EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Degradation mechanisms of C6/LiFePO4 batteries :
experimental analyses of calendar aging

Citation for published version (APA):

Li, D., Danilov, D., Xie, J., Raijmakers, L. H. J., Gao, L., Yang, Y., & Notten, P. H. L. (2016). Degradation
mechanisms of C6/LiFePO4 batteries : experimental analyses of calendar aging. Electrochimica Acta, 190,
1124-1133. https://doi.org/10.1016/j.electacta.2015.12.161

Document license:
TAVERNE

DOI:
10.1016/j.electacta.2015.12.161

Document status and date:
Published: 01/01/2016

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 09. Oct. 2026


https://doi.org/10.1016/j.electacta.2015.12.161
https://doi.org/10.1016/j.electacta.2015.12.161
https://research.tue.nl/en/publications/3aec2727-2ea2-4aad-b8d1-f3c4c8b4c5eb

Electrochimica Acta 190 (2016) 1124-1133

=

e

Contents lists available at ScienceDirect

Electrochimica

Acta

Electrochimica Acta

o

10N

i
\

ey
journal homepage: www.elsevier.com/locate/electacta 2 JE

il
&)

Degradation Mechanisms of Cg/LiFePO, Batteries: Experimental
Analyses of Calendar Aging

..
| CrossMark

Dongjiang Li*", Dmitri L. Danilov®“, Jie Xie®, Luc Raijmakers®, Lu Gao?, Yong Yang™"*,
Peter H.L. Notten®“%*

2 Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, Eindhoven 5600 MB, The Netherlands
b School of Energy Research, Xiamen University, Xiamen 361005, China

< Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven 5600 MB, The Netherlands

d Forschungszentrum Jiilich, Fundamental Electrochemistry (IEK-9), D-52425 Jiilich, Germany

€ Delft University of Technology, 2600 GA Delft, The Netherlands

fDepartment of Chemistry, Xiamen University, Xiamen 361005, China

ARTICLE INFO ABSTRACT

Article history:

Received 24 November 2015

Received in revised form 17 December 2015
Accepted 24 December 2015

Available online 29 December 2015

The capacity loss and material decay of Cg/LiFePO,4 (LFP) batteries have been investigated under various
storage conditions in dependence of State-of-Charge (SoC) and temperature. The electromotive force
(EMF) curves, which are regularly determined by mathematical extrapolation of the measured voltage
discharge curves, are used to investigate the aging mechanisms during storage. The irreversible capacity
loss, which is accurately determined on the basis of the maximum storage capacity estimated from the
EMF curves, increases as a function of temperature and SoC. The cyclable Li-ion loss during storage is
considered to be the main source of the irreversible capacity loss. Strikingly, the inaccessibility of
graphite is observed during storage at 60°C. The graphite capacity decay has been quantitatively
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determined by non-destructive analyses on the basis of dVgyr/dQ curves. Deposition of Fe on the graphite
electrode has experimentally been confirmed by X-ray photoelectron spectroscopy (XPS). The increasing
graphite inaccessibility is shown to be the consequence of Fe dissolution from the cathode and the

subsequent deposition onto the anode.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) are
rapidly emerging into our society due to the increasing concern of
air pollution and CO, emission. Li-ion batteries (LIB) are considered
to be the most suitable candidates to power these vehicles because
of their high energy and power densities. Since the introduction by
Padhi et al. [1] of LiFePO,4 as cathode material in LIB, LiFePO4-based
batteries (LFP) are nowadays drawing much attention due to the
many favorable characteristics, such as high safety, long life span,
environmental friendliness, low cost and wide-spread materials
abundancy.

Although LFP batteries have many advantages, the capacity loss
and power decay are still important issues to address. Capacity
losses generally include both the as-denoted irreversible and
reversible losses [2]. Irreversible losses are due to the

* Corresponding authors. Tel.: +31 0 40 247 3069.
E-mail addresses: yyang@xmu.edu.cn (Y. Yang), p.h.l.Lnotten@tue.nl
(P.H.L. Notten).

http://dx.doi.org/10.1016/j.electacta.2015.12.161
0013-4686/© 2015 Elsevier Ltd. All rights reserved.

immobilization of Li ions inside the batteries and reversible
capacity losses are caused by kinetic limitations resulting from
higher internal resistances. Extensive studies have been performed
to investigate these degradation mechanisms [3-33].

