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Abstract: To meet the expected performance requirements of lithium-ion batteries (LIBs), novel electrode materials, coatings and electrolytes
have been studied in terms of their degradation mechanisms. Nevertheless, most of the methods used to track these mechanisms are not in
operando, i.e. they do not follow them upon the practical LIB cell operation. The differential voltage analysis (DVA) and the incremental capacity
analysis (ICA) constitute in operando techniques that can greatly help in monitoring batteries degradation mechanisms. We report here an in
house developed software that allows the visualization of the DVA and the ICA curves of tested cells, with the possibility of rebuilding an
experimental full-cell capacity vs. potential curve through fitting of its electrodes’ half-cell capacity vs. potential curves. Those features can be
applied to multiple charge-discharge cycles without data pretreatment, offering data exportation. We illustrate the functionalities of our software
and indicate perspectives for its further development.

Introduction

Lithium ion batteries (LIBs) are among the most used family of batteries for electronic portable devices, electric vehicles and grid energy
storage systems. Despite of their relative high energy density and adaptability to a wide spectrum of applications, their present stage
of development still falls short of what is needed for the upcoming demands from renewable energy sources. Higher energy densities,
higher power performances (for fast charge purposes), an expanded cycle life upon charge and discharge and a safer operation
specially for larger scales are still challenges to overcome to improve LIBs competitiveness.!*-3l

Novel electrolytes, electrode coatings, Ni-richer positive electrodes and use of silicon as partial replacement for graphite in negative
electrodes are some of the approaches being undertaken by the research community to address these challenges. However, every
new approach to improve LIB performance faces its own set of degradation mechanisms, typically very complex due to the involvement
of numerous mechanisms and parameters which influence the overall LIB behavior. Dendrite formation, Li plating, dissolution of
transition metals, Solid Electrolyte Interphase (SEI) formation and growth, loss of contact between electrode and current collector and
particles cracking are some of the reasons for cells capacity and power fading.”*-¢ The detection and tracking of those events is
therefore essential to accurately boost the improvement of performance and produce reliable LIB cells. In this context, the analysis of
the dynamics of the potential vs. capacity curves along aging or cycling for that goal is far from being fully exploited, though its features
can bring information about capacity loss from each electrode, chemistry change and lithium inventory, all related to degradation
mechanisms.*7

At fixed temperature and sufficiently low current density, the active materials show a characteristic potential vs. capacity curve whose
features can be unraveled by using two techniques: Incremental Capacity Analysis (ICA) or dQ/dV vs. V, and Differential Voltage
Analysis (DVA) or dV/dQ vs. Q.[-10

ICA emphasizes the mostly horizontal regions of the potential vs. capacity curve of a cell and as its x-axis is the potential, this technique
shows to be a powerful tool for half-cells once the position, the height and the set of the peaks are directly related to information about
impedance evolution, mass loss and chemistry change of one electrode.[*1?l Nevertheless, ICA information for full-cell is non-trivial to
be obtained, demanding convolutions of the electrodes properties. Despite of that, there exist models that are based on the ICA in full-
cells to track degradation mechanisms such as loss of lithium inventory, ohmic resistance increase and loss of active material.[3-16]
DVA emphasizes the mostly vertical regions of the potential vs. capacity curve of a cell and its x-axis, differently of ICA, is the capacity,
which decreases upon degradation. One advantage of this technique though is conserving the approximate linear relations of electrode
potential to the full-cell potential of Eq. (1) for their derivatives, as in Eq. (2), considering negligible impedance contributions:

Veeu = Vpos - Vneg Eq. (1)
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Those relations allow the reconstruction of a full-cell potential vs. capacity curve from the half-cells curves of its electrodes using their
total capacities (proportional to the electrode mass) and their relative capacity displacement, also known as slippage, as parameters
of the fitting.[17-2%]

For each of those techniques there are already available support tools, as the case of alawa toolbox of the University of Hawai'i at
Manoa, which uses ICA coupled with a diagnostic and prognostic model™®**%! and of VAWQuum Dalhousie University freeware, which
uses DVA for the fitting of the full-cell curve with the half-cell references and also presents the visualization of the ICA of the cells.?!
To further help that electrochemical analysis, herein we describe the Electrochemistry Visualization Application (EVA), a program
developed for the visualization of the potential vs. capacity, ICA and DVA curves; the reconstruction of a full-cell curve through fitting
of the half-cells curves; and the data export. The possibility of simultaneous visualization of the potential vs. capacity and both the
differential techniques by selection in a friendly interface for the fitting turns the analysis more intuitive. Additionally, those functions are
possible for multiple cycles and without the need of data pretreatment for BioLogic EC-Lab® Software entry data, turning EVA a powerful
and practical tool for the user.

