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H I G H L I G H T S

• Overvoltage is tracked with respect to
SoC during galvanostatic discharge.

• Contributions to overvoltage are
identified from half-cell measure-
ments.

• We find experimentally a relation be-
tween diffusion and phase transitions.

• Diffusion decreases at the initial stages
of a phase formation.

• Overvoltage is found to be more ap-
propriate than ICA in full cell mea-
surements.
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A B S T R A C T

The overvoltage that is produced in the cells under operation limits the capacity and power they can deliver. A
detailed study about the mechanisms that contribute to that overvoltage—and thus to their lifetime—is required
for optimizing the use of batteries as well as their manufacturing process.

We investigate galvanostatic discharge at low and moderate rates in an LCO-NMC/graphite cell in order to
quantify the ohmic voltage drop and activation and concentration polarizations. For doing so, we compare half-
cells to full cell overvoltages. We find that the ohmic drop and concentration polarization dominate at high rates
and low rates, respectively. Moreover, we track the evolution of concentration polarization with State-of-Charge
(SoC) and we observe that there exists a relationship between diffusion and phase transformations. Specifically,
we validate experimentally that initial stages of a phase formation are not dominated by diffusion. Phase
transitions are commonly evaluated by incremental capacity analysis. However, we determine that it is more
appropriate to obtain that information from the full cells by the overvoltage analysis. Furthermore, we suggest
that the working SoC range can be optimized from the overvoltage analysis by avoiding the particular SoCs at
which the most detrimental phase transitions take place.

1. Introduction

Li-ion batteries are widely accepted as power sources for an in-
creasingly number of portable applications ranging from cellphones to
electric vehicles. Their high energy and power densities make them the
more appropriate solution for portable devices. However, their

performance is compromised as long as they are used in any dynamic or
stationary application (cycling or storing energy) due to the degrada-
tion or wear out that they suffer.

Currently, battery performance is characterized by the capacity and
power the cells can deliver for given conditions. In fact, for a certain
application, capacity fade and/or power fade determine the cells
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lifetime. Capacity and power are commonly determined from voltage
and current measurements [1,2]. Thus, voltage as much as current are
critical magnitudes for determining the cells performance. However,
the current to voltage relation in Li-ion batteries is complex and de-
pends on many external and internal factors such as temperature, the
geometry of the cell and its components, current density, State-of-
Charge (SoC), or the aging level [3].

In an electrochemical cell, the available electrical energy can be
calculated from the change in Gibbs free energy of the electrochemical
couple [4].

= −G n F OCVΔ · · (1)

where OCV stands for Open Circuit Voltage (cell voltage when the cell is
at chemical equilibrium), n is the exchanged number of electrons in the
reaction, and F is the Faraday constant (96487 Cmol−1).

Unfortunately, all the available electrical energy when the cell is at
equilibrium cannot be converted into useful electrical energy because
some of it is lost when a current flows through the cell; the cell potential
(Vcell) deviates from the open circuit voltage reducing the amount of
energy that can be converted. This voltage deviation is usually termed
as overvoltage (η) (or undervoltage depending on the direction of
current but, in this contribution, it will be always referred as over-
voltage independently of the direction of current) [5]:

= −η OCV Vcell (2)

The overvoltage generated in the cells during charge or discharge is
caused by electronic conduction, ionic mass transport, and charge
transfer phenomena [6,7]. In fact, overvoltage represents the energy
dissipated as heat during these transport and transfer phenomena. It is
well known that all the irreversible processes dissipate energy; dis-
sipation (or overvoltage in our case) can be used as an indicator of the
irreversibility of a system [8–10]. Thus, it is expected that the cells will
become more inefficient by dissipating more energy (i.e. the over-
voltage will increase) as they age or degrade (decrease their reversi-
bility) [11]. The larger the overvoltage is the sooner the charge/dis-
charge cut-off voltage is going to be reached. Thus, limiting the capacity
(the amount of charge that can be inserted/extracted) and the power
capabilities of the cells. In general, the contributions to overvoltage can
be classified in ohmic and non-ohmic effects. The part associated to
ohmic conduction is usually termed as ohmic drop [11]. It is a purely
resistive effect and therefore shows a linear relationship between cur-
rent and voltage, following the Ohm's law, at any current. The physical
origin of the ohmic drop comes from the contributions of the ionic
resistance of the electrolyte and the electronic resistances of the active
mass, the interfaces between electrodes and current collectors, and the
electrical tabs [12].

