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Abstract

Growing international interest in electric vehicles has triggered the need for global harmonization of testing
and of type approval of these vehicles and their rechargeable electrical energy storage systems. Multiple
testing methods described in scientific literature and in standards, assess battery performance and safety,
but are not necessarily appropriate for policy-making purposes. The European Commission’s Joint Research
Centre tests batteries to assess battery technologies' safety and performance and evaluates testing methods'
suitability for policy purposes. An insight into the in-house battery testing capabilities and experimental

testing program is provided.
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1 Introduction

Climate change and the mitigation thereof have been in the focus of public interest, but also in the focus of
energy policy [1, 2] in the recent years. Ambitious goals set in the European 2030 climate and energy
framework require at least a 40 % domestic reduction in greenhouse gas emissions compared to 1990 until
2030 [3] and even an 80-95 % reduction by 2050 [1]. In this context, but also considering the wish of
improving security of energy supply and reducing the high cost of oil and gas import into the European
Union — in 2014 the EU imported 53 % of the energy it consumed equivalent to around €1 billion per day
[4] — specific goals were also set for the transport sector. Road transport still relies quasi exclusively on
fossil fuels with oil accounting for 94 % of energy consumed in the transport sector [5]. By 2050, no more
conventionally-fuelled cars shall be used in cities and an overall 60 % cut in transport-related greenhouse
gas emissions as compared to 1990 levels shall be achieved [6] .

The drive towards these goals is also supported by European legislation, which is not only relevant for the
electrification of road transport, but also for the deployment of alternative fuel-powered vehicles in general.
Gradually decreasing maximum fleet emission limits for passenger cars are defined (e.g. 95 g CO,/km by
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2021 [7]). Manufacturers are given additional incentives to sell vehicles with extremely low emissions
(below 50 g/km) by giving these vehicles a higher weighting for the calculation of the fleet average
emissions [7, 8].

Furthermore, the European directive on the deployment of alternative fuels infrastructure aims at the build-
up of alternative refuelling infrastructure across Europe using common standards for design and use, which
covers also the definition of a common plug for recharging electric vehicles [9].

Against this policy background, batteries are gaining unprecedented recognition as a key enabling
technology to achieve Europe's energy, climate and transport goals [10] as well as providing an opportunity
for jobs and growth. This sets the scene for increased demands for globally accepted methods for the
evaluation of battery performance and safety as new innovative battery technologies are developed to meet
the more stringent requirements from users [11]. These demands were addressed in a letter of intent on
Electric Vehicle / Smart Grid Interoperability Centres which was signed between the US Department of
Energy and the Joint Research Centre [12]. Consequently, the Joint Research Centre (JRC)'s Directorate for
Energy, Transport & Climate established in 2013 the BESTEST (Battery Energy Storage Testing for Safe
Electrification of Transport) activity [13]. This activity focuses on battery technology as an enabler of
electro-mobility. The JRC also examines interoperability issues between the electric vehicles and the
charging infrastructure covering hardware and information exchange protocols [14], smart grid aspects and
hydrogen/fuel cell technologies [15].

Within the BESTEST activity, pre-normative research is performed supporting the deployment of batteries
for vehicle traction with three main pillars:

e Support to electro-mobility policy and international regulations with a focus on the safety of
batteries [16-18] — this includes contributions to the development of a UNECE (United Nations
Economic Commission for Europe) global technical regulation on electrical vehicle safety [19];

e Harmonisation of energy storage standards for safety and performance test methods and for
interoperability [20];

e Supporting innovation and EU industry's global competitiveness through technology validation
and stimulating commercialisation — this involves contact and collaboration with industry
representative organisations such as Eurobat (Association of European Automotive and Industrial
Battery Manufacturers) and EGVIA (European Green Vehicles Initiative Association) [21].

In line with the growing need for robust and impartial research on rechargeable energy storage systems for
normative and regulatory purposes [17, 18, 20, 22] and complementing activities in battery modelling [23,
24], experimental facilities at the JRC have been and are being established as described in the following.