Description of the Program

The design of the application is based on PyQt5, a well-known comprehensive set of Qt5 application packages and Python bindings,
offering modules for the development of multi-platform desktop Graphical User Interface (GUI) applications, including Windows, Unix
and Mac 0S.?5271 The main modules of PyQt5 embed functionalities like the QtCore, a module for the assessment of data types, files,
or directories. QtGui has dedicated functionalities to structure the window-based application with common graphics, fonts and 2D plots.
QtWidgets offers tools to create the different styles and objects for the GUI. The front-end and the back-end of the GUI are both
developed using Python 3.7, embedding the detailed modules above to deal with the treatment of the electrochemical data. In our
case study, we developed the application ready to be used under Windows 10 and Unix platforms.?7]

In this GUI, the user loads the electrochemical results coming from EC-Lab® software (treated as .mpt files) in order to analyze
automatically without manual settings, the capacity and voltage values included into such type of files that are not easy to handle from
a common desktop program. In this regard, the GUI facilitates the pre-treatment and post-treatment of the electrochemical curves using
dedicated Python classes from the back-end, storing and retrieving the measurements from the files, but also the fitting processes that
are proposed by the GUI. When the user is satisfied with the extraction of data and the calculations of fittings, the GUI offers different
2D representations to render plots implemented using PyQt5 toolkits which embed matplotlib modules.

Program Functionalities

Once EVA is initialized, the first step to be taken is to load the entries. The present alpha version of EVA accepts up to three files
simultaneously as entries. They are labeled “Positive”, “Negative” and “Full”, meaning a positive electrode half-cell, a negative electrode
half-cell and the full-cell, respectively. All of them can be generated through saving as .mpt file any EC-Lab® galvanostatic cycling with
potential limitation (GCPL) raw data containing solely constant current charge and discharge cycling profiles. These files contain from
the recorded points of the cycling information such as current, potential, time and capacity. For positive electrode half-cell and full-cell
data, the cycle is taken as a charge phase followed by a discharge phase while for negative electrode half-cell data it's the opposite
since in half-cell the negative electrode of the full-cell is the positive electrode (once commonly Li is used as a counter electrode whose
potential is the lowest available). Each of these entries is independently uploaded to the program through selecting the option “File”,
followed by the option “Ageing” and then the option “Protocols”, in which a browser will open to access the files location once their
proper label (Positive, Negative or Full) is assigned (see Figure 1).
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Figure 1. EVA ageing functions bar selected for entries loading.

To illustrate the functionalities of EVA, three coin cells of 14 mm of diameter electrodes were cycled at 25°C in a heating chamber and
their charge-discharge data after formation cycles composed the entry files read by the software. First is the full cell, composed of a
working electrode of NMC811 (7.4 + 0.2 mg) and a counter electrode of Graphite GHDR 15-4 (4.3+ 0.2 mg). They are separated by a
fiberglass separator (Whatman) and filled with 1M LiPFg in EC:EMC (3:7 wt%) + 2 wt% VC. This cell was cycled between 2.50V-4.20V



at 19.99 + 0.01 pA/cm?. Second cell is a positive half-cell, composed of a working electrode of NMC811 (7.8+ 0.2 mg) and a counter
electrode of lithium. They are separated by a Celgard 2500 separator and filled with 1M LiPF¢ in EC:EMC (3:7 wt%) + 2 wt% VC. This
cell was cycled between 2.50V-4.60V at 20.00 +0.01 pA/cm?. Third cell is a negative half-cell, composed of a working electrode of
Graphite GHDR 15-4 (4.3+ 0.2 mg) and a counter electrode of lithium. They are separated by a Celgard 2500 separator and filled with
1M LiPFg in EC:EMC (3:7 wt%). This cell was cycled between 0.01V-1.50V at 19.72 +0.01 pA/cm?.