The part of overvoltage that is non-ohmic is associated to polar-
ization loses and includes activation and concentration polarizations.
Activation polarization drives the electrochemical reaction at the
electrode surface and is related to a charge transfer process. The asso-
ciated overvoltage (ηCT) comes from the energy required to overcome
the activation barrier for the chemical reaction to take place [12,13]. In
particular, the dynamics of activation polarization follow the Butler-
Volmer equation (3) [14].
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where I represents the net current flowing in the cell, Ia is the anodic
current, Ic the cathodic current, io the exchange current (current
flowing at each of the electrodes when the cell is at equilibrium, when
the net current is zero), α the electron transfer coefficient, R the gas
constant, and T the temperature at which the reaction takes place.

Two simplifications of the Butler-Volmer equation are commonly
found; for small voltages, it is linearized and for large voltages, current
and overvoltage are related through a logarithmic function [15]. In the
first case, the activation overvoltage can be directly obtained from

impedance measurements (from charge-transfer resistance RCT), in
which a linear relation between current and voltage is assumed (4)
[16].

= − =η T
n i

I R IR·
·F·

· ·CTCT
0 (4)

Contrarily, in the second case in which cells are working at high
rates, overvoltage and current do not follow anymore the linear ap-
proximation. Therefore, charge-transfer resistance at high rates de-
pends on the applied current (5) [6,16–18].

= − −η T
α n

i iR·
· ·F

(ln ln )CT 0 (5)

The other non-ohmic term, which is concentration polarization or
diffusion overvoltage (ηdiff), is caused by spatial variations in reactant
concentration that can take place in the electrode (solid phase) or in the
bulk of the electrolyte (liquid phase) [19]. Those variations at the solid
phase are usually associated to the fast consumption of reactants during
the electrochemical reaction compared to the rate at which they can
diffuse into the electrode particles. In that situation, the transport of
lithium-ions inside the active material particles is driven by the con-
centration gradient that is formed between the surface of the particles
and their inner part and it is termed as solid-state diffusion [15]. Solid-
phase concentration polarization depends on the applied current, the
structure of the active material, temperature and particle size [15].
Conversely, concentration polarization or diffusion at the liquid phase
takes place at the electrolyte, which is located between the two current
collectors. In particular, it depends on salt concentration, which is af-
fected by the properties of the electrolyte itself, the porosity and the
tortuosity of the electrodes [11]. Commonly, concentration polarization
is low at the beginning of discharge but grows rapidly for high current
loads or towards the end of discharge [19]. Therefore, the total over-
voltage generated in a cell under operation, can be written as the
charge transfer and diffusion overvoltages of both electrodes plus the
ohmic conduction [5]:

= + + + + ⋅η η η η η I R[( ) ( ) ] [( ) ( ) ]a a c cCT diff CT diff Ω (6)

where, the subscripts a and c stand for “anode” and “cathode” respec-
tively, and RΩ is the ohmic resistance of the cell.

The generated overvoltage in the cells depends on the SoC at which
they are evaluated [20,21]. Overvoltage reflects transport phenomena
and transport depends on the composition of the cells, which is con-
tinuously changing during charge and discharge processes. In parti-
cular, Li-ion batteries are composed of insertion or porous electrodes in
which lithium ions intercalate and deintercalate during charge and
discharge processes. Under these circumstances, the materials com-
posing the electrodes undergo various phase transformations depending
on their lithium composition [21–27]. The occurrence of these phase
transitions depend on many parameters such as temperature, charge/
discharge rates, the particle size of the active materials, or the applied
overvoltage [21–27]. In general, in the literature, there are many stu-
dies dealing with the dependence on the applied overvoltage of the
formation of certain phases [21,22,24–27]. However, fewer research
works evaluate the overvoltage that is generated in the cells when they
are discharged at a constant current [22]. In general, phase transitions
are evaluated using complex crystallographic techniques such as XRD,
when the cells are at equilibrium. Other techniques commonly em-
ployed for studying the dynamics of phase transitions are incremental
capacity analysis (ICA) or voltammetric techniques. However, ICA re-
quires a deep knowledge of the electrochemical behavior of the cells
[1], previous half-cell measurements in order to decipher the results
[28,29], and voltammetric techniques require a sweep of the applied
voltage versus time [30,31]. Thus, at present, no information of phase
transitions can be extracted when the cells are in operando. Moreover,
dynamics of the electrodes are, in general, poorly understood [4].

It is important to track the evolution of phase transformations for a
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proper characterization of the cells and understanding of the aging
process. Phase changes can reveal very valuable information about the
internal state of the cells as well as their thermodynamics and kinetics
because they are directly related to the physical processes involved in
the lithium insertion and extraction [32,33]. Thus, information ex-
tracted from these data can also be very useful in first, to build cells that
can operate more efficiently and second, to determine the working
voltage range (i.e. SoC range) that would optimize the lifetime of the
cells [33]. For instance, some of the phase transformations have asso-
ciated a large volume change that is not beneficial for the cyclability of
the cells [32].