2 Laboratory for battery testing at the Joint Research Centre (JRC)

The battery testing laboratories are located in Petten, The Netherlands, and comprise an electrochemical
materials and cell performance testing facility established during 2014. Considering the motivation for the
installation of the laboratory, it should be emphasized that the focus does not lie on the development or
assessment of safety or performance of a specific battery or cell by a specific supplier, but on assessing
safety and performance of battery technologies and fithess for purpose of related testing protocols and
standards. For this purpose, dedicated and flexible equipment was installed which allows for application of
different testing procedures and variation of testing parameters. Furthermore, the laboratory has been
designed to facilitate the evaluation of future battery and supercapacitor technologies and the suitability of
existing testing methods for these new devices.

2.1 Battery cyclers and temperature chambers

Battery cyclers and potentiostats are used for characterizing the electrochemical performance of
batteries/cells (see e.g. 3.1). Three Series 4000 Maccor cyclers provide the largest part of the ca. 100
channels available for battery testing. Number of channels, voltage and current ranges of the three Maccor
cyclers are given in Table 1. The accuracy of current is 0.025 % of full scale and of voltage is 0.02 % of full
scale. These cyclers can be connected to three frequency response analyzers (Maccor FRA 0355, two
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Solatron Analytical Modulab® XM analyzers) through multiplexers allowing automatic interruption of a
cycling test by an automatic frequency scan at any time. lvium potentiostats (lvium-n-stat and \ertex
5A/IviumBoost1040) equipped for frequency response analysis are also available in the laboratory.

Table 1: Number of channels, voltage and current ranges of Maccor 4000 cyclers.

Cycler Channels \oltage range (V) Current range (A)

1 32 -2t0 8 0to 20

4 ranges: 0 to 150-10°, 0 to 0.005, 0

2 48 2108 t00.150 and 0 to 5

3 16 Oto 18 0to25

The performance of meaningful cycling experiments requires control of temperature, as temperature has a
strong influence on battery performance. For this purpose, twelve temperature-controlled test chambers
with a volume of approximately 46 | each (distributed between two BiA MTH temperature cabinets) are
available with the following specifications: the temperature range is -40 °C to 85 °C with a temperature rate
of 2.0 °C/min for both heating and cooling. The temperature deviation in the centre of the working space is
+0.5°C.

In case higher heating or cooling rates, compensation of higher heat release rates caused by the sample
under test, larger test space volume or control of humidity are required, two Vétsch VCS3 7060-5 climate
chambers with a test volume of ca. 600 | can be used. Their specifications are: temperature range is -55 °C
to 155 °C with a temperature rate of 6.0 °C/min for both heating and cooling. The temperature deviation in
the centre of the working space is £ 0.5 °C. The temperature homogeneity in the overall working space
relative to the set value is £ 2.0 °C or better. Heat compensation capacity ranges from 3 kW at -40 °C to 5
kKW at temperatures above -20°C. The temperature range for climatic testing is 10 °C to 95 °C with a
humidity range of 10 % to 98 % relative humidity.

2.2 Glovebox systems and cell opening procedure

A two glove box system (coupling via a T shaped ante-chamber) and a third independent glove box from
MBraun (2x LABmaster SP and MB 200B) are used for assembling and disassembling battery cells and for
harvesting materials for further analysis.

The capabilities include decrimping/disassembling of coin cells, pouch cells and cylindrical cells by
utilising a decrimper (MTI Corporation), ceramic scissors and an opening tool built in-house. The opening
procedure utilised for cylindrical cells — e.g. for harvesting materials for further Scanning Electron
Microscopy (SEM) analysis (3.5.1) — deserves more attention and will be described here in detail:

A series of commercial 18650 cells' were discharged to the lower cut-off voltage and disassembled. For
this the following steps were carried out: 1) determine the thickness of the wall casing (e.g. by computed
tomography (CT) imaging of the cell, see Figure 9), 2) lathe-cutting of the cell (see Figure 1a) and 3) use of
an opening tool for separating the two parts of the casing without damaging the interior jelly roll (see
Figure 1b).

Based on the CT image of the cell, the wall of the casing was around 0.5169 mm. The lathe cut was
programmed to penetrate 0.5 mm. The lathe does not fully cut the width of the casing, but leaves a small
fraction of steel. The final rupture is realized in the opening tool by pulling apart the two sides of the
casing. Once the jelly roll is removed from its casing, the solvent was allowed to evaporate. The active

! a123 APR18650M1, lithium iron phosphate/graphite, capacity 1.1 Ah
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materials and separator were subsequently dried in a vacuum oven for 4 days at 60 °C and collected for
further analysis.
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Figure 1: Description of 18650 opening procedure: a) lathe-cutting of the cell, b) opening tool for separating the two
parts of the casing and c¢) cathode, anode and separator material rolls.