Once the files are uploaded, the access of visualization is done through selecting the option “File”, followed by the option “Ageing” and
then the option “Visualization”. The data graphs will be displayed by electrode selection through the option “Electrode”, by cycle number
if the data contains multiple cycles through “Cycle n®” bar, and by the electrochemical curve through “Graph type”. The graph type “V/Q”
refers to the potential vs. capacity curves, being the capacity, in mAh, the unit chosen for the horizontal axis. Units as mAh/g or the
state of charge (SOC) were not taken in order not to insert errors due to mass calculation and possible misunderstandings since SOC
definition depends on adopted criteria (see Figures 2, 3 and 4). The graph type “ICA” refers to the dQ/dV vs. potential curves (see
Figures 5, 6 and 7) and the graph type “DVA” refers to the dV/dQ vs. capacity curves (see Figures 8, 9 and 10). Referring to the latest,
as well as the “V/Q” curves, the horizontal axis is the capacity, in mAh, and the vertical axis is in V/mAh. For this visualization graph
type, any discharge phase is represented as -dV/dQ for the vertical axis in order to coincide with the DVA plots of the fitting function as
additive members of Eq. (2) Besides, no normalized representations such as SOC in the horizontal axis or QoxdV/dQ (in which Qg is
the phase total capacity) in the vertical axis are done once their eventual use in fittings difficults the general comprehension of the
analysis of slippage and mass ratio variations.

For the fitting function, the three files with different labels must be previously uploaded, and an initial screen is presented upon selection
of the option “File”, followed by the option “Ageing” and then the option “Fitting” (see Figure 11). Therein two windows will be shown.
One contains four “V/Q” curves, for the positive and negative electrodes half-cell references, the full cell and the fitting one, obtained
through Eq. (1). In the case, the present version of EVA fits only the charge phase of the full cell, that is correspondent to an oxidation
at the positive electrode and a reduction at the negative electrode. The second window is by default the DVA curves fitting of the four
curves of the first window through Eq. (2) and for which the “Scaling” can be adjusted and the negative electrode half-cell reference
ordinated is represented as its -dV/dQ. By choosing the ICA fitting type, as it does not present linear relations with the half-cells
references, only the ICA of the full cell and from the fitting curve of the “V/Q” window are shown.

To fit, there are four parameters, two referring to each of the electrodes half-cell references curves. First parameter is the slippage, that
is the relative capacity horizontal displacement of the curve of one electrode to the full cell curve reference. The default value for the
slippage is 0 mAh and by changing it the curves slide horizontally to negative values of the capacity axis. The mass ratio parameter
refers to the ratio between the mass of each electrode active material of the full cell compared to the mass of the half-cells references
active materials.

B | Electrochemistry Visualization Application

File Tools Exit Quit
Electrode : |pestve >
Cyclen°: § 1

Graph type : |ve X Scaling : |

T
46 1 — charge 452 — discharge
4.34 - 4.02
— —-
> >
= =
(') o
D) 4.07 O 351 -
© ©
= =
o )
> >
3.81 3.01
3555 25
0.0 045 18 0.0 0.46 1.84

0.‘9 0.’92
Capacity [mA.h] Capacity [mA.h]

Figure 2. Potential vs. capacity visualization window for the positive electrode half-cell reference.
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Figure 3. Potential vs. capacity visualization window for the negative electrode half-cell reference.
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Figure 4. Potential vs. capacity visualization window for the full-cell.



Figure 5. dQ/dV vs. potential visualization window for the positive electrode half-cell reference.
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Figure 6. dQ/dV vs. potential visualization window for the negative electrode half-cell reference.



Figure 7. dQ/dV vs. potential visualization window for the full-cell.

Figure 8. dV/dQ vs. capacity visualization window with the “scaling” bar adjusted to 2 V/mAh for the positive electrode half-cell reference.
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Figure 9. dV/dQ vs. capacity visualization window with the “scaling” bar adjusted to 2 V/mAh for the negative electrode half-cell reference.
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Figure 10. dV/dQ vs. capacity visualization window with the “scaling” bar adjusted to 2 V/mAh for the full-cell.