It is well-known that electrons extracted from the cathode
during charging are partially consumed by parasitic reactions
occurring at the anode, leading to low coulombic efficiencies in the
first (dis) charge cycles. The reaction products form a protective
layered structure on the graphite surface, known as Solid-
Electrolyte-Interphase (SEI). Continuous growth of the SEI layer
during aging leads to irreversible capacity losses [34-37]. Various
SEI formation mechanisms have been proposed in the last decades.
Some researchers consider electron tunneling through the SEI to be
rate determining [38,39] while others consider solvent diffusion
through the SEI [40,41] or charge transfer to be rate limiting [42].
The structure of the SEI layer has been unraveled by experimental
studies. A thin and dense inorganic layer was found to be present
on the graphite surface followed by a more porous organic layer
[43-45]. A new tunneling model has recently been proposed based
on this specific SEI morphology [3,4].
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Nomenclature

SEI Solid-Electrolyte-Interphase (-)

SoC State of Charge (-)

LFP Lithium Iron Phosphate battery (-)

EV Electric Vehicle (-)

HEV Hybrid Electric Vehicle (-)

LIB Lithium ion battery (-)

ccev Constant current constant voltage (-)

X The stoichiometric index of Li in graphite (-)

i Storage stage (-)

t Storage time (h)

T Temperature (°C)

EMF Electromotive force (V)

EMF(EMF')  Electromotive force curve for pristine (aged)
battery (V)

dVemr/dQ differential voltage based on EMF curve (V
(An)™1)

Q° . (anax> Maximum capacity estimated from EMF

curves (Ah)

Amount of Li on the first plateau of graphite at
pristine (aged) state (Ah)

Amount of Li on the second plateau of
graphite at pristine (aged) state (Ah)
Amount of Li on the third plateau of graphite
at pristine (aged) state (Ah)

Qi (Qiu)
Qi (Qlin)
Q?i,lll (Qlt.i.lll)

AQyi; Li loss on the first plateau of graphite (Ah)
AQuin Li loss on the second plateau of graphite (Ah)
AQui Li loss on the third plateau of graphite (Ah)
AQ; Total irreversible capacity
loss (Ah)
Qg (ij) Discharge capacity before (after)
storage (Ah)
QY <Q2h> Charge capacity at various storage
stage (Ah)
Q(c)s,l (ths_’,) Width of the first plateau of graphite at
pristine (aged) state (Ah)
Qgﬁy,, (ths‘,,> Width of the second plateau of graphite at

pristine (aged) state (Ah)
Qgﬁﬁ,,,<ths‘,,,) Width of the third plateau of graphite at
pristine (aged) state (Ah)

AQc,, Decline of the first plateau of graphite (Ah)

AQc, i1 Decline of the second plateau of graphite (Ah)
AQc,m Decline of the third plateau of graphite (Ah)
AQc, Total capacity loss of graphite electrode (Ah)

Qc, Total capacity of graphite electrode (Ah)

QLirero, Total capacity of LiFePO, electrode (Ah)

Besides Li-immobilization in the SEI layer, both cathode and
anode electrode material decay has been reported [9]. Dissolution
of the LiFePO4 electrode has been discussed extensively [13-16,29].
Fe-ions dissolution in the electrolyte has been examined by
Inductively Coupled Plasma (ICP) spectroscopy [15,16] and was
found to be affected by many factors, such as the impurity levels in
the cathode material [46], water contamination in the electrolyte
[13] and operating conditions [15]. Obviously, Fe dissolution leads
to a change in surface morphology, which may retard the cathode
electrode kinetics. Several strategies have been reported to
improve the LiFePO,4 electrode stability, such as carbon coatings
[47], electrolyte additives [48], etc.

The decay of the graphite electrode has also been investigated by
many researchers [8,9,49-53]. The disparity of the Li ions within
graphite particles during (de) lithiation is considered to be the main

reason for the structural decay. A diffusion-induced stress (DIS)
model was proposed to explain the degradation during (dis) charging
[51].However, to the best of our knowledge no reports are addressing
the mechanisms of the graphite electrode decay during long-term
storage.

The calendar life of Li-ion batteries is of major importance,
especially in applications such as EVs and HEVs since most of their
life time is in the so-called parking mode [10]. Moreover, in-depth
investigation of aging mechanisms during storage is helpful to
understand the battery fading phenomena under other operating
conditions. Cylindrical 26650 LFP batteries were used to carry out
the present storage experiments. The capacity loss, material decay
and resistance development up to 1 year storage has been analyzed
and will be discussed. The deposition of Fe on the graphite
electrodes has been analyzed by XPS. Based on these results a new
graphite decay mechanism during storage is proposed in the
present contribution.

