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in the segment of energy storage for 
portable electronics and electric driv-
etrains. Despite its overall popularity 
and widespread adoption resulting in 
extended development, the Li-ion tech-
nology still possesses a sufficient potential 
for improvement, especially in the aspects 
concerning assessing higher power and 
energy densities, minimization of power 
fading, increase of safety, etc.

Lithium-ion batteries (and also metal-
ion batteries in general) are the subject 
of very intense research, where among 
the different components of metal-ion 
batteries, the electrolyte (either liquid or 
solid-state) remains the least characterized 
under operando conditions.[1] However, 

the electrolyte is believed to be a key factor defining battery 
safety, lifetime, and temperature stability, as well as limitations 
on the applicability of high-voltage cathodes.[2] The develop-
ment of a better understanding of electrolytes in addition to 
the perspective of using lithium metal anodes in all-solid-state 
batteries is actively pursued at the moment. However, the best 
cycling stability and performance is today achieved with quasi-
solid-state-electrolytes consisting of a liquid electrolyte and a 
rigid framework either of inorganic or polymeric type.[3]

Most works in this area are dedicated to the tuning of the 
electrolyte composition toward improvement of the battery 
performance.[4,5] Different tuning approaches and strategies 

A series of low-temperature studies on LiNi0.80Co0.15Al0.05O2 18650-type bat-
teries of high-energy type with different stabilized states of fatigue is carried 
out using spatially resolved neutron powder diffraction, infrared/thermal 
imaging, and quasi-adiabatic calorimetry. In-plane distribution of lithium in 
the graphite anode and frozen electrolyte in fully charged state is determined 
non-destructively with neutron diffraction and correlated to the introduced 
state of fatigue. An independent electrolyte characterization is performed via 
calorimetry studies on variously aged 18650-type lithium-ion batteries, where 
the shape of the thermodynamic signal is evolving with the state of fatigue of 
the cells. Analyzing the liquid electrolyte extracted/harvested from the studied 
cells reveals the decomposition of conducting salt to be the main driving 
factor for fatigue in the electrolyte degradation.
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1. Introduction

Energy storage is one of the key important challenges facing 
our society in the 21st century. Our daily life is directly related 
with the development and evolving of electrochemical energy 
storage systems, starting from Volta cells over lead-acid bat-
teries to complex hybrid storage solutions explored nowadays. 
Lithium-ion batteries contributed remarkably to the societal 
changes and underwent a rapid development since their com-
mercialization in 1991. Their outstanding energy and power 
densities, compared to other electrochemical energy storage 
systems available at the market, put Li-ion batteries dominating 
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are developed along with theoretical models of the degradation 
mechanisms involving the electrolyte.[6] However, the com-
plexity of real cells and the number of various side reactions 
result in a unique degradation scenario for each cell chem-
istry and from cell to cell itself.[7,8] The majority of studies are 
carried out under post-mortem conditions, which for certain 
techniques is a non-alternative approach. Indeed, an accurate 
qualitative and quantitative description of the electrolyte under 
operando conditions is by far not trivial.

For example, the electrolyte in Li-ion batteries can be con-
sumed for reactions on the anode or cathode surface or alterna-
tively decomposed at high temperatures during active cycling. 
Quantification of its chemical composition and/or additivities 
typically requires cell opening and electrolyte harvesting with 
centrifugation and further mass-spectroscopy, etc. Alternatively, 
it was shown recently that the amount of electrolyte can be accu-
rately and non-destructively quantified using neutron diffraction 
in frozen state, where even a mm-sized resolved localization 
in cylindrical 18650-type cells was achieved.[9,10] It is worth to 
be mentioned that neutron-based experiments have a unique 
stance in battery research, where the low incident energy, weak 
interaction due to low reaction cross-sections, isotope sensitivity, 
etc., of neutron scattering result in an excellent non-destructive 
tool for probing environmentally isolated electrochemical 
energy storage systems. Besides neutron diffraction, which is 
the most widely used neutron scattering technique in battery 
research, there is a number of different neutron-based methods 
capable of delivering unique information about the processes 
occurring in lithium-ion batteries on various length scales, e.g., 
neutron imaging,[11,12] small-angle neutron scattering,[13] quasi-
elastic neutron scattering,[14] reflectometry,[15] neutron depth pro-
filing,[16] positron annihilation spectroscopy,[17] neutron-induced 
prompt gamma activation analysis.[18]

In the current contribution we apply spatially resolved neu-
tron powder diffraction. The aim of the current work is multidi-
rectional and consists of several subtasks:

1) Extension of the results for the non-destructive quantification 
of lithium electrolyte and studies of its distribution reported 
in ref. [9] to intermediate states-of-fatigue and drawing cor-
relations with residual capacities.