In this paper, we present the overvoltage dependency on SoC at two
different aging states in an LCO-NMC/graphite cell subjected to a gal-
vanostatic discharge. Then, we determine the various overvoltage
sources participating in the overvoltage production. For doing so, the
tendencies of half-cell overvoltages are also evaluated and subsequently
related to the full cell. Beyond that, we find a relationship between the
overvoltage (in particular, concentration polarization) and phase
transformations taking place during lithium insertion/extraction.
Finally, in contrast to what happens with incremental capacity analysis
in full cells with complex peak patterns such as NMC/graphite, we are
able to identify all the phase formations in the full cell by simply ob-
serving the overvoltage curves. We would like to highlight that regard
we are representing data at two different aging levels, the aim of this
research work is not to find an aging model according to the generated
overvoltage.

2. Experimental

The evaluated cells are commercial 2.8 Ah Li-ion cells supplied by
LG_Chem in a 18650 format. Positive electrode (PE) and negative
electrode (NE) are composed of LiCoO2 - Li[NiMnCo]O2 (or LCO-NMC)
and C6 (or graphite), respectively.

2.1. Cycle aging procedure

In order to evaluate the cells at various aging levels, they were
subjected to a cycle-aging process. They were charged at constant-
current/constant-voltage at a C/2 rate and discharged at constant
current at a 3C/2 rate, which is the maximum discharge current al-
lowed by the manufacturer. Cycling was performed in an HVBT 5560
Arbin Tester capable of measuring current and voltage. Tests were
carried out in a climatic chamber at 25 °C.

Prior to the cycle-aging test, the cells underwent six formation cy-
cles at 25 °C to stabilize their capacity and to allow the initial formation
of the Solid-Electrolyte Interface (SEI) layer. Thus, we consider the cells
are fresh right after the formation cycles (fresh cells) and aged at the
end of the cycle-aging procedure (aged cells) The capacity fade suffered
by the aged cell at a 3C/2 discharge rate was of 24% with respect to the
nominal capacity. A more detailed description of the aging process can
be found in Ref. [34].

2.2. Half-cells building procedure

Cell opening was performed at the Institute for Power Electronics
and Electrical Drives (ISEA) in Aachen (Germany). Further details can
be found elsewhere [34]. Cell opening was carried out to one fresh cell
after the formation cycles (fresh cell) and one aged cell after the cycle-
aging process (aged cell) (Section 2.1). Round samples of 16mm dia-
meter were harvested from positive and negative electrodes of fresh and
aged cells.

In order to build the half-cells, one of the active material sides of the
harvested samples had to be previously removed. It was done by ap-
plying N-Methyl-2-pyrrolidone (NMP) solvent by hand until the active
material detached from the current collector. In particular, half-cells
were built in a coin cell format introducing the harvested positive or

negative electrode, fresh separator, 90 μL of fresh electrolyte and me-
tallic lithium as the counter electrode.

2.3. Open circuit voltage

In this work, OCV is estimated from cell voltage measurements at
very low charge/discharge rates—in particular C/25—because at low
C-rates, kinetic effects are minimized, and thus, thermodynamic con-
tribution dominates the measured voltage response. Therefore, those
voltage curves can be related to the SoC and can be used to estimate the
OCV [35]. The estimated pseudo-OCV (ps-OCV) is calculated at every
SoC by averaging the measured charging and discharging voltages ob-
tained at those low rates. Voltage measurements were carried out to
fresh and aged cells with an HVBT 5560 Arbin Tester at 25 °C.

2.4. Overvoltage generated in the cells

The overvoltage generated in the cells under operation was de-
termined at C/25 and 3C/2 discharge rates by equation (2) in fresh and
aged cells. Voltage and current measurements were carried out with an
HVBT 5560 Arbin Tester at 25 °C.

In the linear working regime of the cells, the overvoltage can be
related to the corresponding resistance (R) and current [5]:

=η I R· (7)

Thus, in order to determine the various contributions to over-
voltage, we employed the results of the impedance analysis we carried
out in a previous work [36]. Moreover, we could discriminate the
various contributions to overvoltage (ohmic, activation and con-
centration polarization terms) because we measured the impedance of
half-cells we build during a post-mortem analysis [34].

2.4.1. Activation polarization
In the case of activation polarization, a distinction is made between

the cases in which the cells are working at small overvoltages (linear
approximation) and the cases in which the logarithmic approximation
is more appropriate (refer to Section 1). In the linear approximation,
the overvoltage related to charge transfer is obtained by equation (4),
which in that case is equivalent to (7). Nevertheless, in the case of the
logarithmic approximation, the overvoltage determination is not as
straightforward as it is in the linear case so some intermediate steps are
required. The procedure we followed is, first, to calculate the exchange
current from the impedance data by the use of equation (4), as it does
not depend on the rate but it does on the electrode composition or the
SoC [37]. Once i0 is calculated from the impedance data at every SoC,
activation polarization can be calculated with equation (5). In this
study, as no experimental data was available for the electron transfer
coefficient, symmetric electron transfer was assumed (α=0.5) as it is
referred in the literature as a good approximation to experimental data
[38].