2. Experimental

All calendar aging experiments were carried out with cylindri-
cal Cg/LiFePO, (ANR26650) batteries from A123, with a nominal
capacity of 2.3 Ah. The electrochemical experiments were per-
formed with automatic cycling equipment (Maccor). All experi-
ments were carried out in climate chambers to control the
temperature at 20, 40 and 60°C. The experimental details are
summarized in Fig. 1.

Before conducting the storage experiments the batteries were
activated for 5 cycles at room temperature. In order to obtain EMF
curves before the storage experiments were started, characteriza-
tion cycles were measured at 20, 40 and 60 °C, corresponding to the
subsequent storage temperatures. To determine the EMF from the
characterization cycles all batteries were charged in a constant-
current constant-voltage (CCCV) mode. A 1C charging rate was
used in the CC-mode and the batteries were allowed to continue
charging in the CV-mode at 3.6V for 2 hours. The batteries were
then discharged at various constant currents (0.1, 0.2, 0.3, 0.5, 0.75,
1, 1.5 and 2C-rate) in the subsequent cycles using a cut-off voltage
of 1.6 V. Fig. 2 shows, as an example, a set of discharge curves and,
extracted from these results, the extrapolated EMF-curve (dotted
line). Dependent on the SoC, extrapolation is performed at either
constant SoC (vertical extrapolation) or constant voltage (horizon-
tal extrapolation) at the end of the discharge process. These
extrapolation methods have been described by Notten, et al. in
detail before [54-57].

Activation
Characterization
Charge (1C) to ﬂ
certain SoC: (—= Charging
Q=12 I 0;'=0,
Storage for hundreds i=1,2,.-
of hours :

Discharge (1C) to
¢—=( Dischargin,
1.6V: Q}, i=1,2,-- gne

Fig. 1. Flow chart of the storage experiments.
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Fig. 2. Set of voltage discharge curves (solid lines) obtained during the
characterization process at 20°C with various indicated discharge currents and
the extrapolated EMF curve (dotted curve). The insets show an example of the
vertical (a) and horizontal extrapolation (b) procedure.

After the characterization process has been completed all
batteries were charged at 1C rate to various predetermined levels

of SoC (10, 50 and 100%). The corresponding charge capacities are

denoted as Qih, where superscript i represents the ith storage

period (Fig. 1). The batteries were discharged after one month
storage with the same current and cut-off voltage, which results in

the corresponding discharge capacities (Qé). Re-characterization
was regularly performed before a new storage period was initiated.
After completing these characterization cycles the batteries were
charged to the previous discharging capacity, ie. Q' = Q}, in
order to make sure that all batteries will continue the previous
storage periods.

In order to investigate the deposition of Fe on the graphite
electrode upon storage, XPS measurements have been carried out
on graphite electrodes, dismantled from the batteries stored under
various conditions. The batteries were fully discharged at 1C-rate
before opening in an Argon filled glove box, and small pieces of the
graphite electrodes were cut and rinsed by pure solvent (Diethyl
Carbonate). The samples were transferred to the XPS equipment in
adry container in order to reduce the influence of moisture and air.
XPS analyses were carried out on a K-Alpha system (Thermo
Scientific) with a resolution of 0.2 eV, using an Al K, monochro-
matic irradiation (1486.6eV) at a working pressure smaller than
7 x 1078 bar. Depth profiling was carried out, using Ar ion-beam
sputtering with 500eV. The sputtering rate was equivalent to
0.26 nm/s on Ta,0s.

3. Conventions and Methodologies

Fig. 3a shows the methods and parameters used in this work.
The black solid line in Fig. 3a represents the extrapolated EMF
curve at the initial state (EMF®) after full battery activation but
before storage. The red solid line shows the extrapolated EMF curve
after long-time storage (EMF'), in this example at 60°C, where t
denotes the storage time. It is well known that the LiFePO4
electrode has a very wide and flat electrode potential region [58-
60]. The three voltage plateaus, indicated by I, II and III must
therefore be assigned to the graphite electrode and represent the
different staging processes of this electrode during battery
operation. The corresponding maximum capacities of the EMF