2) Correlating the increasing internal cell resistance, which in-
hibits an increase of the resistive heating during cycling, to 
the temperature distribution on the cell surface.

3) Comparison of the results on electrolyte subsystem 
obtained with neutron scattering and calorimetry, demon-
strates to be a powerful tool for quantification of liquid elec-
trolyte by the analysis of the thermodynamic response from 
the battery.[19]

A series of experiments applying neutron diffraction, dif-
ferential thermal analysis (DTA), non-contacting temperature 
sensing using infrared measurements along with a series of 
gas chromatography-mass spectroscopy for characterizations 
of electrolyte composition similar to these reported in ref. [20] 
was applied for characterization of cells with different stabilized 
fatigue states.

2. Results and Discussion

2.1. Average Aging Behavior

As already mentioned, the batch of cells previously reported 
in ref. [9] was studied. With increasing cycle number, the cells 
display at first a continuous and later on a nonlinear capacity 
loss (Figure 1a): at cycle numbers below ≈550, the observed cell 
capacity loss can be well approximated by a time  behavior 
(Figure S1, Supporting Information) and at cycle numbers 
above 550–600 cycles an accelerated capacity loss occurs, which 
is referred to the saturation stage in literature.[21] The observed 
cell aging was supplemented by the increase of cell resist-
ance, which is commonly believed to be responsible for a min-
imum on the voltage curve at the initial stage of cell discharge 
(Figure 1b).

An increasing cell resistance (Figure S2, Supporting Infor-
mation) directly leads to increased resistive heating of cell com-
ponents, which can result in an accelerated drying out of the 
cell, consumption of electrolyte additives/modifications of the 
electrolyte content, side reactions on the electrodes, uncon-
trolled formation of passivation layers, etc. The electrode stack 
in lithium-ion cells is characterized as a poor and anisotropic 
heat conductor making its experimental and theoretical char-
acterization not trivial. Degree of complexity often rises with 
the increase of cell dimensions or with sophisticated layouts. 
Temperature sensing of electrochemical cells is an actively 
developing method in battery research, whose relation to cell 
lifetime, performance and aging is highly relevant and still 
needs to be further explored.

Figure 1. a) Evolution of cell capacity for selected cylinder-type cells cycled using 0.5 C/1 C, 0.5 C/2 C, and 0.4 A; b) discharge voltage profile versus 
cell capacity for various cycles of the selected cell.
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Recently several different concepts were proposed to probe 
the cell temperature in the interior of the electrode stack,[22,23] 
which, however, require a violation of the cell integrity. Alterna-
tively, thermal (infrared) imaging can be used for probing the 
temperature distribution on the cell surface. Indeed due to poor 
heat conductivity a slight underestimation up to some percent 
of the real cell temperature in the cell inner by temperature 
sensing on the cell surface needs to be expected,[22] which, how-
ever, can be neglected on the qualitative level or minimized by 
the usage of low current rates.

Analysis of the temperature profiles on the cell surface of 
fresh and aged cells indicates substantial differences in depend-
ence of the applied current and cell aging. The portion of the 
cell electrical power I2RΔt, where I is the applied current, R the 
ohmic resistance, and Δt the time, will be transformed into cell 
heating mCpΔT with m the mass of the cell, Cp the heat capacity, 
and ΔT the temperature difference. Typical temperature profile 
of the cell surface temperature is plotted in Figure 2. Measure-
ments started in fully charged state. A rapid increase of the 
temperature upon cell discharge occurs in the region marked 
as 1 in Figure 2a–c. Increasing the discharge current from 1 C 
(Figure 2a) to 2 C (Figure 2b) resulted in a substantially steeper 
rise in the temperature of the cell surfaces. A similar behavior 
was observed by Tranter et al.[24] Cell aging has been found to 
contribute to Joule heating as well: discharging the aged cell 
using 1  C current results in a temperature rise exceeding the 
temperature rise for the fresh cell discharged with the same 
current by ≈40%. For comparison the temperature rise of the 
cell charged with the maximally allowed current[25] of nearly 2 C 
exceeds the temperature rise with 1  C by ≈66%. This can be 
directly attributed to the increased ohmic resistance of the cell. 
One can draw certain correlations between the surface temper-
ature and power fading, which, however, would require more 
systematic and detailed studies off the main scope of the cur-
rent manuscript.