2.4.2. Concentration polarization
The contribution of concentration polarization is obtained from

equation (6) because the resistance associated to that term was not
measured in Ref. [36]. Thus, concentration polarization (ηdiff) is ob-
tained as the difference between the total overvoltage (η), and the ad-
dition of ohmic (ηΩ) and activation (ηCT) contributions (8).

= − +η η η η( )diff CTΩ (8)

2.5. Determination of the state of charge

SoC is defined as the ratio of the remaining charge to the actual
capacity of the cell. The capacity of the cells has to be measured at very
low rates in order to minimize the kinetic limitations. Likewise, capa-
city depends on the voltage window at which we operate the cell, the
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rate at which it is measured and the temperature of the cell [3,39].
Capacities of full cells and half-cells were measured at room tem-

perature at a charge/discharge rate of C/25 (Table 1). In particular,
capacities of full cells were measured with an HVBT 5560 Arbin Tester
and half-cell capacities were measured with a BasyTec battery tester.

The voltage window that we selected for cycling the half-cells has
not to necessarily correspond to the actual voltage window at which the
electrodes work in the full-cell configuration. Furthermore, the
matching of the electrodes also varies during the lifecycle of the cells
due to the degradation mechanisms that take place, such as loss of li-
thium or loss of active material [40]. Thus, we obtained the equivalence
between half-cells and full cell SoCs through the adjustment of the
voltage curves along with the injected/extracted charge.

2.6. Incremental capacity analysis

Incremental Capacity Analysis (ICA) was carried out during a dis-
charge process at C/25. Thus, the extracted charge was represented
versus the measured voltage curves. At that point, incremental capacity
was obtained as the portion of capacity associated to every voltage step
(ΔQ/ΔV). Peaks at the incremental capacity curves represent the co-
existence of distinct phases (represented as plateaus at the thermo-
dynamic voltage curves). Every chemistry has a characteristic peak
pattern and each peak at the incremental capacity curve has a unique
shape and a particular intensity. Contrarily, changes in slope in the
thermodynamic voltage curve (transitions between plateaus) are re-
lated to the formation of pure phases [25,35,41,42]. Those phases can
be structured, in the particular case of Li-ion cells, as dense or liquid-
like solid structures [22].

Incremental capacity analysis is a very powerful technique to in-
vestigate changes in the electrochemical properties of the electrodes. It
allows to quantify aging and to differentiate loss of lithium, loss of
active material and polarization effects [35,43,44].

3. Results and discussion

In this section, we first present the results of the generated over-
voltage at two discharge rates and at two aging levels. Then, we dis-
criminate the various contributions that participate in generating this
overvoltage and we determine the overvoltage produced at each of the
electrodes by means of half-cells. In addition, we perform an incre-
mental capacity analysis that allows us to find a relationship between
phase transitions and overvoltage. Finally, ICA and overvoltage curves
are compared as methods for determining the evolution of phase
changes in full cell configurations.

3.1. Overvoltage in full cells during a galvanostatic discharge

In order to determine the overvoltage, the open circuit voltage has
to be known (2). Pseudo-OCV (refer to Section 2.3) is estimated in fresh
and aged cells (Fig. 1). Slightly variations between the OCV curves are
appreciated at some SoCs, which are attributed to the degradation
suffered by the cells during the cycle-aging process [34].

Cell voltages of fresh and aged cells have been measured at C/25
(Fig. 2a) and 3C/2 (Fig. 2b) discharge rates. What we observe is that at

3C/2 there is a noticeable increase in the ohmic drop between fresh and
aged cells (Fig. 2b). This increase in the initial voltage losses coincides
with our previous results in which the ohmic resistance was the most
affected part due to aging [36]. Moreover, it can be appreciated that
there is also a larger difference between the voltage curves of the fresh
and the aged cells at SoCs below 40% (Fig. 2b). In contrast, in the
voltage curves at C/25, only slight differences can be appreciated
(Fig. 2a).

The corresponding overvoltages at C/25 (Fig. 3a) and 3C/2 (Fig. 3b)
are obtained by combining ps-OCV curves (Fig. 1) and cell voltages
under polarization (Fig. 2), as it is expressed in equation (2). In general,
we find that the overvoltage increases as the rate increases and as the
cells age. Similar tendencies are also found in Refs. [11,45,46], re-
spectively. Apart from the increase in overvoltage due to aging (Fig. 3)
the curves also become softer, showing an increase in overvoltage at
SoCs in which it tended to decrease when the cells were fresh. For in-
stance, at SoCs around 15–20% or 75% at a C-rate of 3C/2, and around
60% at C/25. In addition, it can be appreciated that the overvoltage
increases or decreases depending on the evaluated SoC (Fig. 3). A de-
crease in overvoltage at some particular SoCs is also appreciated in the
simulations made by Chandrasekaran, but no explanation is given in
this work [11].