(a) |

max d T max

—_
O
~—"

t t
% QLw.lE Qu,u
il 7
=
w
>
? >
0 0 i 0 ~
QLi,I QLi,II Qu,m
(c)
>
f
r t
ch,|

Fig. 3. Schematic representation of the methods and parameters used in the
present work. (a) The EMF curves (EMF® for pristine and EMF' for aged
batteries) and the voltage discharge curves (Vj, and Vi,) define the storage
capacities (Q‘,’,mx, Q! and Qg, Q%) the apparent capacity loss (AQqpp) and
irreversible capacity loss (AQ;). (b) The dV/dQ curves define the storage
capacities of the various battery voltage regions denoted as Qf;, QFi. Q¥
and Qf;;, Qj;y» Qfy for pristine and aged batteries, respectively. (c) Schematic
representation of the graphite electrode voltage during discharging, indicating
the storage capacities of each plateau (Qj;;, Qf;;, Q) and the width of the
graphite electrode plateaus (Qc, 1, Qc,n» Qc,n)- The storage capacity of the
graphite electrode is oversized with respect to that of the positive electrode
and hence those of LFP batteries (QJ,).

0 t t . .
curves are denoted as Q,,,, and Q;,,,, where Q,,,,, is considered to be
the total storage capacity at any storage time. The irreversible
capacity loss (AQ;,) can then be defined as

AQir = Q%ax - Q1t11ax (])
The discharge voltage curves in the initial and aged state are
represented by V9, and Vi, respectively. The corresponding

discharge capacities are denoted by Q2 and QY. The apparent
discharge capacity loss AQ,,, can then be defined by

AQqy = Q7 - Qg (2)

The voltage difference between the discharging voltage curve
and the EMF curve is defined as the total overvoltage (n).

Differential voltage analysis is a useful technique for the
investigation of Li-ion cells [6,61-63]. Fig. 3b shows the
corresponding dVgyr/dQ curves for the pristine (black) and aged
(red) batteries. Since the voltage curve of LiFePO, electrode is
extremely flat, the depressions and peaks in the dVgyr/dQ curves
must be attributed to the graphite electrode. The peaks in the
dVemr/dQ curves correspond to the staging processes and the flat
regions are attributed to the voltage plateaus (stage transitions) of
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the graphite electrode. The amount of charge related to the various
battery voltage plateaus are represented by Qf;;, Qf;; and Qj;

(Fig. 3b), which includes the results for the pristine batteries at
t=0. Obviously,

Qinax = Ql[_i‘l + thl + Qi 3)
and

AQ;r = AQui; + AQuin + AQuim “4)
where

AQui; = QP — Qi (5a)
AQuiy = Qi — Qlin (5b)
AQuim = QP — Qi (50)

It is well known that the graphite electrode in Li-ion batteries is
generally oversized with respect to the cathode and, consequently,
also with respect to the initial storage capacity of the battery Q?nux
(Fig. 3a). When the total storage capacity of the graphite electrode

inside a pristine Li-ion battery is defined as Q(C’6 this implies that
Q2. > Q% and
Qgs = Qgg‘l + Q(C)s,ll + Q(c)s,m (6)

where Q¢ |, Q2 ; and Q¢ ,, are the storage capacities of the
corresponding graphite electrode stages.

Fig. 3c schematically shows the voltage discharge curve of the
graphite electrode inside a pristine Li-ion battery. Conclusively,
Q° . represents the total amount of the cyclable Li ions in LFP
batteries and Qgs indicates the ability of the graphite electrode to
accommodate lithium. Obviously these values may change upon
storage as a function of time as will be discussed in the results and
discussion section.

4. Results and Discussion

Charge and discharge curves of LFP batteries stored at SoC=
100% at different temperatures are shown in Fig. 4a—c. A decline of
the discharge capacity as a function of storage time is found in all
cases. It is evident that the capacity declines faster at 60 °C than at
20 and 40°C. Moreover, a significant overvoltage increase is
observed after storage at 60°C (Fig. 4c). Fig. 4d-f show the
corresponding EMF curves after storage under various conditions.
Similarly, the capacity losses analyzed from the EMF curves
increase with increasing storage temperatures and the irreversible
losses are most pronounced at 60 °C. The total capacities obtained
from the discharge curves are in all cases smaller than those
determined from the corresponding EMF curves due to kinetic
limitations. As the EMF curves represent the voltage profiles in the
equilibrium state, the values for Q. exclude the influence of
polarization caused by the charge transfer reactions and mass
transport processes.