The temperature of all studied cells is increased in the 
whole course of the CC cell discharge (region 1 in Figure 2a–c). 
Switching off the discharge current resulted in a nonlinear cell 
cooling (region 2 in Figure 2a–c). Approximation of the cooling 
profiles using a first-order exponential decay[26] yielded the time 

constants t2 listed in Table 1. Subsequent cell charging with a 
moderate applied current of 0.5  C results in slight heating of 
the cell surface by ≈4–6  °C above room temperature (region 
3 in Figure 2a–c): 4.6 °C (1 C) and 4.0 °C (2 C) was noticed for 
the fresh cells (Figure 2a–c), while the aged cell was heated up 
by 6.7  °C above room temperature during charging. The sig-
nificant increased heating of the aged cell in comparison to the 
similar heating of the fresh cell at the same applied current can 
again be attributed to an increased cell resistance of the aged 
cell.

The nonlinear character of the temperature evolution of the 
studied cells during charging has been found similar to the time 
derivatives of the cell potential dU/dt (see Figure S3, Supporting 
Information). Further analysis of region 4 in Figure 2a–c corre-
sponding to the CV range of CCCV charging needs to be consid-
ered along with non-linear decay of current. Two time-constants, 
namely t4a and t4b (listed in Table  1), were needed to describe 
the reduction of the current in the CV phase of studied cells. In 
contrast to discharge current, the corresponding cooling profiles 
(reflecting the decay of mean surface temperature in CV state) 
can be fitted using a first-order exponential decay with time con-
stant t4. Different character\magnitude of time constants during 
the current (t4a and t4b) and temperature (t4) relaxations need to 
be explicitly mentioned, where it can be attributed to a complex 
interplay between heat relaxation at one side and heat dissipa-
tion at the other.

In general, the time constants of the current relaxation col-
lected via either electric or thermal channel have been found 
nearly identical for the fresh cell independent from the applied 
current. In contrast, cell aging leads to substantially longer 

Figure 2. Average surface temperature of selected 18650-type cells versus cell discharge (CV)/charge (CCCV, 0.5 C, C/10 CV cutoff). Gray line corre-
sponds to applied charge/discharge current, black line, and colored area indicate the average cell temperature. Sections 1–4 correspond to charge and 
discharge regions. Selected 2D temperature distributions are depicted at transitions from 1 to 2, 3 to 4 and at the end of phase 4. Refer to Supporting 
Information for 2D distribution of temperatures.

Table 1. Time constants of current and heat relaxation for studied 18650-
type cells.

Fresh [1 C/0.5 C] Fresh [2 C/0.5 C] Aged (600 cycles) [1 C/0.5 C]

t2 [s] 642 ± 6 617 ± 4 833 ± 23

t4
a [s] 220 ± 6 190 ± 6 937 ± 3

t4
b [s] 1352 ± 4 1289 ± 3 3107 ± 14

t4 [s] 1673 ± 20 1426 ± 19 1704 ± 21
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relaxation times. This could be explained with drying out of the 
aged cell,[27,28] where liquid electrolyte reacts to solid side prod-
ucts like the solid electrolyte interphase, which are believed to 
have a lower thermal conductivity than the pristine liquid elec-
trolyte. The thermal gradients in the 18650-type cells are known 
to be strongly non-uniform in radial direction.[29] Inhomoge-
neous temperature profiles have also been found at the sur-
face of the studied cells (see Supporting Information Section), 
where the temperature maximum is observed in the region of 
cell electrode roll and not at the current lid connection point.[30] 
The degree of temperature uniformity (estimated from the 
histogram of the experimental distributions, Figure S4, Sup-
porting Information) is proportional to the non-equilibrium cell 
temperature. However, at high temperatures instead of smooth 
Gaussian-like histograms, discrete “wings” have been observed 
attributed to local temperature non-uniformities. More deeper/
detailed treatment of the data obtained on the thermal channel 
was sufficiently limited by the accuracy of the thermal imaging 
setup, i.e., the magnitude of observed effects has been found 
comparable to the accuracy of the used instrument.