3.2. Ohmic, activation and concentration polarizations

In this section, we first analyze the overvoltage contributions of the
ohmic conduction (current collectors are separated from the rest of
ohmic contributions), charge transfer at positive electrode, and con-
duction through the SEI layer (Fig. 4). These effects (their impedance
contributions) were already identified in our previous research work
[36] (refer to Subsection 2.4). The ohmic overvoltage contributions are
obtained by the product of their associated resistances and the dis-
charge current (7) whereas a different approximation is carried out in
the particular case of activation polarization (refer to Section 2.4.1).
Once ohmic conduction and activation polarization are determined,
concentration polarization is obtained by equation (8) and is plotted
along with the other effects (Fig. 5).

Table 1
Voltage windows and C-rates at which the SoC was determined in the full cells and half-cells.

Cell Minimum voltage (V) Maximum voltage (V) C-rate Parameter

Full cell
LCO-NMC/C6

3 4.3 C/25 SoC

Half cell
LCO-NMC/Li

3 4.4 C/25 PE SoC

Half cell
C6/Li

0.00075 2.5 C/25 NE SoC

Fig. 1. Pseudo-OCV of fresh and aged cells obtained at room temperature by
averaging charge and discharge voltage curves at a low rate (C/25).
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We find that the maximum contributor to overvoltage at both low
and moderate discharge rates is the term associated to other oh-
mics—that corresponds to all the ohmic contributions except current
collectors—which include the ionic conduction through the electrolyte
and the electronic conduction through the tabs, active material parti-
cles, and connections (Fig. 4). In general, the overvoltage associated to
electronic conduction can be considered negligible compared to the
ionic one [11]. Thus, the largest overvoltage contribution among the
ohmic drop, the transport across the SEI, and the activation polarization
term might come from the ionic conduction in the electrolyte. Some of
the parameters that affect the ionic conduction are salt concentration
and the porosity of the electrodes [11,47]. Therefore, the optimization
of the porosity of the electrodes and an appropriate selection of the
electrolyte is recommended in order to reduce the ohmic loses during
galvanostatic discharge.

When the fresh cells are discharged at a C/25 rate, the overvoltages
related to the SEI layer and charge transfer at positive electrode are
comparable (Fig. 4a). Nevertheless, at the aged state, charge transfer
contributes more to total overvoltage than the SEI (Fig. 4b). Contrarily,
at a discharge rate of 3C/2, the overvoltage generated in the SEI of the
fresh cell is larger than that associated to charge-transfer (Fig. 4c).
Thus, the overvoltage generated at the SEI layer is not critical at room
temperature but it gains importance as the discharge rate increases.
Despite the evident increase in the overvoltage associated to charge
transfer in the case of the aged cell, both the SEI and charge-transfer
overvoltages contribute in the same amount, except at SoCs below 20%
from which charge transfer starts increasing exponentially (Fig. 4d).
Thus, as it occurs at C/25, the last stages of discharge are limited by the
slowdown of the electrochemical reaction at the positive electrode.
Nevertheless, at the highest discharge rate, the cells are limited by
ohmic conduction in all the evaluated SoCs, even at the aged state
(Fig. 4c and d).

If now we include concentration polarization, which is obtained by
equation (8), we observe that it is the responsible of the overvoltage
SoC dependency that we find in Section 3.1 (Fig. 5). Concretely,

concentration polarization shows sharp increases and drops at some
particular SoCs. The most prominent local maxima are located at SoCs
around 80%, 60%, 25%, and 10% in the fresh cell when discharged at
C/25 (Fig. 5a). In general, we find that these peaks tend to disappear as
the rate increases and the cells age, what leads to a more homogeneous
distribution of the overvoltage with respect to cells composition
(Fig. 5b–d).

In general, we find that concentration polarization contributes
mostly at low rates but always tends to increase towards the end of
discharge, especially for SoCs below 20% at C/25 (see (Fig. 5a and b)
and below 40% at 3C/2 at the aged state (Fig. 5d). In fact, in the last
stages of discharge, a sharp decrease in cell voltage is also observed
(Fig. 2), which is attributed to the depletion of reactants at the surface
of the active material particles [15]. In literature, it is already stated
that concentration polarization becomes dominant at later times and
high filling [48]. Thus, when the cells are connected to a load during a
long period, such as when they are discharged at a C/25 rate, con-
centration polarization is expected to be one of the major contributors
to overvoltage as it is observed (Fig. 5a and b).