Separator.

2.3 Thermal analysis in combination with gas analysis

An integrated system comprising a Simultaneous Thermal Analysis (STA) instrument connected to a
Fourier transform infrared spectrometer (FTIR) and a gas Chromatograph/Mass Spectrometer (GC/MS) is
used to gain insight into the thermal degradation of battery components combining gravimetric and
calorimetric measurements with subsequent analysis of the evolved gases. A Netzsch STA449F3 Jupiter
Simultaneous Thermal Analysis system installed under inert atmosphere in a glove box is connected via
heated transfer lines and feedthroughs to a Bruker Vertex 70V FTIR spectrometer and an Agilent 5975C
GC/MS, both outside the glove box.

The STA system includes TGA-DSC and TGA-DTA sample carriers and operates either with a silver
furnace in the temperature range from -120 °C to 675 °C, using liquid nitrogen for cooling, or with a high-
speed furnace in the temperature range from room temperature to 1250 °C. The heating rate with the high
speed furnace can be up to 1000 °C/min. The balance of the instrument has a weighing range of up to
35000 mg with resolution of 0.00001 % for thermogravimetric measurements and 1 pW resolution for the
differential scanning calorimetry measurements.

The glove box which houses the STA system is equipped with a 0.95 kW cooling unit, for the compensation
of the heat generated by the oven and the heated transfer lines.

The Bruker Vertex 70V FTIR spectrometer is equipped with a heated gas cell, installed in the external
TGA-IR box, which allows IR measurements of gases coming from the STA to be performed at
temperatures up to 200 °C. Heated transfer lines connecting the STA system to the FTIR gas cell are lined
with Teflon and can be heated to 200 °C. Infrared spectra can be acquired at a spectral resolution of up to
0.5 cm™ for both configurations.

Additionally, evolved gas is analysed using a gas chromatograph equipped with a mass spectrometer. Gas
to be analysed first passes through a fused silica column where corrosive compounds, such as HF, are
trapped. Then separation of the evolved gas mixture is performed on HP PLOT U and Molsieve 5A PLOT
columns installed in series. The HP PLOT U column consists of bonded, divinylbenzene/ethylene glycol
dimethacrylate coated onto a fused silica capillary and is suitable for analysing hydrocarbons (natural gas,
refinery gas, C;-Cs, all C1-C3 isomers except propylene and propane); CO,, CHy, air, CO, H,O and polar
compounds. Molsieve 5A PLOT column is used for separation of air, Ar, CH, and CO.

The Agilent 5975C mass spectrometer offers the possibility to detect a mass range from 5 to 1050 u at a
scanning rate of 12.500 u/sec. The Mass Selective Detector operates in the electron ionisation mode, with a
high temperature ion source, heatable to 350 °C. The mass filter is a monolithic hyperbolic quadrupole.

Cleaning of the STA furnace, transfer lines and other components after each experiment is commonly
performed to avoid cross-contamination of experiments. Thorough cleaning becomes even more important
when compounds with boiling points higher than the thermal operational window of the equipment are
investigated. As discussed in Section 3.3, the boiling point of ethylene carbonate lies between 247 to
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249 °C, while transfer lines, lined with Teflon, as well as other components of the equipment can only be
heated up to 200°C. Overnight purging of the entire installation with a (high) air flow while heating all the
components to their maximum operating temperature was shown ineffective in this case as evidenced by a
weak but still present vibrational signature of ethylene carbonate. Overnight heating under vacuum
followed by purging was demonstrated to be sufficient to remove all ethylene carbonate from entire system.

2.4 Thermal imaging

A FLIR A645SC infrared camera equipped with a 25° lens is available for thermal imaging of a cell's
surface, but also for thermal imaging of a side-by-side cell (see 2.5). This camera offers an IR resolution of
640%480 pixels at an image frequency of 25 Hz, with a thermal sensitivity better than 0.03 °C at 30 °C.
Two ranges of object temperature are available: - 40 °C to 150 °C and 100 °C to 650 °C, with an accuracy
of +2 °C or +2 % of the reading, whichever is larger.