Summing up, the measured cell surface temperature is 
tightly related to the increase of the resistive components, 
which in their turn can be caused by a variety of factors and 
effects supplementing and inhibiting cell aging.[6,31] As 
recently shown,[32] the thermal conductivity of the cell compo-
nents is affected by different factors, e.g., electrolyte wetting, 
state-of-health, etc.[32] On the other hand, the temperature dis-
tribution at the extremum point (transition 1–2, at the vicinity 
of SOC 100 state), recently reported for a series of pouch bag 
cells[33] have been found very similar to the lithium distribution 
in the graphite anode[34,35] determined using X-ray diffraction 
radiography. Degree and uniformity of such lithium distribu-
tion has been found seriously affected by cell aging,[27,36,37] 
which can also take place for temperature surface profile.

2.2. Spatial In-Plane Distribution of Lithium and Electrolyte 
versus Cell Degradation

The previously reported lithium distributions for a fresh and 
600 times cycled cell were extended by experimental data for 
cells cycled 120, 210, 1000, and 1112 times.[9] Experimentally 
determined in-plane lithium concentrations at middle height 
for the set of studied cells is plotted in Figure 3. Besides the 
cell housing and center pin, the in-plane lithium profile in 
the graphite anode is primarily defined by the cell layout,[9,36] 
i.e., positions of current tabs, where the positive one is located 
in the middle of the electrode strip, while the negative one is 
attached at the outer electrode end. In the regions where the 
current lids are located, the lithium concentrations are reduced 
due to a lack of active material. Lithium content in these 
regions is also smeared out due to a relatively coarse resolution 
of the spatially resolved neutron powder diffraction setup.

A systematic reduction of average lithium content in the fully 
charged anode with increased cycle number can be stated from 
Figure  3. Application of the distribution histogram analysis 
(similar to this reported in refs. [34,35,37]) enabled an unambig-
uous estimate of relevant distribution parameters. For example, 
the position of the peak in the histograms corresponds to the 

plateau concentration, and its width indicates the distribution 
quality while the fraction of the peak area over the total histo-
gram area points on the degree of homogeneity. A clear shift 
of the peak position toward lower lithium concentrations with 
increased cycle number (Figure S5, Supporting Information) 
can directly be associated with the loss of active lithium in 
the studied cells. Further, the observed increase of peak width 
reflects the reduction of plateau quality with increased cell 
aging.

The electrolyte distribution in the battery was extracted using 
the intensity of the characteristic electrolyte peak in frozen 
state, which appears around 27°–28° in 2θ at low tempera-
tures.[9] Electrolyte concentration maps were constructed for the 
series of studied cells using a color legend similar to the anode 
lithiation and are shown in Figure 4 along with the histograms 
of the distributions. Systematically higher electrolyte concentra-
tions were observed on the outer cell regions, while reduced 
amounts typically have been found toward the cell center. This 
is in line with the distribution of compression in radial direc-
tion,[38] where systematically lower compressions are observed 
at the outer cell region. The separator is reported to be affected 
by compression at most, which, taking into account the sponge-
like behavior of the jellyroll,[27] can explain the preferred locali-
zation of the electrolyte in these areas.

Direct analysis of correlations between electrolyte and 
lithium concentration was unsuccessful: the obtained electro-
lyte maps cannot be associated vis-à-vis with the previously 
established picture of electrolyte losses versus lithium losses.[9] 
An adequate explanation of the observed distribution requires 
taking liquid flow into consideration and analyzing the data col-
lection procedure in detail:

1) Studied cells were cycled and measured in a vertical con-
figuration, i.e., with the cylinder axis pointing in the vertical 
direction.