At a discharge rate of 3C/2, the ohmic contribution clearly dom-
inates the drift in voltage (Fig. 5c and d). In addition, in the fresh cell,
the voltage drop related to the SEI layer gains importance compared to
lower rates, getting values comparable to diffusion (around 50mV)
(Fig. 5d). Moreover, as the cells age, activation polarization increases to
values comparable to diffusion and the SEI layer (Fig. 5d). Actually, at
the end of discharge, which is reached at SoCs around 14% in that case,
the overvoltage associated to diffusion increases to values comparable
to the ohmic drop (Fig. 5d).

3.3. Overvoltages generated in positive and negative electrodes

We investigate here the overvoltages generated in half-cells. We
observe in the fresh cells that the overvoltage generated in the negative
electrode is twice the one produced in the positive electrode (Fig. 6a).
However, as the cells age, the overvoltage generated in the positive

Fig. 2. Cell voltages of a fresh and an aged cell at room temperature at (a) C/25 and (b) 3C/2 discharge rates. Results are represented with respect to SoC.

Fig. 3. SoC evolution of the overvoltages generated at room temperature in fresh and aged cells during (a) a galvanostatic discharge at C/25 and (b) a galvanostatic
discharge at 3C/2.
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electrode suffers a larger increase than that in the negative electrode,
what yields to comparable overvoltages in both electrodes (Fig. 6b).
Thus, indicating that the more degraded electrode in terms of over-
voltage is the positive electrode.

If the overvoltage generated in the full cell at a C/25 discharge rate
(Fig. 5a and b) is compared to the overvoltage generated in the half-
cells (Fig. 6a and b), similar peak patterns are observed. Therefore, the
electrode causing each of the various peaks observed in the full-cell
overvoltage can be discriminated. Specifically, we determine that local
maxima in overvoltage at SoCs 81.3% and 10% in the case of fresh cells

correspond to positive electrode whereas those at SoCs 58% and 23.5%
are produced at the negative electrode (Table 2). Smaller amplitude
peaks are also appreciated in the full cell at SoCs around 71% and 39%,
which are attributed to the positive electrode, and around 14%, at-
tributed to the negative electrode (Fig. 5a and b, and Table 2). All those
peaks shift their SoC position during the aging test due to the various
degradation mechanisms that take place (Table 2). Further details
concerning degradation mechanisms can be found elsewhere [34].

Fig. 4. Overvoltage generated at current-collector
interfaces of positive and negative electrodes (CC_PE
and CC_NE), at the SEI layer which is formed at ne-
gative electrode surface, during charge-transfer at
positive electrode (CT_PE) and the rest of ohmic
contributions (other ohmics). Overvoltage is eval-
uated in (a) a fresh cell at a C/25 discharge rate, (b)
an aged cell at a C/25 discharge rate, (c) a fresh cell
at a 3C/2 discharge rate and (d) an aged cell at a 3C/
2 discharge rate. Measurements are carried out at
room temperature.

Fig. 5. Various contributions to overvoltage at room temperature and at different discharge rates and aging levels: (a) fresh cell at C/25, (b) aged cell at C/25, (c)
fresh cell at 3C/2 and (d) aged cell at 3C/2. Arrows highlight the main overvoltage peaks. Gray areas at low SoCs represent that the end of discharge is reached.
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3.4. Relationship between phase transitions and overvoltage

The particular overvoltage SoC dependency that we find in the
evaluated NMC cells (Figs. 5 and 6) allows us to establish a relationship
between overvoltage and phase transformations during galvanostatic
discharge. In order to generalize these results, the same dependency
should be validated in other Li-ion chemistries. Actually, the SoC de-
pendency of the overvoltage generated in two commercial LFP cells was
already evaluated in a previous work [34]. However, half-cell analyses
were not carried out to those cells what did not allow to establish the
possible relationship between overvoltage and phase transformations.
Nevertheless, we found similar peak patterns in those commercial cells
what might indicate that there also exists a relationship between the
chemistry (or the phase transitions related to this particular chemistry)
and the overvoltage.

Incremental capacity analysis is carried out to the full cell and the
half-cells in order to determine the various phase transformations oc-
curring during lithiation of positive electrode and delithiation of the
negative one (Fig. 7). Fresh and aged cells are evaluated (left and right
sides of Fig. 7, respectively). Results are represented with respect to SoC
instead of cell voltage in order to compare them with the generated
overvoltages that we have shown in Fig. 3a, Fig. 5a, and Fig. 6.