2.5 In-situ side-by-side IR & optically transparent electrochemical cell

A side-by-side cell (EL-CELL) was equipped with a CaF, IR and optically transparent window (see

Figure 2b) aiming at performing in-situ & in-operando evaluation of electrochemical processes (see e.g.
3.2) and also heat release during cycling of battery materials. Both two electrode and three electrode
assemblies are possible. Digital imaging can be performed using a Leica MC120HD camera coupled to an
Aristomet Leica® microscope (

Figure 2a) or an IR camera (see 2.4) for thermal imaging.

Lithium

Figure 2: a) Aristomet Leica® optical microscope (coupled to Leica MC120HD camera) and b) transparent side-by-
side cell (EL-CELL)

2.6 In-situ dilatometry electrochemical cell

Dilatometry is a powerful tool to evaluate the expansion and contraction of electrode materials upon
electrochemical cycling by measuring changes in electrode thickness continuously down to the nanometer
range (i.e. <5 nm resolution). In-situ electrochemical dilatometry experiments are performed by utilising an
ECD-3-nano dilatometer (EL-CELL®) inside a BIA temperature chamber in combination with a MACCOR
Series 4000 cycler (see 3.4). Discs of anode material, 10 mm in diameter, are cycled in a three electrode
configuration with a disc of Li foil (Sigma Aldrich) as counter electrode. An additional piece of lithium is
used as reference electrode. Charge/discharge cycling was carried out after overnight stabilisation of the
cell at 25°C as described in the following: CCCV cycling at 0.2 mA (CV=0.01 mA) in the cut-off voltage
range 0.01-1 V vs. Li/Li".
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2.7 Microstructural analysis

Facilities for microstructural analysis of materials and cell components are also available:

2.7.1 Scanning Electron Microscopy (SEM)

A Zeiss Supra 50VP FEG scanning electron microscope equipped with an Oxford Instruments INCA 350
energy-dispersive X-ray spectroscopy (EDS) system and an Oxford Instruments INCAWave 500
wavelength-dispersive X-ray spectroscopy (WDS) system is used for imaging surfaces (see e.g. 3.5.1)
combined with elemental analysis. A Schottky field emitter is used as electron source allowing for spatial
resolutions of approx. 1.0 nm at 20 kV and 2.1 nm at 1 kV.

2.7.2 X-ray Computed Tomography (CT)

The Phoenix Nanotom S X-ray CT allows the investigation of samples with a maximum diameter of 120
mm, a maximum height of 200 mm and a maximum weight of 2 kg and is suitable for investigation of cells
with a resolution down to ca. 1 um (see e.g. 3.5.2). This is achieved by using an xs|180nf X-ray tube with a
maximum output power of 15 W and a maximum voltage of 180 kV in combination with a 2D detector
with a dynamic range of 850:1 which consists of 2300 x 2300 pixels. The X-ray cabinet features two
feedthroughs for further connections, e.g. for in-situ imaging. Suitable software — VG Studio MAX
(Molume Graphics, Heidelberg, Germany) and MAVI (Fraunhofer ITWM, Kaiserslautern, Germany) — is
applied for advanced data analysis [25, 26].

3 Experimental results

The main priorities for the BESTEST activity are the evaluation of performance and safety of battery
technologies and assessment of related testing techniques and standards. Examples of experiments
performed to this end are presented in the following.

3.1 Battery cycling

One of the key characteristics of a battery cell is its performance over lifetime. Cell degradation is typically
investigated by cycling the cell — i.e. repeated charging and discharging — applying a current and voltage
profile representative of the intended application (e.g. [27]). From these investigations the lifetime of a cell
in this application can be estimated. The definition of lifetime (e.g. end of life at 80 % of initial capacity)
also depends on the requirements of the application. In the following, a specific aspect which is the effect
of environmental temperature on capacity (e.g. relevant for applications without temperature control), will
be discussed.