2) During cell cycling, a redistribution of electrolyte takes 
place, i.e., cell charge causes the excess liquid electrolyte to 
be pressed out of the separator and electrode stack due to 
expansion of the negative electrode material;[27] cell discharge 
reverses the process.
At the end of the CC charging process, characterized by the 

maximum expansion of the cell housing and, correspondingly, 
the jellyroll, the electrolyte is pressed out of the jellyroll either 
toward the cell housing or empty electrode-free spaces at the 
cell top and bottom.[39] During the times of the CV phase and 
the relaxation in the rest phase, the electrolyte flows down, 
what shows the relevance of the cell cycling position and 
gravitational forces for battery characterization.[40] Here, cell 
charge forms a metastable state supplemented by relaxation of 
voltage, pressure and lithium concentration in electrodes along 
with the relaxation of electrolyte distribution in the battery jel-
lyroll. The shape and magnitude of the electrolyte distribution 
will depend on different factors like compression and thermal 
gradients, amount of electrolyte and its viscosity, cell layout, 
the morphology, porosity and tortuosity of battery components, 
time, etc. In the current case, where a batch of structurally and 
chemically identical cells is analyzed, the correct assignment 
of data would require considering the time variable reflecting 
the electrolyte transfer. And indeed, replotting the observed 
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distribution as a function of cell storage time (the time from 
completing of charge process till data collection) forms a clear 
trend (Figure  4, from left to right), indicating a continuous 
behavior for mean in-plane electrolyte distribution in agree-
ment with the one obtained using volume-averaged neutron 
diffraction.[9]

2.3. Low Temperature Calorimetry Studies on 18650-Type Cells

Besides the time dependence of electrolyte kinetics, the cycling 
temperature and the temperature, at which the snapshots were 
taken, must also be considered as they determine the initial 
state of the cell. Instead of a rather expensive and labor-inten-
sive neutron diffraction experiment, a relatively simple and 
straightforward method for quantification of liquid electrolytes 
using calorimetry was proposed.[19] From the thermodynamical 
point of view, freezing and melting of the liquid electrolyte is 
a first-order phase transition. It exhibits a thermodynamic 
signal of exothermic character upon freezing and an endo-
thermic character upon melting, which, in turn, can be used for 
non-destructive quantification of electrolyte and control of its 
composition. In this work only the signal upon heating was ana-
lyzed in detail as this is enough for characterizing this revers-
ible process. The thermodynamic signal typically has a form 
of one or several λ-peaks, where the onset temperature of the 
peak contains information about the phase composition, which 
is connected to the melting temperature, whereas its intensity/
area corresponds to the enthalpy and, correspondingly, to the 
quantity.[19] The method has been successfully validated and 
found well suited for non-invasive investigations of the electro-
lyte in lithium-ion batteries.[41]

In the current work, an adapted calorimetry measure-
ment utilizing a closed-cycle refrigerator filled with 1  bar He 
(class 4 purity) as a calorimeter was applied for studies of 
parts of the variously aged lithium-ion cells described above. 
An illustration of the data reduction procedure is given in 
Figure S6 (Supporting Information). The obtained differen-
tial thermal signals (DTS) versus cycle number are presented 
in Figure 4a.[42] For the fresh and weakly aged cells, two peaks 
in the DTS are present: at ≈245  K (marked as S) and ≈260  K 
(marked as L). With increasing cell age, the intensity/signal of 
the S peak in the DTS is continuously decreasing and vanishes 
at an aging level corresponding to ≈600 cycles. Simultaneously, 
the L peak displays a continuous shift from ≈260 to 270  K, 
where it stabilizes after 600 cycles.

Referring to the phase diagrams of the binary carbonates 
or LiPF6+DMC mixture,[43–45] the observed behavior could 
be attributed to a shift in the composition, where some com-
ponents of the mixture are preferably consumed during cell 
operation compared to others. It is worth noting that the used 
binary phase diagram is a rather crude approximation, which 
generally neglects the effect of lithium salt and the composition 
of electrolytes in commercial lithium-ion batteries, which can 
be highly complex.[46]

2.4. Gas and Ion Chromatography-Based Characterization 
of Harvested Electrolyte

The qualitative ex situ analysis of liquid electrolytes extracted 
from differently aged cells yields certain deviations in the elec-
trolyte composition. The base electrolyte has been found to be 
a ternary solution consisting of the linear solvents dimethyl 

Figure 3. In-plane lithium distribution in the graphite anode versus cycle number with collected data in the middle-plane of an 18650-type cell in fully 
charged state and a temperature of 150 K during data collection. Lithium concentrations are presented in false colors; insets illustrate the distribution 
histograms.