4.1. Apparent capacity loss AQapp

The values for AQg, are calculated from the discharge
capacities under various storage conditions shown in Fig. 4a-c.
Fig. 5 reveals that AQgp, increases as a function of SoC at all
temperatures. Remarkably, AQg,, decreases as a function of
storage time at SoC=10% at 20°C as has also been reported by

(a) 20°C (d) 20°C
3.5 e I
> ==
3
s = 0 month —— 0 month
S 2.5/ ——1 months —— 1 month
> =2 months = 2 months
5 months 5 months
=10 months =10 months
1.5
b 40°C e o
NG IR
> ——
g
5 —— 0 month =0 month
g 2.5) — 1 months = 1 months
——2 months = 2 months
5 months 5 months
=10 months —— 10 months
1.5
(c) 60°C (f) 60°C
35 AR
>
=
S
S —— 0 month = 0 month
S 25 1 month —— 1 month
= 2 months —— 2 months
5 months 5 months
=10 months —— 10 months
1'50 1 2 0 1 2
Capacity / Ah Capacity / Ah

Fig.4. The charge (1C) and discharge (1C) voltage curves after storage at SoC=100%
at 20°C (a), 40°C (b) and 60°C (c). (d)—(f) are the corresponding extrapolated EMF
curves. The different voltage curves correspond to various indicated storage times.

Kassem et al [10]. AQgp, is found to be significantly larger at 60 °C
than at 20°C and 40°C, again clearly indicating accelerated
degradation at elevated temperatures.

4.2. Irreversible capacity loss AQ;;

AQ;; has been calculated according to Eq. 1 from the EMF curves
shown in Fig. 4d-f. Fig. 6 shows the development of AQ; as a
function of storage time at various SoC and temperatures. In line
with the trend found for AQapp in Fig. 5, AQ; increases with
increasing SoC. The influence of the temperature on AQ is,
however, more significant than the dependence on SoC. The
irreversible capacity losses at 60°C are significantly accelerated,
indicating that severe decay occurs at elevated temperatures.

AQ;, represents the immobilization of cyclable Li ions and is
mainly attributed to the SEI formation on the graphite electrode.
The SEI layers are well known for their dual-role during Li-ion
battery operation. On one hand, the SEI layers protect the electrode
from solvent co-intercalation, thereby preventing exfoliation of the
graphite layers. On the other hand, SEI continuously grows due to
solvent reduction, initiated by the electron tunneling process
through the inner SEI layer. The rate determining step of the SEI
growth during storage was considered to be determined by
electron tunneling [3,4]. The electron tunneling probability
increases with decreasing graphite electrode potential. Therefore
the SEI formation rate is indeed expected to be increased at higher
SoC since the graphite electrode potential is lower at higher SoC.

Fig. 7 shows the rate of the irreversible capacity loss In(dQ;./dt)
as a function of temperature at different SoC for example after
4000 hours of storage. It is generally accepted that reaction rates
follow an Arrhenius-type dependence as a function of reciprocal
temperature [39]. Although the number of investigated temper-
atures for these elaborate experiments had to be limited, Fig. 7
clearly shows that accelerated degradation takes place at higher
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Fig. 5. The apparent discharge capacity loss (AQgp,) as a function of storage time at 20°C (a), 40°C (b) and 60°C (c) at 10% (black curves), 50% (blue curves) and
100% (red curves) SoC. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The irreversible capacity loss (AQ;,) of LFP batteries stored at the indicated SoC at 20°C (a), 40°C (b) and 60°C (c). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

temperatures, suggesting that an additional aging mechanism is
responsible for the increased immobilization of lithium under this
condition.

The influence of temperature on the irreversible capacity loss of
LFP batteries has been extensively discussed [9,15,20,24,39,64]. The
most detrimental influence at elevated temperatures has been
proposed to be iron dissolution from the LiFePO, cathode.
Subsequently, the metal ions migrate to the anode, pass the SEI
layers and can be reduced at the graphite/SEI interface. The
deposition of metallic clusters at the graphite electrode has at least
three disadvantages: (i) iron reduction at the graphite electrode
consumes electrons, which leads to irreversible capacity losses; (ii)
the deposited iron clusters may influence the SEI morphology and
may, being a good electronic conductor, facilitate electron transport
across the SEI layer, thereby accelerating the SEI formation and
hence accelerating Li immobilization and (iii) the iron clusters may
block Li intercalation into the graphite electrode, leading to
inaccessibility of the graphite layers. The irreversible capacity
losses related to mechanisms (i) and (ii) are accelerated at elevated
temperatures (see Fig. 7) as more metal ions can be dissolved from
cathode and deposited on the graphite surface. The inaccessibility of
graphite particles related to mechanism (iii), occurring at 60 °C, and
how to analyze this will be discussed in more detail in section 4.4.