It is well known that temperature affects the discharge capacity of Li ion batteries and maximum acceptable
current during charging [28-30] Temperature also has to be considered when adjusting state of charge
(SOC) of a battery which is an important parameter for the battery safety tests [31, 32]. Two different
charging-discharging protocols were studied:

1. Charge-discharge at C/3 rate which is equivalent to the conditions defined in IEC standards for
BEV applications (the term I, is used in the standard instead of C-rate, see e.g. IEC 62660-2 [33]),
with 20 min relaxation between charge and discharge

2. Constant current 1C — constant voltage (CCCV) charging and constant current 5C discharging
(rates as recommended by the manufacturer), with 20 min relaxation between charge and discharge

The tests were executed on 3 A123 APR18650M cells (for details see 2.2) in a temperature chamber (see
2.1). Temperatures representative for laboratory or outdoors environment were selected: between 10 and
40 °C (10, 17, 22, 25, 27 and 40 °C).
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The variation in temperature that a cell experiences — which is relevant for cell performance — has two
sources: a) environmental temperature variation as set in the temperature chambers and b) the intrinsic
thermal variation during charging and discharging. The intrinsic thermal effects of the C/3 protocol are
significantly smaller than those of the CCCV protocol due to the higher C-rates used. For both protocols,
the self-heating is significant during discharge as compared to negligible or very small self-heating during
charge (not shown here).

Figure 3 presents the temperature dependence of normalized discharge capacity. Capacity was normalized
by plotting the ratio of capacity vs. capacity measured at 25 °C for each protocol. Analysis of variance
(ANOVA) allowed an assessment of the confidence of fit (darker area) and of the confidence of prediction
(lighter area).

Normalized capacity
o

0.90
10 20 30 40

Environmental Temperature / °C

Figure 3: Normalized discharge capacity vs. temperature for A123 APR18650M cells (cycled according to CCCV
protocol (red dots) and their fitted model (red line), and cycled according to C/3 protocol (blue dots) and their fitted
model (blue line). The darker area is the confidence of fit while the lighter area is the confidence of the prediction.
Vertical lines through the dots show the standard deviation of measured values for 4 to 8 repetitions per set of
parameters.

The results clearly demonstrate that temperature variations, which can occur from one test setup to another
without temperature control (namely within the range of 10 to 40 °C), have a significant impact on
discharge capacity. Depending on cell type and applied protocol, the variation of capacity ranges from
below 5 % to almost 20 % (supported by data from other cell types not shown here).

3.2 In-situ side-by-side cell investigations of inhomogeneous graphite lithiation

A setup for the in-situ and in-operando evaluation of lithium intercalation during electrochemical cycling
for Li ion battery materials has been developed in the BESTEST activity (see 2.5). Some of the preliminary
results are described here. A side-by-side graphite-Li cell (EL-CELL®, see

Figure 2) with a CaF, transparent window was assembled using 1M LiPFg solution in EMC:DC:DEC
(1:1:1) electrolyte. The experiment consisted in: 1) open circuit voltage (OCV) followed by 2) holding at a
potential of 1 mV for 17 hours. Digital imaging was carried out by a MC120HD camera coupled to an
Aristomet Leica® microscope. Figure 4 shows a series of optical micrographs of the intercalation of Li into
the graphitic structure when holding the cell voltage at 1mV. As indicated by the cell construction
previously shown in

Figure 2, the lithium electrode (not shown in the pictures) is placed above the graphite electrode.
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Figure 4: Series of optical micrographs captured at the same location of a graphite electrode over time during a 1mV
holding experiment (acquisition time indicated at the top left of each micrograph).

The important features can be summarized as follows: at time 0, where no intercalation has occurred, the
picture shows black/grey-coloured graphite particles (Li-free) indicative of A-B—-A-B stacking [34]. After
3.5 hours it can be observed that most of the particles turned blue indicating a LiCyg structure as new A-A
or B-B domains are created. Additionally, it can be observed that some particles are starting to turn red.
Over time (t=7.5 h) there is a great proportion of red-coloured particles indicating that the LiC;, structure
starts to be predominant. However, some particles, particularly those further from the lithium electrode, are
still blue. After 11 hours of experiment, gold coloured particles are observed indicating full lithiation.
Experimental evidence of the spatial concentration gradient in the intercalation process, can be observed at
t=16.5h. Apart from the obvious gradient due to the position of the lithium with respect to the graphite, it
can be observed that blue-coloured graphitic particles are surrounded by partially and fully lithiated ones
(indicated by the arrows in Figure 4). This implies that the intercalation process is not homogenous. Even
after more than 16 hours at a certain voltage, particles show non-uniform lithiation. This could be explained
by defects in the graphitic structure, variation in the intra/inter particle electrical contact or in the electrical
contact to the current collector, which might initiate local failures (e.g. increased resistance, hot spots) [35,
36]. From this study, it can be concluded that In-situ visible imaging constitutes a promising evaluation tool
for the identification of electrode imperfections. The effect that observed lithiation inhomogeneities may
have on the long term stability and safety of Li ion batteries will be analysed in future studies.