Figure 4. In-plane electrolyte distribution determined in the middle plane of 18650-type cell, with color-coded electrolyte content. Insets highlight the 
distribution histograms. Note that the order of “cycle numbers” is different to Figure 3.
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carbonate (DMC), ethyl methyl carbonate (EMC) and the cyclic 
solvent ethylene carbonate (EC). Furthermore, fluoroethylene 
carbonate (FEC) was detectable after SPME preconcentration, 
but below the limits of quantifications for GC-FID.

As electrolyte aging related species, traces of diethyl car-
bonate (DEC) (According to Ref. [47] DMC/EMC – based 
electrolytes are known to form DEC via a transesterification 
reaction of EMC. Low – observed amount of DEC indicates 
the use of at-least one film-forming electrolyte additive.[20]) and 
selected carbonate-based aging products (2,5-dioxahexanedioic 
acid dimethyl ester (DMDOHC), ethyl methyl-2,5-dioxahexane 
dicarboxylate (EMDOHC), butyl methyl carbonate (BMC) and 
sec-butyl methyl carbonate (sBMC)) were detected. DEC and 
DMDOHC were detectable for each of the three cells, while 
BMC, sBMC and EMDOHC were present solely in the long-
term aged cells. In literature, the presence of these compounds 
was attributed to EC decomposition reactions, especially during 
the formation of the solid-electrolyte interphase.[48,49] Presum-
ably, the initially preferred FEC consumption during cell for-
mation suppressed the significant formation of EC-based 
decomposition species. Only after consumption of FEC and 
ongoing electrolyte decomposition during long-term cycling, 
these species were formed and detectable.

For the quantitative investigations, no direct correlation 
between solvent concentration and cell aging was found 
(Figure 5b), i.e., the average weight ratio DMC:EMC:EC can 
be written as 72.00(±1.87) : 4.90(±0.24) : 23.11(±0.60). The high 
DMC/EMC ratio in the solvent mixture determines its low vis-
cosity,[20] which is in line with the observed slow electrolyte flow 
off in the neutron experiment.

The rather static ratio of the electrolyte solvents in combina-
tion with the observed low concentrations of its decomposition 
products[20,50] cannot sufficiently explain the obtained evolu-
tion of the DTS (Figure  5a). Besides the electrolyte solvents, 
the conducting LiPF6 salt used in this case is another possible 
source of decomposition, which potentially can create a very 
wide variety of decomposition products. The decomposition of 
the hexafluorophosphate PF6

− anion is promoted through its 

reaction with water impurities,[51] where a number of poten-
tially hazardous organo (fluoro) phosphates can be formed, also 
having a negative impact on the environment. In this study, 
the concentration of PF6

− anions was determined for three 
cells with different aging states: i) fresh/initial state, ii) after 
120 cycles, iii) after 1112 cycles. The obtained concentrations are 
plotted in Figure 5c. In contrast to the solvent mixture, which 
was found unimpeded of cell aging duration, the concentration 
of the PF6

− anion displayed a clearly decreasing trend with the 
increasing number of cycles, which is directly correlated to the 
cycle number (Figure S7, Supporting Information).

2.5. Low-Temperature Calorimetry Studies on Synthetic 
Electrolyte

As shown exemplary for a mixture of LiPF6 and DMC,[44] the 
conducting salt can strongly affect the form of the DTS. In order 
to prove this behavior in the current study, a series of electrolyte 
compositions with fixed DMC:EMC:EC ratio (corresponding to 
the concentration established for cells in the current study) and 
various concentrations of LiPF6 salt was prepared.