4.3. Differential analysis of EMF (dVemg/dQ) curves

Fig. 8 shows the evolution of (dVgyr/dQ) curves before and after
storage. In order to compare the changes in magnitude of region I

and I, all curves are aligned with respect to the first peak at
approximately 0.8 Ah. The black lines represent the initial state of
pristine batteries and the red lines correspond to the states
obtained after aging under various indicated storage conditions.
Region I clearly decreases as a function of SoC and temperature
which has mainly been attributed to lithium immobilization in the
SEI layer. The influence of the temperature is more dominant than
the influence of SoC. In contrast, a decrease of region II can only be
observed at 60°C. The as-obtained values for AQy;; (red curves),
AQyiy (blue curves) and AQy;y; (cyan curves) as well as the total
irreversible capacity losses (AQ;, presented in the black curves) are

ir

In(dQ. /dt)

1
-
-

2t , ‘ o
2.9 3.1 33 35
1/Tx1000 / K

Fig. 7. Temperature dependence of the rate of the irreversible capacity loss
IndQ;,/dt) at 10% (a), 50% (b) and 100% SoC (c).
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Fig. 8. dVeyr/dQ curves obtained from the discharge EMF curves before (black lines) and after (red lines) storage at various SoC and temperature. The different
stages, characteristic for the graphite electrode, are indicated by I, Il and IIl. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

shown in Fig. 9. It can indeed be concluded that AQy;; is very close
to the values of AQ;, and that AQy;y and AQy;y; are much smaller
than AQy;; in most cases.

Dubarry et al. [61] unraveled both Li immobilization and active
material losses on the basis of the evolutions of different regions in
the dV/dQ curves. The individual changes of the various regions in
dV/dQ curves has been attributed to different degradation
mechanisms [61]. The influence of lithium immobilization on
the graphite electrode potential can be clearly seen in Fig. 3c. It has
been identified that during charging a pristine LFP battery it is
thermodynamically more favorable to occupy the as-denoted stage
Ill sites inside the graphite electrode followed by the occupation of
stage Il sites. Finally at the end of the charging process stage I sites
will be occupied. When during the battery (dis) charging process
part of the Li-ions are immobilized inside the SEI layers all sites in
the graphite electrode are, in principle, still available for lithium
storage but the occupation of sites Il and II are thermodynamically
still preferred. Therefore the apparent reduction of voltage plateau
[ in Fig. 9 must be attributed to the Li-immobilization process. The
mismatch of the voltage-capacity curves of the negative and
positive electrodes is due to the reduction of plateau I shown in
Fig. 9. This phenomena is also known as electrode “slippage” [65].

4.4. Inaccessibility of the graphite electrode

Fig. 10 shows, in more detail, the development of AQy;y at
different temperatures at SoC=10%. At lower temperatures (20°C
and 40°C) AQy; is negligible but becomes considerable at 60 °C.
As can be concluded from the presence of plateau I voltage region
in Fig. 8g there are still stage I sites available and the decrease of
AQq; ; upon storage can therefore only be explained by the fact that
some sites in the graphite electrode have become inaccessible at
60°C. As will be shown later physical blockade of the graphite
surface is responsible for this effect.

As discussed in the Section 3, the total capacity of the graphite
electrode is, according to Eq. (6), given by the summation of Qc,,
Qe and Q¢ . Obviously, Qc, 1, Qc, . and Qc, yy are related to the
stoichiometric index x of Li in LiyCg. It is generally assumed that
0.5 <x<1forQg, 0.25<x<0.5 for Q_, and 0 < x < 0.25 for
Qc, m as is schematically indicated in Fig. 3¢ [4,66]. Therefore, Qc, |
and thﬁm can be represented by

Qég,l = 2Q€‘5.Il (7)
ths,m = Q[CG.H 8)
and consequently,

Qc, = 4Qc, 9)

If parts of the graphite electrode are becoming inaccessible this
will have an impact on the availability of all three graphite sites and
this will, consequently, result in a proportional reduction of all
three voltage plateau regions. The total capacity loss of the graphite
electrode related to this blocking mechanism can then be
represented by