It is well-known that graphite undergoes five phase transitions
during delithiation at room temperature [22,26,28,49–51]. Concretely,
staging in graphite during lithium extraction goes from stage 1 to stage
2, and then stages 2L, 3L, 4L and 1L [22]. Every number (1, 2, 3, or 4)
represents the interslab in which lithium ions are intercalated. Like-
wise, ions can be intercalated in every interslab in an ordered manner
as it happens in stages 1 and 2 or in a disordered (liquid-like) manner
such as 2L, 3L, 4L and 1L [22]. In our study, stages 1, 2, 2L, 3L, 4L, and
1L are clearly identified in the incremental capacity curves in both fresh
and aged electrodes (Fig. 7a and b). Moreover, we find that peaks in
overvoltage are causally correlated to SoCs at which the various gra-
phite stages take place (Fig. 7a and b, and Table 3). In the meantime
that phase transitions take place, the overvoltage increases to a local
maxima until the pure phase dominates. At the beginning of the next

phase formation, we find a decrease in overvoltage (Fig. 7a and b).
In the particular case of graphite, phase transitions can be solid-

solution phase transitions or they can undergo phase separation [22].
The phase transitions that show larger peaks at the incremental capa-
city curve, which are the transitions 1–2, 2-2L, and 4L-1L (Fig. 7a),
undergo phase separation whereas the rest are related to solid-solution
phase transitions [22].

With respect to positive electrode, it is composed of LiCoO2eLi
(NiMnCo)O2 that is a combination of solid solutions of LiCoO2 (LCO),
LiMnO2 (LMO) and LiNiO2 (LNO). Its performance in Li-ion cells de-
pends on the ratio between nickel, manganese and cobalt [52–55].
Furthermore, phase transitions and the formation of pure phases during
lithiation or delithiation also depend strongly on the ratio between the
composing metals as well as their synthetization [54]. Unfortunately,
we do not have information about the exact composition of the elec-
trode.

At the incremental capacity curves of the positive electrode of the
fresh half-cell, four peaks related to phase transitions are identified
(Fig. 7c). The correct assignment of a real phase transitions in SoC
around 72% is challenging because we measure a very small variation.
In the IC curve of the aged electrode (Fig. 7d), this variation is even
smaller. Therefore, it might be that actually there is no phase transition
associated to this particular SoC or that it does not take place in the
aged electrode. In any case, we cannot assure it only from these mea-
surements.

In the positive electrode, a peak in overvoltage is found after each of
the phase transitions as well as in the negative electrode. However, at
SoCs around 40% in the fresh electrode there is a local maximum in
overvoltage that apparently has no related peak in the incremental
capacity (Fig. 7c). Actually, we assume that the largest peak in the
incremental capacity curve, which is centered at SoCs around 36%,
might be hiding the peak that would be related to this overvoltage.
However, we cannot affirm from our results that this peak in over-
voltage truly corresponds to a phase transformation. The same peak
around 40% SoC is found in the aged electrode (Fig. 7d). Moreover, an
additional overvoltage peak is located around 20% in the aged cell. In
contrast to the overvoltage peak at 40% SoC, the additional peak found
at 20% has a direct correspondence with a new peak in the IC curve of
the aged cell.

Concerning the full cell, all the overvoltage contributions observed
in the half-cells (Fig. 7a-d) are also appreciable at the full-cell over-
voltage (Fig. 7e and f). Nonetheless, incremental capacity curves do not
show a direct correspondence between phase transitions taking place at
positive and negative electrodes and the full cell. Here, it is also ob-
served that towards the end of each phase transition there is always an
increase in overvoltage (Fig. 7e and f), which has been previously as-
signed to concentration polarization (refer to Section 3.2).

The local maxima in overvoltage coincide with the formation of
pure phases from which the overvoltage starts decreasing and continues
doing it at the first stages of the new phase formation. In fact, at the

Fig. 6. Overvoltages produced at positive and negative electrode half-cells at a discharge rate of C/25 at room temperature. (a) Half-cells composed of samples
harvested from the fresh cell and (b) half-cells composed of samples harvested from the aged cell. Ohmic drop is subtracted from total overvoltage.

Table 2
SoCs corresponding to local maxima in full-cell overvoltages represented in
Fig. 5a and b.

Electrode SoC of the local maxima in fresh
cells (%)

SoC of the local maxima in aged
cells (%)

Positive 81.3 77
Positive 71 70
Negative 58 61
Positive 39 37.6
Negative 23.5 26.5
Negative 14 15
Positive 10 6
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beginning of a stage transition, the measured overvoltage reflects the
processes of the new phase even though there is almost only the pre-
vious phase [22]. Therefore, as concentration gradients are not going to
form until sometime after the initial formation of the new phase, initial
SoCs of this phase transformation are not going to be affected by dif-
fusion [22]. Thus, it might explain the decrease in concentration po-
larization that we find at these particular SoCs. Hess also state a relation

between diffusion and overvoltage even though their results do not
show the SoC dependency of overvoltage but they are obtained at
various current rates and at particular SoCs [22]. Thus, we present
novel experimental results of the diffusion SoC dependency of each of
the phase transitions. Despite the fact that these results are not com-
monly found in the literature, our results are supported by other ap-
proximations in which diffusion coefficients are related to phase tran-
sitions at different SoCs [22,26,56,57]. Concerning the variability of
diffusion with aging or the rate, we conclude from our results that when
the cells age or are discharged at high rates, they are more affected by
diffusion already from early stages of phase transitions.

