. Figures 5(c) and (d) show the charging 
condition in the CC and the GITT measurement, 
respectively. To proceed with charging from the 
condition shown in Fig. 5(d), the polarization should 
be larger than that in the condition of Fig. 5(c), as the 
Li-rich particles should climb again toward point B, 
which is at a higher chemical potential (see the dashed 
arrow in Fig. 5(d)). Moreover, the Li-rich particles – 
which are the active particles in the charging process 
– are  reduced to  a  fraction of  70%,  compared  with 
the condition depicted in Fig. 5(b). To sum up, the 
many-particle model and the non-uniform chemical 
potential of LiFePO4 can explain the polarization 
behaviour of the GITT measurements indicated by 
blue arrows in Figs. 4(a) and (b). 

However,  the  origin  of  the  overshoots  at  the
beginning of charge and discharge curves – the 
behaviour indicated by arrows Y in Fig. 4 – is still 
unexplained. On close inspection, the overshooting 
can be observed in the each charging process recorded 
in the GITT measurement (Fig. 4(a)), where charging 
starts from the condition of Fig. 5(d). It is most likely 
that the overshoots are due to some resistance involved 
with the spinodal decomposition or nucleation 
formation between points A to B. The overshoots will 
appear just before the sequential particle-by-particle 
process takes place. That we start charging from the 
condition of Fig. 5(d), is the triggering condition of 
the overshooting.

Now we can explain the memory effect in the light 
of the many-particle model and the overshooting 

charge/discharge models for LiFePO4. These models
include the core-shell model,(11) the mosaic model,(30) the 
radial core-shell model,(31) the spinodal-decomposition
model,(32) and the domino-cascade model,(33) However, 
these models cannot explain the mechanism of the 
memory effect. Recently, so-called many-particle 
models have been reported, which are based on a 
non-monotone single-particle chemical potential for 
LiFePO4.(29,34) The many-particle model proposed in 
ref. (29) can explain the first feature (X) in the GITT 
measurement of LiFePO4. The model describes the 
possible shapes of the chemical potential of single 
LiFePO4 particles in a solid solution, two-phase 
equilibrium, and the galvanostatic curve (Fig. 5(a)). 
The  two-phase equilibrium potential is such that a 
Li-rich  phase  can  coexist  with  a  Li-poor  phase. 
The galvanostatic curve refers  to the simplified path 
in  the  case  of  phase  separation  controlled  by  a 
typical  galvanostatic  experiment  under  very  slow 
charge/discharge rates.(29) The shape of the chemical 
potential  for  the  solid  solution  is  consistent  with 
recent results obtained in Monte Carlo simulations.(35)

 The many-particle model suggests that discrete, one-
by-one filling of many particles is responsible for 
the voltage plateaux in the charge/discharge voltage 
curves of LiFePO4. When we start from many fully 
discharged LiFePO4 particles (Fig. 5(b)) and gradually 
decrease the Li mole fraction x of the particles by 
applying a charging current, then every particle can 
reach the vicinity of point B through homogeneous 
solid-state reactions. At point B, one or a few particles 
will undergo spinodal decomposition and become 
inhomogeneous by forming the two-phase system 
– composed of a Li-rich and a Li-poor phase – as 
indicated by the red arrow in Fig. 5(b). Most of the 
particles will still be in a homogeneous Li-rich phase 
when reaching point B. The particle that decomposed 
into two phases quickly moves towards point C, as 
indicated by the blue arrow in Fig. 5(b), to establish 
a homogeneous Li-poor phase by interactions with 
other surrounding Li-rich particles. In this reaction, 
another particle at point B, likely to be far away 
from the first charged particle, will undergo spinodal 
decomposition, and charging proceeds. The fate of 
a particle will be determined by slight differences 
in the electrochemical environment of the particles. 
This sequential particle-by-particle charging process 
creates a flat many-particle equilibrium potential as 
shown by the green line in Fig. 5(b). 
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Fig. 5	 Schematic diagram of the chemical-potential condition of many particles of LiFePO4 during GITT measurement, 
the memory writing cycle, and the memory releasing cycle. (a) Possible shapes of the chemical potential 

		  of a single particle of LiFePO4 for solid solution (black line), two-phase equilibrium (blue line), and the 
galvanostatic curve under very slow charge/discharge (red line).(29) (b) The initial condition at the beginning 
of the GITT measurement or the memory-writing cycle. The green line corresponds to the chemical potential 
of the many-particle equilibrium potential. (c) The condition during charging at a SOC of 30% in the GITT 
measurement or in the memory-writing cycle. (d) The condition after relaxation in the GITT measurement or in 
the memory-writing cycle  at  a  SOC of  30%. (e)  The condition at  the beginning of  discharge in  the 

		  memory-writing cycle. (f) The condition at the end of discharge in the memory-writing cycle. (g) The condition 
just before the memory bump at a SOC of 30% in the memory-releasing cycle. (h) Diagram relating the 
conditions (b) to (g) to the memory-effect process.
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batteries. In the case of Ni–Cd and Ni–MH batteries, 
the memory effect is due to a formation of an anomalous 
phase – HNi2O3 or g-NiOOH – by overcharging.(6,7)

Our model involves no anomalous phases and no 
overcharging.