AQc, = AQc,; + AQcy i1 + AQcym

Obviously, the voltage plateau reduction of the graphite
electrode has a similar effect on the battery voltage profile and,
consequently, AQc, = AQy; . Therefore,

AQc, = 4AQuin

The change of the second battery voltage plateau can therefore
be considered as an indicator of active material losses of the
graphite electrode. Fig. 10 indicates that no graphite material losses
occur during storage at 20 and 40°C, which is in line with the

(10)

(11)
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Fig. 9. AQ;; (black curves), AQy;; (red curves), AQyy (blue curves) and AQ;y (cyan curves) as a function of storage time at 20°C with SoC=10% (a), 50% (b)
and 100% (c); at 40°C with SoC=10% (d), 50% (e) and 100%(f); and at 60°C with SoC=10% (g), 50% (h) and 100% (i). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

conclusions of Safari et al. [8] who showed that no graphite decay
takes place during storage at moderate temperatures. AQy;y
increases to 0.04 Ah after 6000 h storage at 60 °C, corresponding
according to Eq. (11) to a decrease of graphite electrode capacity
AQc, of 0.16 Ah.

Several mechanisms have been proposed to explain the decay of
graphite electrodes [50,51] under cycling conditions. Strain
generated during the (de) lithiation processes was considered to
be the main origin for graphite structure decay. However, in case of
the present storage experiments no current has been applied to the

0.06
0.041
=
<
=
o]
< 0.02}
(o]
0 ° 20°C
0 2000 4000 6000 8000
Time/h

Fig. 10. Decrease of the second battery voltage plateau (AQy;;) as a function of
time storage at SoC=10% at various indicated temperatures.

batteries and no (de) lithiation is involved. The graphite decay
mechanism can therefore not be related to strain but must be
attributed to the iron dissolution-precipitation mechanism. The
iron deposition has therefore been examined by XPS and will be
described below.

4.5. XPS analyses

Fig. 11 shows Fe 2p spectra obtained after 60s sputtering
dismantled graphite electrodes, which have been stored for
6000 hours at different temperatures at SoC=10%. The peak at
707.6 eV is observed for the electrode stored at 60 °C, and has been
assigned to the 2ps, peak of metallic iron.

Fe2
Py Fe2p,,
Wwﬁ/

40°C J—
A AMAMAA AR A AT W

Intensity (ARB)

20°C

740 730 720 710 700
Binding Energy / eV

Fig. 11. Fe 2p spectra obtained from the graphite electrode after storage at different
temperatures.
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Fig.12. Fe 2p spectra(a)and C 1s spectra (b) for a dismantled graphite electrode after various sputtering times. The battery has been stored, in this example, for 6000 hours at

temperature of 60°C at SoC=10%.

Fig. 12a shows the evolution of the Fe 2p spectra of a graphite
electrode after storage for 6000 hours at 60°C, SoC=10% as a
function of sputtering time in the XPS equipment. No metallic iron
was detected on the electrode surface at t=0. However, the iron
intensity quickly increases with sputtering time to decrease again
after longer sputtering times. The Fe 2ps,, core level peak is at
707.6 eV compared to a theoretical value of 706.8 eV for metallic Fe
and 710eV for Fe?* ions [67]. The slight shift towards higher
binding energies as compared to metallic Fe suggests that the Fe
atoms have some interactions with the SEI material, donating
charge to the atoms, having high affinity energies, such as O and F
[68]. Fig. 12b shows the C 1s spectra (284.6 eV) at the same etching
times.

Graphite cannot be detected without sputtering at t=0,
indicating the existence of the SEI layers. After sputtering the Cg
signal slowly increases and saturates when the bare graphite
surface has been reached. Combining the results in Fig. 12a and b it
can be concluded that the iron clusters are embedded in the SEI
layers covering the graphite surface when stored at high temper-
atures. Contrastingly, no iron deposits could be identified by XPS
inside the SEI layers at low temperatures.

4.6. Calendar Ageing Model

From the above experiments it can be concluded that storage at
higher temperatures has quite some impact on the stability of LFP
batteries. The various results show that iron dissolution from the
cathode and precipitation on the anode plays an essential role in
the graphite electrode degradation. In order to understand the
mechanistic details the following battery model is proposed where
both the low and high temperature degradation are considered in
Figs. 13 and 14, respectively.