Incremental capacity curves provide relevant information about the
phase transitions and the formation of solid phases in the cells during
lithiation and delithiation. Indeed, in this sense, they are very useful for
half-cell measurements. However, as we can observe in Fig. 7, not all
the phase transitions occurring at the half-cells can be identified at the
full cells. For instance, this is the case of the peak associated with the

Fig. 7. Incremental capacity analysis and overvoltage generated in (a) fresh graphite/Li half-cell, (b) aged graphite/Li half-cell, (c) fresh LCO-NMC/Li half-cell, (d)
aged LCO-NMC/Li half-cell, (e) fresh LCO-NMC/graphite full cell and (f) aged LCO-NMC/graphite full cell. The results are obtained during discharge (lithiation of
positive electrode and delithiation of negative electrode) of fresh cells at a rate of C/25 at room temperature. Dashed lines separate phase transitions (white areas)
from pure phases (yellow areas). Gray areas represent SoCs that were not considered in the full cells. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Table 3
State-of-Charge associated to graphite stages 1, 2, 2L, 3L, 4L, and 1L during
delithiation. Comparison is made between the results found in literature [22]
and the ones obtained in this study by means of fresh half-cells.

Stages 1 2 2L 3L 4L 1L

SoC range in Ref. [22] [%] 95–100 50–53 30 20 12–13 0–5
NE SoC of local maxima in

overvoltage [%]
97.5 52.8 21.1 18 13.5 6
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phase transition between stages 1 and 2 at the negative electrode,
which is located around the 60% SoC (Fig. 7a) but cannot be appre-
ciated at the full cell incremental capacity (Fig. 7e). In contrast, the
peak in overvoltage generated during this particular phase transition
can be identified at both the full cell and the half-cell overvoltages
(Fig. 7a and e). Therefore, we find more convenient to evaluate changes
in the structure of the cells with overvoltage measurements, which
show to be more appropriate in the study of the formation of pure
phases and the corresponding phase transitions during galvanostatic
discharge of a complete cell.

Another advantage of our overvoltage analysis and its relationship
with phase transitions is that the working SoC range can be optimized.
The electrodes suffer high stress and volume changes during lithium
insertion and extraction, what is reflected in the generated overvoltage.
Thus, the overvoltage is a very valuable tool to make decisions about
the SoCs that should be avoided. For instance, at positive electrode,
SoCs below 15% are highly deteriorated during the aging process
(Fig. 6). Therefore, a strategy to extend the lifecycle of the cells would
be to avoid the SoCs below 15% in the discharge process. In the lit-
erature, it is common to find studies in which the effect of the charge/
discharge SoC range in the capacity fade estimation is considered
[58–60]. However, empirical relations are commonly obtained [58,59].
Nevertheless, we find that the results obtained by incremental capacity
analysis are sometimes related to the charge/discharge SoC range [60].
Thus, from our results, we suggest that it would be more appropriate to
determine the working SoC range from the evaluation of the various
phase changes rather than choosing random SoCs to get empirical re-
lations. Moreover, we propose to replace incremental capacity analysis
by overvoltage analysis, if the phase transformations of the full cell are
aimed to be indexed.

4. Conclusions

We evaluated the overvoltage that is produced in a Li-ion cell
composed of LCO-NMC and graphite electrodes. The ohmic drop, acti-
vation, and concentration polarizations were quantified from voltage
and impedance measurements. We found that concentration polariza-
tion dominates the voltage loses at low discharge rates whereas ohmic
contribution, and more particularly the ionic conduction of the elec-
trolyte, dominates the losses at high rates.

During galvanostatic discharge, we observed that concentration
polarization can increase or decrease depending on the state of charge
of the cell. From half-cell measurements, a relationship between phase
transitions and the produced overvoltage was determined. An increase
in overvoltage was produced towards the last stages of phase transitions
whereas a decrease in overvoltage was produced at the first stages of
new phases, which was attributed to the lack of diffusion limitations at
the initial SoCs of the new phase. We determined that, considering
those results, an optimized charging/discharging strategy could be
defined.

Incremental capacity analysis was carried out to the half-cells and
the full cell in order to study the various phase transitions. The results
were compared to the measured overvoltage. This comparison showed
that useful information about phase transitions could be extracted from
full-cell overvoltage measurements at SoCs at which incremental ca-
pacity did not provide any information. Thus, making more appropriate
to evaluate or track the SoC evolution of phase transitions by measuring
the full cell overvoltage.
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