To verify our model of the memory effect, we 
carried out several electrochemical experiments. 
The rest time between the memory-writing cycle 
and he memory-releasing cycle should be a critical 
factor. The separated particle groups at the end of the 
memory-writing cycle (see, for example, Fig. 5(f )), 
will reunite after long rest time, because of the gap 
in chemical potential. As expected, the memory 
effect disappeared when the rest time between the 
memory-writing cycle and the memory-releasing cycle 
is increased (Supplementary Information S6). The 
reunion of the separated groups by relaxation should 
work only at the end edge of the LiFePO4 chemical 
potential. 

When the two groups are separated before and after 
point B, the two groups never reunite, even after 
long rest time. To verify this expectation, we 
looked at the effect of the depth of discharge of the 
memory-writing cycle (see Supplementary Information 
S7). The rest time between the memory-writing 
cycle and the memory-releasing cycle was 10 min 
in all measurements. As shown in Supplementary 
Information S7, the memory effect was enhanced 
when decreasing the depth of discharge. This can be 
interpreted as deep discharge weakening the memory 
effect, owing to the potential gap and the reunion by 
relaxation during the 10-minute rest time. However, in 
the case of shallow-depth discharge, the reunion will 
not occur because of the chemical-potential hill to be 
overcome at point B. 

Finally, we investigated the effect of the rest time 
after shallow-depth discharge in the memory-writing 
cycle (Supplementary Information S8). In contrast 
to the situation after full discharge (Supplementary 
Information S6), the memory effect did not disappear 
even after a rest time of 24 h, as predicted. These 
results (Supplementary Information S6 to 8) clearly 
support our model. 

LiFePO4 is one of the most promising positive 
electrode materials for automobile use and is used 
already in commercial LIBs. The memory effect 
described here should be taken into account especially 
for SOC estimations in LIBs with LiFePO4. We expect 
that the memory effect will occur not only in LiFePO4 

phenomena. The conditions of Figs. 5(b) and (c) can 
be also used to explain the mechanism of the memory 
effect at a SOC of 30%. The relationship between the 
conditions and the process of the memory effect are 
shown in Fig. 5(h). Figure 5(e) shows the situation 
at the beginning of discharge in the memory-writing 
cycle at a SOC of 30%. The particles divide into two 
groups with distinctly different Li mole fraction; the 
ratio  of the  two groups  is determined by the depth 
of  the  memory-writing  cycle,  in  this  case,  30% 
Li-poor  phase  particles  and  70%  Li-rich  phase 
particles. Owing to the clear difference of Li mole 
fraction, even after discharge in the memory-writing 
cycle, the grouping will remain as shown in Fig. 5(e). 
The memory-releasing cycle then starts from the 
condition of Fig. 5(f). When the charge proceeds at a 
SOC of 30%, the first group will finish the sequential 
particle-by-particle charging as shown in Fig. 5(g). 
The second group has to go towards a higher chemical 
potential and thus will move toward point B. This 
situation is similar to the scenario of charging from the 
condition sketched in Fig. 5(d). Therefore, this is the 
triggering condition for the overshooting, as indicated 
in Fig. 4(a). To proceed with further charging, the 
overshoot will suddenly appear as the memory-effect 
bump.  In  other  words,  the  memory  bump  will 
appear when the Li-rich particles climb up the 
chemical-potential curve toward point B without the 
sequential particle-by-particle charging situation. 
This suggests that the memory effect is expected to 
come from the delayed group, which is divided by the 
chemical-potential hill during the memory-writing 
cycle.

We conclude that the memory effect is the delayed 
overshooting, which normally appears at the beginning 
of the charge/discharge curve, owing to the division of 
the Li mole fraction into two groups, a Li-rich and a 
Li-poor phase. The relative population of the two 
groups is determined by the depth of the previous 
cycle, and the driving force of the division is the 
non-uniform chemical potential of LiFePO4. Both 
features seen in the GITT measurement (indicated 
by arrows X and Y in Fig. 4), are necessary for the 
memory effect to occur. Therefore, Li4Ti5O12 shows no 
detectable memory effect and the memory effect in the 
discharge process of LiFePO4 is much smaller. 

We stress that our proposed mechanism is 
fundamentally different from that of the well-known 
memory effects observed in Ni–Cd and Ni–MH 
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material, 5 wt% conductive carbon, and 10 wt% PVdF. 
All coin-type test cells were electrochemically cycled 
three times before testing for the memory effect, 
between 2.4 and 4.4 V for LiFePO4 electrodes and 
1.0 and 2.1 V for Li4Ti5O12 electrodes. All of the 
electrochemical measurements were conducted at 25 
± 0.1) °C using an Astrol system (Astrol Electronics 
AG) or a VMP3 system (BioLogic) operating in 
galvanostatic mode.

End Notes

Supplementary Information is linked to the 
online version of the paper at www.nature.com/
naturematerials.
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