The default value for this parameter is 1 and changing it will affect the width of the capacity of the half-cell curves by shrinking or
expanding them as a multiplication. The dVv/dQ vertical axis of the DVA fitting type will then be inversely impacted. In fact, although
being related to the mass, this parameter is a ratio between capacities. Therefore, a relative representation rather than a direct mass
representation was adopted not to insert errors of mass calculation and capacities variations of sampling (e.g., in case a full cell
undergoing degradation loses mass at the positive electrode, two positive electrodes reference half-cells with same capacity but slightly
different masses would indicate same relative mass loss in the full cell after fitting but different absolute mass losses)
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Figure 11. Fitting window for the DVA fitting type with default parameters of slippage and mass rations. Default fitting parameters do not fit the full cell curve

In order to obtain an optimal fitting (see Figures 12 and 13), not only the aforementioned conditions for differential techniques need to
be satisfied (low current densities and stable temperature) but also the similarity of conditions between the full cell electrodes and the
half-cell references (current density, temperature, porosity and mass loading). Other factors such as the choice of separators, of the
electrolytes and how data is recorded might impact the fitting. Even though the conditions to apply these techniques might seem
restrictive, they can track degradation under multiple ageing regimes if inserted as control cycles. However, impedance rise, self-
discharge and important capacity losses during the control cycle tend to make difficult the fitting once they move away from the validity
of Eg. (1) and Eq. (2) or would importantly locally change the fitting parameters within a charge phase.

In Figures 12 and 13, the curves presented are obtained after 3 formation cycles and thus do not contain the initial irreversible capacity
associated to each electrode during first charge. Those initial irreversible capacities though impact the initial slippage of the curves
because their causes (SEI formation, limited relithiation of positive electrode, reaction of impurities and others) are directly related to
cyclable lithium ion inventory. In case, the initial slippage of the negative electrode is minimal, meaning that it is practically delithiated
in the beginning of the charge, while the slippage of the positive electrode is the predominant one, meaning that no further lithiation
rate of the positive electrode could be reached at the end of the previous discharge. An increase of the positive slippage along
degradation would then mean that Li ions are being irreversibly consumed. Also, the initial mass ratios from the fitting of each electrode
are consistent with the expected range from the scale calculated masses of half-cell references and full cell electrodes (0.943 from
fitting for the positive electrode and 0.994 from fitting for the negative electrode). Along degradation, the evolution of those mass ratios
will deliver mass variations for each electrode which originate from multiple reasons such as particles isolation or side reactions.
Additionally, it is important to emphasize that mass variations by themselves also impact the slippage of the electrodes.

For further treatment, the user can download as .csv files the curves present in the actual screen, either for visualization or fitting. That
function is accessed by selecting the option “Tools” and then the option “Download”. Through selecting the option “Tools” followed by
selection of the option “Help”, the user will have access to a video guide for the application use.
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Figure 12. Fitting window for the DVA fitting type. Fitting parameters set manually in order to fit the curves.
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Figure 13. Fitting window for the ICA fitting type. Fitting parameters set manually in order to fit the curves.

Accessibility to the Program and Perspectives

The scientific community has a major role in developing the knowledge that serves as a basis for the technological improvement
required to overcome challenges in the domain of energy storage. This domain calls for more complex and multidisciplinary expertise,
which in turn demands research cooperation and information exchange but the lack of available data, communication and standards
for concepts and methodologies drags the acceleration of scientific discoveriesl?8l. Open science initiatives are called to fill those gaps
by promoting inclusion, transparency and data reliability. As a tool to boost scientific cooperation in the field of batteries, the BIG-MAP



project!?®-32 develops an open science methodology. An illustrative example of this is the BattINFO software to support interoperability
within the consortium through common ontologiest®?, following initiatives like the one preconized in materials science by the European
Materials Modeling Council.B4 EVA is available for download from a Github repository upon publication of this paper through the
following URL: https://big-map.github.io/big-map-registry/apps/EVA.html. The application has a friendly display and a simple operation
in order to support electrochemical analysis and to spread the use of the differential techniques of ICA and DVA, as well as the fitting
to track degradation mechanisms. The present version of EVA to the publication also turns those analyses practical without the need
of data treatment and the fitting intuitive with the addition of the capacity vs. potential fitting to the ICA or DVA fitting windows. Moreover,
forthcoming upgraded versions are intended to add functionalities, rendering EVA more flexible to data entry.
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A software for electrochemical analysis of batteries: EVA allows further comprehension of the degradation mechanisms through a
deeper view of the Potential vs. Capacity curves. The EVA functions, illustrated in its own simple interface, together with the
guidelines presented in this concept paper turn the underexploited dQ/dV and dV/dQ curves study more intuitive and practical for
researchers.
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