Calorimetric studies similar to these carried out for the set 
of 18650-type cells were performed on the prepared electro-
lyte compositions. The evolution of the obtained thermody-
namic signal upon heating and with subtracted background 
is plotted in Figure 5d. At higher lithium salt concentrations, 
the thermal signals of the prepared solution and the lith-
ium-ion batteries were similar in terms of qualitative shape, 
which can be seen from the S and L peak in Figure 5a,d. At 
conducting salt concentrations lower than 0.65  m LiPF6, an 
additional λ-type feature on DTS marked as T arises in the 
electrolyte data in the form of a low-temperature tail next to 
peak L. The appearance of an additional thermal signal in the 
studied temperature range could possibly result from a con-
centration-driven phase transition in the frozen electrolyte 
occurring in the LiPF6- diluted region just below the melting 
point. Since only one low-intensity peak of the electrolyte 

Figure 5. a) Calorimetry measurements (differential thermal signal) of differently aged 18650-type cylindrical Li-ion cells, b) chemical content of 
electrolyte solvents and selected decomposition products (see Supporting Information), c) concentration of LiPF6 conducting salt and d) calorimetry 
measurements on synthetic electrolyte mixture with different LiPF6 concentrations.
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was monitored in the resolution-limited diffraction data, 
no clear conclusion about phase stability can be made from 
diffraction.

The thermal width of the existence range for the observed 
intermediate phase is narrowing with the reduction of con-
ducting salt from ≈7  K at 0.5  m LiPF6 down to 5  K at 0.2  m 
LiPF6 and gets undetectable when the conduction salt concen-
tration approaches zero. Potentially the single L peak seen in 
the DTS of the fully assembled battery is actually the combined 
signal of the T and L peak seen in the data of the solvent mix-
ture. This smearing out of the peaks can be attributed to the 
severe mass difference between the whole battery at one side 
and a total amount of electrolyte on the other. Based on this one 
can assume the shift of the T peak toward higher temperatures 
in the electrolyte solution to be the part of the observed shift of 
the L peak in the battery data.

The aging-driven electrolyte degradation in the studied cells 
is reflected by the decomposition of conducting salt. The loss of 
conducting salt (23.6%) has been found comparable to the loss 
of the lithium inventory (16.3%) and loss of discharge capacity 
(15%) when charged with low current. Lowering the LiPF6 con-
ducting salt concentration is reported to have dramatic effects 
on the cell performance using EC- and EMC-based electro-
lyte mixtures,[52] leading to higher charge transfer resistances 
at both electrode sides. In ref. [53], a salt decomposition cou-
pled to EC dehydrogenation was observed, which, however, 
is expected with a higher probability after cycling at higher 
temperatures.[54]

3. Conclusion

A combined approach to analyze and study the fading of the 
lithium and electrolyte distribution along with the aging driven 
electrolyte degradation was applied. Thermal imaging per-
formed on three selected examples revealed the temperature on 
the cell surface proportional to the electric cell power, charge/
discharge current and the state-of-fatigue via the increased 
ohmic resistance. The decay constants of time and heat relaxa-
tionhave been found unaffected by the applied current but pro-
portional to the aging state of the cells. Non-uniformities of the 
surface temperature profiles of studied cells were revealed by 
distribution histograms, where the non-stochastic (systematic) 
character of the observed non-uniformities may be of interest 
for future characterizations.

Non-destructive determination of in-plane lithium and elec-
trolyte distribution was performed using spatially resolved 
neutron powder diffraction in fully charged state at low tem-
peratures. A systematic reduction of lithium concentration in 
the graphite anode with increasing cycle number and the cor-
responding degree of cell fatigue was observed. This decrease is 
attributed to the loss of free lithium inventory, which is in turn 
proportional to the cell discharge capacity loss. In general, the 
2D lithium distribution in the graphite turns less uniform with 
increased level of fatigue, which is reflected in the deviations 
of lithium concentrations from the plateau-like behavior. In 
addition to the loss of mobile lithium inventory, a loss of elec-
trolyte takes place. An accurate correlation of in-plane lithium 

and electrolyte concentrations was complicated by the time-
dependent flow of the liquid electrolyte.