Fig. 13a shows the low temperature case where the SEI
formation and the corresponding lithium immobilization is
considered to be the only process responsible for ageing. Electrons
are assumed to tunnel through the inner SEI layer, reducing solvent
molecules at the inner/outer SEI interphase. The development of

the storage capacities are schematically shown in Fig. 14a. The

maximum storage capacity of the battery (Q?nax) is considered to

be equal to that of the cathode (Qgirepo,) as the capacity of the
anode (Qc,) is oversized with respect to that of the cathode. Qjr.po,
is considered to be constant at moderate temperatures because of
its excellent stability. It is well-known that during the formation
process, commenced after the LFP batteries have been manufac-
tured, the SEI layers grow onto the graphite electrode. Conse-
quently, lithium ions are immobilized in the SEI. This process
continues during the initial activation procedure in the present
experiments. The lithium immobilization process results in a

reduction of the reversible storage capacity indicated by AQ;, in
Fig. 14a. The total reversible capacity Q' is indicated by the red
area in Fig. 14a. The total number of host sites inside the graphite
electrode, as represented by Qc,, are still available and can be
considered constant. According to the XPS analyses no iron
precipitation is found on the graphite electrode under low
temperature conditions.

Apart from the SEI formation, other deterioration processes are
clearly involved during storage at elevated temperatures. Fig. 13b
includes the following processes: accelerated SEI formation, iron
dissolution from the cathode and metal deposition onto the
graphite electrode, making parts of the graphite electrode
inaccessible for Li intercalation. Iron ions can dissolve from the
cathode by a chemical exchange reaction with protons from the
electrolyte [13]. Subsequently, these ions diffuse/migrate to the
anode where they are electrochemically converted into metallic
iron, which is in good agreement with the present XPS results.
These metal clusters have two clearly visible detrimental effects:
(i) it accelerates the SEI formation by facilitating electronic
transport and (ii) it simultaneously blocks the graphene layers,
making the various stages of the graphite electrode partly

(a) C ’ SEI Electrolyte LiFePO,
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Fig. 13. Calendar ageing models at low (a) and at elevated temperatures (b).



1132 D. Li et al./Electrochimica Acta 190 (2016) 1124-1133

O,

(@)

QLiPePQ4
AQI_,‘ I A
Qx);mx Qmax
LiFePO,
(b)
AQ
Cai"! QLiFePQ4
AQ,
s Qr?mx
Qmax
LiFePO,

Fig.14. Schematic representation of the development of the storage capacity of LFP
batteries at low (a) and elevated temperatures (b).

inaccessible for lithium intercalation, as schematically shown in
Fig. 13b.

Fig. 14b illustrates the storage capacity losses upon storage at
elevated temperatures. AQ;, is found to be significantly larger at
60°C than at lower temperatures. A decline of AQc,, caused by
electrode blockage, is also indicated in Fig. 14b. The capacity losses
of the cathode, AQjrpo,, caused by the iron dissolution is
considered to remain negligibly low during storage [8] and is
therefore not considered in Fig. 14b. Interestingly, both degrada-
tion mechanisms have a distinctive appearance in the develop-
ment of the dVgyr/dQ curves: immobilization of lithium ions in the
SEI layers are visualized by the reduction of the stage I voltage
plateau region only whereas, on the other hand, graphite electrode
blocking induced by the iron particles influence all three voltage
regions, which can also be identified in the dVgyr/dQ curves.

5. Conclusions

The apparent capacity loss, irreversible capacity loss and
graphite electrode blocking of Cg/LiFePO, batteries have been
systematically investigated during storage as a function of both
SoC and temperature. Both AQ,p, and AQ; were found to increase
at higher temperatures and SoC. It is concluded that the origin of
AQ;, is mainly related to the lithium immobilization in the SEI
layers formed on the graphite electrode.

Detailed analyses of the dVgyr/dQ curves let us conclude that
the accessibility of the graphite electrode is reduced at higher
temperatures due to the formation of iron particles inside the SEI
layers. The presence of iron at higher storage temperatures has
been experimentally proven by XPS. Iron deposition was found to
be negligible at moderate temperatures. The deposited metal
clusters on the graphite electrode facilitate electron transport
through the SEI layer and, consequently, accelerate the further SEI

formation and growth. Furthermore, graphite electrode blocking
will reduce the storage capacity of the anode as Li intercalation is
hindered.
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