3.3 Thermal analysis in combination with gas analysis

TGA thermal curve of ethylene carbonate, a solvent which is commonly used in the formulations of
contemporary Li ion battery cells, is shown in Figure 5, together with the corresponding Differential
Thermal Analysis (DTA) curve and Gram-Schmidt chemigram. At room temperature ethylene carbonate is
a solid that usually features large whitish needle-shaped crystals with reported melting point ranging from
35 to 38°C and boiling point from 247 to 249°C, respectively [17]. In good agreement with literature, an
endothermic process with an onset temperature of 36°C is observed in the DTA curve (Figure 5). Since it is
also not accompanied with any significant weight loss of the sample and because Gram-Schmidt intensity
stays constant during the transition, the process can be assigned to melting of ethylene carbonate. As the
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sample temperature increases, progressively more ethylene carbonate evaporates leading to a decrease of
the sample weight and to an increase of intensity of the endothermic effect. Simultaneously partial pressure
of ethylene carbonate increases leading to an increase in the Gram-Schmidt intensity.
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Figure 5: TGA thermal curve of ethylene carbonate with corresponding DTA curve and Gram-Schmidt chemigram.
Heating rate 1 K/min, Al,O3 crucible, helium flow.

Figure 6 shows an IR spectrum of the gaseous ethylene carbonate recorded during the experiment. In
excellent agreement with literature data [37], a number of characteristic peaks are observed. An insert table
in Figure 6 lists frequencies of the measured bands with corresponding assignments to the vibrational
modes as proposed in [37]. As expected, the most intense band is observed at 1868 cm™, which corresponds
to C=0 stretching.

0.30
Frequency, cm™ Assignment
706 and 715 Ring bending
0'25 753-757, 769 and 779 CH, rocking
874, 881 and 890 Ring breathing
952,962 and 970 Ring stretching
1077, 1086.6 and 1096 Ring stretching
1118 and 1131 Ring stretching
0.20 1213.5, 1220 and 1231 Ring streiching
1370.5 Ring bending
1386.6 CH, wagging
) 1481.5 CH, scissoring
© 1768.5 Ring breathing
= 0.15 1811 CH, rocking + CH, twisting
= 1858.5. 1863.5. 18068 and 1877.6 C=0 stretching
8 1957, 1965 and 1973 Ring breathing +ring stretching
[J) 2924 and 2933 C-H stretching
E 2990, 3000, 3006 and 3011 C-H stretching
0.10
0.05
- AR il
4100 3600 3100 2600 2100 1600 1100 600

Wavenumber, cm!

Figure 6: IR spectrum of gaseous ethylene carbonate. Spectrum is recorded at 175°C, spectral resolution 0.5 cm™.
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3.4 Dilatometry investigations of battery electrodes

Figure 7a shows the charge — discharge profile and displacement signal (expansion or contraction of the
electrode thickness) of the experiment as described in Section 2.6. As expected, the electrode thickness
increases during the intercalation of Li into the graphitic structure and it decreases during the de-
intercalation phase. The electrode shows the highest degree of expansion during the first intercalation step,
as attributed in the literature to the formation of the SEI layer [38, 39]. During subsequent cycling the
expansion and contraction of the electrode shows reversibility. A closer look to the intercalation steps
(Figure 7b), allows the identification of the four stages of intercalation, typically described for graphitic
anode Li,Cs (0 < x < 1) materials [39, 40]. It also can be seen that the expansion of the material presents
different trends on each intercalation stage. At voltages higher than 200 mV (dilute stage 4), the graphite
electrode expanded very rapidly. Then, the electrode expands almost linearly with a change in slope (stages
3 and 2, reaching anode lithiation degrees of x= 0.22 and x = 0.5 at the end of the stage, respectively).
Finally, electrode expands significantly during stage 1 (< 0.05V vs Li, x= 1, which corresponds to gold
coloured particles as observed in Figure 4).
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Figure 7: a) Charge - discharge profile and electrode thickness displacement for a Gr - Li three electrode cell, b) closer
look to the first intercalation step (grey area in a) where stages 4 to 1 of the intercalation can be identified