A calorimetry-based characterization of the electrolyte sub-
system was performed by monitoring the thermodynamic 
response of 18650-type cells in the temperature range of the 
freezing of the electrolyte. Besides the loss of electrolyte, the 
evolution of the obtained endothermic thermal signals versus 
stabilized state of fatigue/health revealed the chemical degrada-
tion of electrolyte. The chemical analysis of the electrolyte solu-
tions, which were extracted from aged cells, yields the stability 
of the solvent mixture to 72.00(±1.87) : 4.90(±0.24) : 23.11(±0.60) 
DMC:EMC:EC ratio within the applied study. Typical electrolyte 
decomposition products have been found to be present in small 
amounts, which are not critical for cell performance. Instead, 
the concentration of conducting salt LiPF6 has been found 
to be reduced by ≈25% during cycling from the fresh state 
(1.48 mol L−1) to 1000 cycles (1.13 mol L−1). Lowering the LiPF6 
concentration leads to an increasing charge transfer resist-
ance, resulting in power fade and cell failure through resistive 
heating. DTA studies on synthetic electrolyte mixtures adopting 
the above-mentioned DMC:EMC:EC ratio with different con-
centrations of LiPF6 conducting salt revealed a qualitatively 
similar picture to this obtained from the investigated 18650-type 
cells. The observed concentration-dependent discrepancies can 
be attributed to electrolyte non-uniformities, for example, in the 
form of a stratification effect known from lead-acid batteries.[55]

The performed studies yielded an interesting correla-
tion between loss of lithium inventory and decomposition of 
lithium salt in the electrolyte. Both values have been found 
decreasing in a similar manner and with similar magnitude in 
the course of extensive cycling. The observed correlation opens 
an interesting perspective toward improvement of battery life-
time and cycling stability by the introduction of an artificial 
lithium source. Currently, the usage of overlithiated NCMs and 
other lithium-rich compounds is discussed in the literature as 
a realistic way to maintain the lithium inventory constant (or 
minimize its losses) during the formation process. Considering 
extensive battery cycling, an alternative way to keep the lithium 
inventory stable can be potentially introduced by controlling the 
lithium concentration in the electrolyte. This in turn will stabi-
lize the amount of movable lithium between the electrodes. It 
can be realized in various ways, the simplest being the intro-
duction of a slowly dissolving form/modification of lithium salt 
into the battery.

It is worth to note that very similar DTA signals were 
obtained for a series of different cylinder-type cells adopting 
different cell chemistries and therefore varying compositions 
of solvents as electrolyte (see Figure S8, Supporting Informa-
tion) generally indicating a similar thermodynamic behavior 
of batteries in this region. Besides the NCR18650B a vanishing 
of the S-type signal in DTA data was also observed for aged 
NCR18650GA cells (unpublished). More complex changes have 
been found between differently aged APR18650 M1-A (unpub-
lished) cells. In general, the structure of solvents and electro-
lyte mixtures needs to be studied more systematically and 
more detailed, as it contains a wide variety of different possible 
structures and properties directly affecting the cell stability and 
performance.

Adv. Energy Mater. 2022, 12, 2201652
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4. Experimental Section
A set of commercially available NCR18650B cells based on NCA|C 
cell chemistry and having a nominal capacity of 3.4 Ah was studied. 
The detailed cell cycling procedure is reported in ref. [9]. The spatially 
resolved neutron powder diffraction experiment was carried out at 
the materials science diffractometer STRESS-SPEC (FRM II, Garching 
b. München, Germany).[56] The experimental procedure followed the 
reported procedure in ref. [57]. For determination of the cell layout in 
the investigated cell type the X-ray computed tomography studies were 
carried out using a phoenix v|tome|x s 240 tomography scanner (General 
Electric).

Contactless temperature measurements on the surface of selected 
cells were performed using an infrared camera FLIR T335. Reported 
calorimetry studies were performed using a closed-cycle refrigerator 
available as the standard sample environment at the powder 
diffractometer SPODI.[58] Liquid electrolytes were harvested from 
the electrode stack through centrifugation. Ion chromatography (IC) 
with conductivity detection (CD), quantitative gas chromatography-
flame ionization detector (GC-FID) experiments and qualitative gas 
chromatography-mass spectrometry (GC-MS) were performed on 
the extracted electrolyte. All experiments are reported in detail in the 
Supplementary Information section.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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