3.5 Microstructure determination

3.5.1 Scanning Electron Microscopy of battery electrodes

Scanning electron microscopy (SEM) was carried out on harvested material from a fresh A123 (1.1 Ah)
cell. The opening of the 18650 cell was carried out as described in 2.2. Afterwards, samples from the
extracted jelly roll were cut and washed thoroughly with dimethyl carbonate (DMC) for the removal of
residual electrolyte salt (LiPFg). Images for the anode (graphite) and cathode (lithium iron phosphate) are
displayed in Figure 8(a, b) and (c, d), respectively. Graphite electrodes show the typical flake-like
morphology of several microns in size. Additional features could be seen upon higher magnification
(Figure 8b) in the form of fibres agglomerated in various cavities of the electrode. These carbon fibres
might act as conductive additives in the electrode. Figure 8c shows an image of the cathode featuring a
damaged electrode which possibly occurred during manipulation. At a higher magnification, 50 KX (Figure
8d), the nanoparticle structure of the material can be seen, with primary particle sizes (mostly spindle-like)
around 50 nm showing agglomeration.
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Figure 8: Scanning electron microscopy of a) and b) a graphite electrode, c) and d) a lithium iron phosphate electrode
at different magnifications

3.5.2 Micro X-ray computed tomography of battery cells

Micro-X-ray computed tomography has been used for battery and supercapacitors cells [26, 41, 42]. Figure
9 shows an 18650 cell (A123-APR18650M1): on the left, a vertical cross-section is shown, where the jelly
roll can be clearly recognized. Underneath the bottom end of the cell, the sample holder — a glass stick — is
visible, while artefacts can be observed at the top of the cell as the rotation axis was chosen parallel to the
symmetry axis of the cell. In the centre of Figure 9, three horizontal cross-sections at different heights are
shown. Top and bottom cross-sections show a non-complete filling of the jelly roll with active material. A
zoom-in of the central horizontal cross-section is shown at the bottom right: A layered sub-structure in the
jelly roll can clearly be observed.
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Finally, at the top right, a 3D reconstruction of a complete cell with a virtual cut-out to illustrate the interior
of the cell is shown. Also the anode current collector is visible at the bottom of this cut-out (as also in
horizontal cross-sections).

i O
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j O
= ’JBottom

Figure 9: A123-APR18650M1 18650 cell (diameter 18 mm, height 65 mm) as investigated by micro X-ray computed
tomography: a vertical cross-section is shown on the left, three horizontal cross-sections are shown in the centre (for a
zoom-in see bottom right) and a 3D reconstruction of a complete cell with a virtual cut-out is shown at the top right.

X-ray computed tomography was successfully applied for the investigation of a cell and it was shown that
the resolution is sufficient to gain valuable insight about microstructure. Micro X-ray CT could not only
allow determination of precise microstructure, but could also serve a better understanding of degradation
mechanisms (e.g. by helping identify relevant locations for material harvesting), of cell-to-cell
discrepancies or in-depth analysis of samples after abuse testing.

4 Conclusions and outlook

The laboratory for battery materials and cell performance testing at JRC in Petten, Netherlands is presented
and key equipment for performance assessment was shown (see 2). This laboratory can contribute on one
hand towards improved understanding of degradation processes and battery technology in general and, on
the other hand, towards policies which are based on robust scientific research (see e.g. 3.1).

Nevertheless, it is clear that not all questions related to safe electrification of transport can be addressed by
research on material and cell level alone. For this, reason, a further extension of the JRC laboratories for
battery testing is foreseen: i) a pack performance testing facility will include a walk-in environmental
chamber batteries up to 100 kWh and a new dedicated X-ray computed tomography for 3-dimensional in-
situ imaging of batteries up to 25 kWh under controlled environmental conditions (also during charging or
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discharging); and ii) a cell safety testing facility will comprise four chambers for mechanical, electrical and
thermal abuse testing of cells complemented by gas analysis.

Once the complete laboratory is operational, it will not only allow the safety assessment of cells and battery
assemblies and the fitness of related testing methods and standards, but also the evaluation of potential new
materials and technologies with respect to performance and safety.
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